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a b s t r a c t

An aminated chelating fiber (AF) with high adsorption capacity for mercury ions was prepared by graft-
ing copolymerization of acrylonitrile onto polypropylene fiber, followed by aminating with chelating
molecule diethylenetriamine. Effects of reaction conditions such as temperature, reaction time, bath
ratio and dosage of catalyst on the grafting yield were studied. Chemical structure, tensile strength and
thermal stability of AF were characterized. The adsorption performances for mercury were evaluated
by batch adsorption experiments and kinetic experiments. The results show that AF is effective for the
removal of mercury over a wide range of pH. The chelating fiber also shows much higher adsorption
capacities for mercury, the equilibrium adsorption amount could be as high as 657.9 mg/g for mercury.

2+

ercury

dsorption
ow residual concentration

The high adsorption capacity of Hg on AF is resulted from the strong chelating interaction between
amine groups and mercury ions. Two amine groups coordinate with one mercury ion could be speculated
from the adsorption capacity and amine group content on AF. The kinetic adsorption results indicate that
the adsorption rates of AF for mercury are very rapid. Furthermore, the residual concentration was less
than 1 �g/L with feed concentration of mercury below 1 mg/L, which can meet the criterion of drinking
water, which indicates that the chelating fiber prepared in this study could be applied to low-level Hg
contaminated drinking water purification.
. Introduction

Mercury is well known for its extremely high toxicity and the
erious threat to human life and natural environment [1]. The drink-
ng water criterion for mercury established by USEPA is 2 �g/L [2],
nd the permitted discharge limit of wastewater for total mercury
s 10 �g/L [3]. So it is very important to reduce the residual mer-
ury concentration below the safety limit for mercury ions from
ndustrial wastewater, especially from drinking water.

So far, numerous methods were used to remove mercury,
ncluding chemical precipitation, coagulation, reverse osmosis, ion
xchange [4], chelating [5,6] and adsorption [7]. However, these
ethods are not efficient enough to remove very low concentration
f mercury ions [8]. Therefore, in order to meet the demand of resid-
al concentration lower than 2 �g/L in drinking water purification,

t is necessary to explore adsorptive materials with high adsorp-
ion speed and good removal performance for low concentration
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mercury ions. As well known, chelating adsorbents are effective to
remove mercury ions [9]. Many chelating resins have been reported,
but show limited applicability because of their poor hydrophilic-
ity, small surface area, low adsorption rate and poor adsorption
capacity in low-concentration mercury solutions [10,11]. Mean-
while, chelating fiber is a very promising adsorption material which
possesses high adsorption rate and large adsorption capacity due
to its low mass transfer resistance and large external surface area.
It can make up these advantages to some extent by choosing suit-
able chelating group that possesses strong affinity toward mercury.
However, in the recovery of mercury, chelating fiber was seldom
investigated.

The adsorption efficiency for heavy metal ions by chelating fiber
is usually affected by the surface functional groups of the adsor-
bents [12–14]. The amino group has been found to be one of the
most effective chelating functional groups for the adsorption or
removal of heavy metal ions from aqueous solution [15]. Of interest
are amino functional groups because of their strong affinity toward

mercury [6,7]. In the present investigation, an aminated chelating
fiber (AF) with high adsorption capacity for mercury ions was pre-
pared by amination of acrylonitrile grafted on the polypropylene
fiber, the structure, stability and adsorption behaviors for mercury
of this chelating fiber were studied.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cescsx@mail.sysu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.06.001
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Fig. 1. Synt

. Experimental

.1. Materials and reagents

All reagents were of analytical grade, and all solutions were pre-
ared with super-pure water (water treated by ion exchange and
hen purified by reverse osmosis). Glasswares used were repeatedly
ashed with HNO3 and rinsed with super-pure water, according to
published procedure [16]. Polypropylene (PP) fiber was manufac-

ured by Zhongshan Xinshun Special Fiber Co., Ltd. The filament
ad a diameter of 80 �m. Diethylenetriamine (DETA) and mer-
ury(II) chloride (HgCl2·2H2O) were purchased from Sigma–Aldrich
o. Nitric acid (HNO3), acrylonitrile (AN), Mohr’s salt (NH4FeSO4),
imethylfomamide (DMF), hydrochloric acid (HCl), aluminum chlo-
ide (AlCl3·6H2O) were used as received. Commercial resin 717
Shanghai Resin Factory, 65–160 mesh).

The reference and working solutions were diluted daily from
tock mercury solution (2000 mg/L). Tin (II) chloride (SnCl2) (10%,
/v) used as reducing agent was prepared by dissolving SnCl2·2H2O

n 0.5 M H2SO4. The pH was adjusted with the following buffer
olutions: HNO3 for pH 1.0; H2C2O4/NaHC2O4 for pH 2.0 and 3.0;
H3COONa/CH3COOH for pH 4.0–6.0; Na2HPO4/NaH2PO4 for pH
.0; Na2B4O7/NaOH for pH 8.0–11; NaOH for pH 12–14.

.2. Preparation of chelating fiber

.2.1. AN grafted on PP fiber
The radiation process and amination reaction with DETA of the

rafted AN are shown in Fig. 1. PP fibers cleaned with acetone were
ealed in a polyethylene bag and subjected to �-rays irradiation in
he presence and absence of air for a certain time. The dose rate
f radiation was 0.837 kGy/h. After irradiation, the pre-irradiated
P (PP-ir) fibers with enough dryer were sealed and placed in a
efrigerator at 4 ◦C.

A certain amount of catalyst, AN and PP-ir fiber with different
atios were added into a 200 ml three-neck flask, then bubbled
ith nitrogen during reaction to remove oxygen. The grafting reac-

ion was carried out at fixed temperature for a certain time. After
eaction, the grafted fibers were extracted in a Sohxlet apparatus
ith DMF to remove the residual monomer and homopolymer. The

btained PP grafted AN (PP–AN) fibers were dried in a vacuum oven
t 50 ◦C for 48 h and then weighed. The degree of grafting (G%) is
btained according to the following formula:

% = Wg − Wo

Wo
× 100 (1)

here Wo and Wg are the weight of the original and grafted fiber,
espectively.

The amount of AN grafted on PP fiber was also calculated based
n the content of nitrogen in the grafted fiber which was deter-
ined by an elemental analyzer.
.2.2. Amination reaction of PP–AN
The procedures of amination reaction of PP–AN are as follows:

he PP–AN fibers, 100 ml of DETA and 4.0 g of AlCl3·6H2O were
dded into a 250 ml flask and suspended by a stirrer. The excess
ETA was used as both the solvent and reactant. The reaction was
chart of AF.

carried out at 120 ◦C for 3 h. Then the aminated fiber (AF) was
washed with super-pure water and ethyl alcohol, and dried at 50 ◦C
under vacuum.

2.3. Structure measurements and mechanical test

The electron spin resonance (ESR) spectra of pre-irradiated PP
fibers were recorded on a JES-FEIXG (JEOL, Ltd.) spectrometer,
equipped with a dedicated data station for storage and manipu-
lation of the spectra, an NMR gauss meter for the calibration of the
magnetic field and a frequency counter for the determination of the
factors. Seed samples of the PP-ir fiber were packed in quartz sam-
ple tubes and put in the cavity of the ESR instrument. Spectra were
recorded with the following settings: operating frequency 9.44 GHz
(X-band), microwave power 4 mw, receiver gain 1 × 103, scan width
±250 G, center magnetic field 3360 G, and sweep time 0.1 s.

Infrared spectra were obtained with FT-IR Analyzer (Nico-
let/Nexus 670). FT-IR–ATR measurements were carried out at a
range of 4000–650 cm−1, equipped with a continuum microscope
and ATR objective. Elemental Analyzer (Vario EL) was used for ele-
mental analysis.

Thermogravimetry (TG) Analyzer (NetzschTG-20) was used for
thermal stability characterizations of all samples. The thermograms
were obtained under a nitrogen atmosphere at a uniform heating
rate of 10 ◦C min−1 from ambient temperature to 600 ◦C.

The mechanical properties of the fibers were characterized by
tensile strength and elongation rate. All tensile testing was per-
formed with an analog controller and equipped with a 100 kN load
cell. Breaking load was measured in terms of the breaking force in
CentiNewton (cN). Ten stochastic filaments of each sample were
tested with 10 mm of the gauge length and 10 mm min−1 of the
stretching speed. Then the mean value was calculated.

2.4. Batch procedure

The samples (0.1 g of each) were added into 100 ml of the mer-
cury solutions in the 200 ml Erlenmeyer flasks and adjusted to
desired pH. Then the flasks were sealed and shaken for 24 h at 30 ◦C.
The effect of pH value on the non-competitive adsorption was stud-
ied at pH 1.0–14.0, by using 100 mg/L of the mercury solution. The
pH value of the solutions was adjusted with buffer solutions.

Considering mercury precipitation in higher concentration, the
equilibrium adsorption experiments were conducted at pH 7.0 in
batch modes. The effect of the initial concentration of the metal
ions on the non-competitive adsorption capacity was investigated
in the range of 20–2000 mg/L as well as the adsorption time was
investigated in the range of 0–24 h. Buffer solution is used to control
the pH. The adsorption amount was calculated as follows:

Q = V(C0 − Ce)
(2)
w

where Q is the adsorption amount (mg/g), w the weight of the AF (g),
V the volume of solution (L), and C0 and Ce are the concentrations
(mg/L) of mercury ions before and after adsorption, respectively.
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Table 1
The orthogonal experimental table of the effect of various reaction conditions on
grafting yield.

Sample no. T (◦C) t (h) Bath ratio
(ml/g)

Catalyst
dosage (wt%)

Grafting
yield (%)

1 50 1 20 0 3.2
2 50 3 30 0.1 2.9
3 50 5 40 1 3.1
4 60 1 30 1 7.5
5 60 3 40 0 33.9
6 60 5 20 0.1 45.2
7 70 1 40 0.1 169
8 70 3 20 1 216
9 70 5 30 0 282
I 9.2 179.7 264.4 319.1
II 86.6 252.8 292.4 217.1
III 667 330.3 206 226.6
I/3 3.1 59.9 88.1 106.4
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Fig. 2. FT-IR spectra of PP-ir, PP–AN, AF and AF chelated mercury ions.

I/3 28.9 84.3 97.5 72.4
II/3 222.3 110.1 68.7 75.5
ange 219.3 50.2 28.8 34

.5. Adsorption kinetics

Kinetic experiments at different initial concentrations were per-
ormed in a batch mode. Initial concentrations of mercury solutions

ere set at 0.1, 0.5, 1, 10 and 100 mg/L at pH 12. Samples of the
ask solution were taken out at certain intervals for analyses of the
ercury concentrations.

. Results and discussion

.1. Effects of reaction conditions on grafting yield of PP–AN

Three peaks appeared in the ESR spectra of the PP-ir fiber and
ndicated the type of radicals on the fiber as follows, according to
aura Andreozzi et al. [17,18]:

Factors that affect the grafting yield such as temperature (T),
eaction time (t), bath ratio and catalyst dosage are taken into con-
ideration. According to the trial test, three levels are chosen for
ach factor, so the L9 (34) orthogonal experimental table was cho-
en to prepare PP–AN, the experimental conditions and the results
re listed in Table 1. From Table 1, it is clear that the temperature
nd reaction time are the main factors that affect the grafting yield.
mong all samples prepared, sample 9 get the highest grafting yield
nd its experimental conditions were chosen for further reaction.

.2. Structure of the chelating fiber

Fig. 2 shows the IR spectra of PP-ir, PP–AN, AF and AF chelated
ith mercury. The peaks for the PP-ir fiber can be assigned as

ollows: 2924 cm−1 and 2842 cm−1 (�C–H asymmetric and sym-
etric in CH, CH2 groups), 1380 cm−1 (ısCH2), 1450 cm−1 (ısCH),
here � represents a stretching vibration and ıs represents a scis-

or vibration. Comparing with the spectrum of the PP-ir fiber, a new
bsorption peak of 2250 cm−1 (C N stretching) was observed in
P–AN, which confirm that AN has been grafted onto PP fiber. After

he amination reaction of the PP–AN fiber with DETA, the spec-
rum of the AF changes obviously. The broad absorption band in
he range of 3200–3400 cm−1 is much stronger and wider, which is
robably due to the superposition of the absorption of the stretch-

ng vibrations of N–H in –NH and –NH2 groups of DETA, the new
Fig. 3. TGA thermograms of the PP-ir fiber, PP–AN, AF fiber and AF fiber with mercury
ions loaded.

peak at 1601 cm−1 could be assigned to the stretching of amine
groups, which was not observed in the PP–AN fiber. Besides, the
absorption peak of 2250 cm−1 disappeared. These results indicate
that C N of AN has been aminated and DETA was grafted onto the
fiber [19,20]. From the FT-IR spectra of the AF–Hg2+ complex, it can
be seen that the peak for NH2 at 1601 cm−1 became weaker, absorp-
tion band at 3310 cm−1 get broader and a little red-shift; and a new
peak arose at 1730 cm−1 for AF–Hg2+. All these changes are prob-
ably caused by forming complex between AF and mercury, more
electrons delocalized extensively among vacant d orbit of mercury
and p orbit of NH2.

3.3. Thermal and mechanical properties of the chelating fibers

The TGA results of PP-ir fiber, PP–AN, AF fiber, and AF fiber
loaded with mercury are presented in Fig. 3. The PP-ir fiber was
converted into CO2 and H2O completely at a certain temperature,
which behaves as a 100% mass loss in the experiment. Besides, there
is only one platform in the decomposition process of PP-ir fiber. In
the case of PP–AN and AF, there are two platforms and the start-
ing decomposition temperature are 270 ◦C and 210 ◦C, respectively.
It is believed that the first platform comes from the easy degrada-
tion nature of the grafted molecules, such as AN and DETA. And the

lower decomposition temperature may be due to the reduced crys-
tallinity of PP that resulting from grafting and amination [20]. It has
been reported that the thermal stability of modified fiber depends
on their crystallinity [21]. With respect to the AF with mercury ions
loaded, after the initial loss of moisture and desorption of gases at
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Fig. 5. Effect of initial concentration on the adsorption capacity of AF for mercury
[pH 7; t = 24 h; T = 30 ◦C].

mercury. According to the result of element analysis, the content of
N is 12.0%. And two amine groups could coordinate with one mer-
ig. 4. Effect of pH on the adsorption capacity of AF for mercury [C0 = 100 mg/L;
= 24 h; T = 30 ◦C].

bout 100–200 ◦C, there are also two platforms in TG curve. How-
ver, char yield of AF fiber with mercury ions loaded is higher than
hat of PP-ir fiber and the fresh AF, which is due to that mercury
dsorbed by AF cannot be decomposed. This result is different with
hat reported by Coskun et al. [14]. They observed that the char
ield of chelating fiber with metal ions loaded is less than that of
helating fiber. The elongation and tensile strength of PP, AF are
.3 mm and 7.67 cN/tex, 2.0 mm and 5.88 cN/tex, respectively. The
esults show that there are both a decrease in the elongation and
ensile strength of AF fiber. The reason is obviously attributed to the
amage of fibers by irradiation.

.4. Batch adsorption

.4.1. Effect of pH on adsorption
The type of the species of mercury in solutions depends strongly

n the pH of solution. According to stability constant calculations, it
as found that Hg(OH)2 is dominant at pH > 4.0; and while pH < 4.0,
gCl2 was the main species in the presence of Cl− [22]. Considering

he forms of the ions at different pH value, the effect of pH is studied
rom pH 1.0 to 14.0, and the results are shown in Fig. 4. Surpris-
ngly, it can be seen that the adsorption amount of AF for mercury
s almost not affected by pH value. It is different from the results by
iu et al. [16], which indicates that the sorption quantity of mercury
ncreases with the increasing pH values. They thought that protons
ould compete with mercury ions, occupying the active adsorbent
ites of mercury imprinted copolymers below pH 3.0. Our results in
his study are consistent with the observations of Gupta et al. [23]
nd Balarama Krishna et al. [24].

It is of concern if the mercury precipitates at a higher pH range
hen Hg(OH)2 is dominated, Zhang et al. had done the solubility

f mercury vs. solution pH in the absence of the adsorbent, and
ound that no significant change of dissolved mercury at pH range
f 1–12 with a initial concentration lower than 120 mg/L [25], which

mplies that Hg(OH)2 still dissolves in the solution when mercury
oncentration is not too high. It is evident that AF is effective for the
emoval of mercury over a wide range of pH, and the most suitable
alue is 12, so the further adsorption experiments were carried out
t pH 12 if not specified.

.4.2. Adsorption isotherms

The equilibrium adsorption amount of AF for mercury was inves-

igated over a range of mercury initial concentrations. The results
re shown in Fig. 5. It can be seen clearly that the adsorption amount
f mercury ions increases with the increasing initial concentrations
nd reaches a plateau at higher concentration, which resulted from
Fig. 6. Linear fitting using Langmuir equation for the adsorption of mercury on AF.

the saturation adsorption of mercury on the chelating sites of the
AF.

Equilibrium data were fitted with the Langmuir adsorption
equation which is given as

Qe = QmCe

1/b + Ce
(3)

where Qe is the amount of mercury adsorbed onto the AF at equi-
librium, Qm is the maximum amount of adsorption (mg/g), b is
the adsorption equilibrium experimental constant (1/mg), Ce is the
mercury concentration (mg/L) in the solution at equilibrium, and
Qe and b are related to adsorption capacity and energy of adsorp-
tion, respectively. The plot of Ce/Qe vs. Ce for mercury is shown
in Fig. 6. The relationship between Ce/Qe and Ce shows a linear
curve, which indicates the adsorption behavior of AF obey Lang-
muir isotherm model. From the Langmuir equation, the maximum
adsorption capacity of the AF was calculated to be 657.9 mg/g for
cury ion. So we can calculate that the maximum adsorption capacity
is 857.1 mg/g. It may be speculated that the chelating mecha-
nism is mainly chelating interaction between nitrogen-containing
functional groups and mercury ions. Besides, it is a monolayer
adsorption.
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Fig. 7. Adsorption kinetics of AF for mercury ions with various concentrations [pH
12; C0 = 100 mg/L; T = 30 ◦C].
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Fig. 9. Adsorption kinetics of AF for mercury ions of low concentrations [pH 12;
T = 30 ◦C].
Fig. 8. Plots of −ln(1 − F) vs. t.

.5. Adsorption kinetics

The dynamic adsorption results of the chelating fiber for mer-
ury are presented in Fig. 7, which shows the tendency of adsorption
mounts for mercury on the AF vs. adsorption time. It can be seen
hat mercury removed by the AF increased sharply with the increas-
ng of adsorption time and achieved adsorption equilibrium after
h. Besides, the equilibrium time is independent on the initial
ercury concentration. The experimental results in Fig. 7 can be

onverted into the linear plots of −ln(1 − F) vs. t (Fig. 8) according
o the kinetic adsorption equation:

ln(1 − F) = kt + c (4)

here t is the adsorption time, k is the adsorption rate constant
nd c is a constant, F is the ratio of the adsorption amount at time t
Qt) to that at equilibrium (Qe). The adsorption rate constants of
he ions calculated from the slopes of the plots are 0.03 min−1,
.055 min−1 and 0.061 min−1 for the initial mercury concentration
f 1 mg/L, 10 mg/L, 100 mg/L, respectively. The results indicate that
he adsorption rates of AF for mercury are rapidly, it can be proved
rom the results in Fig. 7. It can be also concluded that the adsorp-
ion rate is higher with a higher mercury concentration, which can
e explained by that high mercury concentration accelerates the

iffusion of mercury from the bulk solution onto the AF, owing to
he increase in the driving force of the concentration gradient [26].

To investigate the application of AF in drinking water purifica-
ion, adsorption for the ppb level of mercury was examined and the
esults are shown in Fig. 9. Similar results with that of ppm level of
Fig. 10. Breakthrough curves of mercury adsorption on AF while high concentration
of K or Na ions coexist [C0 = 10 ppm; pH 12; T = 30 ◦C].

mercury were obtained. Mercury ions in solution can be completely
removed by AF even its concentration is very low. The residual con-
centration of mercury in solution could be lower than 2 ppb, which
indicates that AF is not only fit for wastewater treatment, but also
for drinking water purification.

3.6. Interference of other ions

The interference of other ions on adsorption of AF for mercury
were investigated by adding 1000-times excess of Na+, K+ to 10 mg/L
Hg2+, respectively. The results in Fig. 10 show that the presence of
1000-times of Na+ or K+ in the solution almost do not reduce the
adsorption ability of the AF for mercury. The breakthrough curves
of mercury adsorption on AF with the coexistence of 1000-times of
Na+ or K+ ions were almost the same as that without the presence
of Na+ or K+ ions.

3.7. Breakthrough curves for low-level mercury

In view of applying AF in drinking water purification, the inlet
concentration of mercury was 1 mg/L, a commercial amine resin
717 was used as reference to compare the adsorption performance

with that of AF. Fig. 11 shows the breakthrough curves of mercury
for AF and Resin 717. It can be observed that effluent concentra-
tion of mercury start to rise up after 1.8 L of permeation volume for
resin, and the tendency is more obvious that the effluent concen-
tration gradually increases with the increased permeation volume,
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ig. 11. Breakthrough curves of low concentration of mercury adsorption on AF and
esin [C0 = 1 ppm; pH 12; T = 30 ◦C].

hereas that of AF remained nearly 0, which indicates that AF is a
ery promising adsorbent for mercury removal in drinking water
urification.

. Conclusion

A chelating fiber containing amine and amide groups that could
ffectively remove mercury ions was successfully prepared by graft-
ng copolymerization of the acrylonitrile onto polypropylene fiber,
nd then followed by aminating with chelating molecule DETA. It
s found that the aminated fiber keep good mechanical strength
nd thermal stability. With optimal grafting conditions, the graft-
ng degree could be as high as 280%. The chelating fiber shows

uch higher adsorption capacities for mercury owing to the higher
ffinity of the amine groups for mercury. The equilibrium adsorp-
ion amount could be as high as 657.9 mg/g for mercury and the
esidual concentration can achieve less than 1 �g/L for feed con-
entration of mercury lower than 1 mg/L. The results indicate the
reat application potential of the chelating fiber in drinking water
urification.
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