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a b s t r a c t

A composite sorbent PANI/HA was prepared by adding humic acid (HA) into chemical oxidation process
of polyaniline (PANI). The sorbent was characterized by BET analysis, transmission electron microscopy,
and FT-IR spectra. Batch adsorption results showed that the sorbent had high affinity to Hg(II) in aqueous
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vailable online 14 October 2009

eywords:
ercury

dsorption

solutions. The adsorption kinetics results of Hg(II) showed that the adsorption reached equilibrium within
200 min and adsorption rates could be described by pseudo-second-order kinetics. Sorption of Hg(II) to
PANI/HA agreed well to the Langmuir adsorption model at different ionic strengths with the maximum
adsorption capacity of 671 mg g−1 (I = 0.20 M). The experimental results showed solution pH values had
a major impact on Hg(II) adsorption and with the help of HA the sorbent can effectively remove Hg(II) in

.5). A
ANI/HA nanocomposite
PS

a wide pH range (pH 4–7

. Introduction

Mercury is considered as one of the most toxic heavy metals
n both atmospheric and aqueous systems because of its bioac-
umulation in the food chain [1]. Exposure to mercury leads to
ifferent toxic effects in human bodies, such as dyspnoea, chest
ain and cell damage [2,3]. Water contamination of mercury arises
rom various ways including electrical and electronics manufac-
uring plants, chloro-alkali plants, sulfide ore roasting operations
nd buttery industries [4,5]. Therefore, effective treatment of the
astewater containing mercury is very important.

The conventional methods for treatment of mercury ions
nclude chemical precipitation, ion exchange, solvent extraction
nd adsorption [6–11]. Relatively, adsorption is considered to be
n effective and economical method to removal mercury ions. Dif-
erent types of absorbents have been proposed including active
arbon [12,13], ferromagnetic materials [14–16], polymer [17] and
iosorbents [18–20].

Conducting polymers such as polyaniline have been used in
any fields including corrosion protection, secondary rechargeable

atteries, sensors and controlled drug delivery [21–24]. Polyaniline
s a promising conducting polymer because of its good combination

f properties, stability, price, ease of synthesis and treatment, etc.
ecently, PANI has been used as base material for the adsorption
f mercury. Gupta et al. reported that the polyaniline/polystyrene
omposite can remove mercury ions from aqueous solutions [25].

∗ Corresponding author. Tel.: +86 25 8359 2903; fax: +86 25 8359 2903.
E-mail addresses: jpzhai@nju.edu.cn, jpzhainju@163.com (J. Zhai).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.10.019
n adsorption mechanism was proposed based on the XPS results.
© 2009 Elsevier B.V. All rights reserved.

Karunasagar et al. reported the preconcentration and speciation
of organic and methyl mercury in waters using polyaniline and
gold trap-CVAAS [17]. However, bare PANI particles are easily
aggregated in aqueous solutions. The adsorption of natural organic
matters such as humic and fulvic acids (HA and FA), and their effects
on the surface charge and the colloidal stability of iron oxide par-
ticles have been examined in several papers [26–29]. Considering
the high complex capacity with heavy metal ions, HA was applied
to remove heavy metal ions from water.

The primary aim of this work is to present the results of a labo-
ratory study focused on efforts to remove mercury ions in aqueous
solutions via HA modified PANI nanocomposite. The physical and
chemical characterization of the synthesized PANI/HA nanocom-
posite was conducted. The applicability of PANI/HA in mercury
ions adsorption was evaluated in view of the sorption kinetic and
isotherm, the effects of solution pH and ionic strength, as well
as coexisted ions. And a possible adsorption mechanism was pro-
posed.

2. Experimental

2.1. Materials

Mercury nitrate monohydrate (Hg(NO3)2·H2O) of ACS reagent
grade was purchased from Sigma–Aldrich Chemical. Other chemi-

cals, such as HNO3, NaCl were of analytical reagent grade and used
as received (Nanjing Chemical Co., Nanjing, China). Aniline was
distilled under reduced pressure before use. All solutions were pre-
pared with deionized water. HNO3 and NaOH were used to adjust
the solution pH.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jpzhai@nju.edu.cn
mailto:jpzhainju@163.com
dx.doi.org/10.1016/j.jhazmat.2009.10.019
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.2. Preparation of PANI/HA nanocomposite

The typical preparation procedure of the PANI/HA nanocompos-
te is as follows: 2.35 mL aniline monomer and 7.75 mL HCl were
issolved in 250 mL deionized water. Then 7.75 mL HCl, 0.6 g HA
nd 5.71 g (NH4)2S2O8 dissolved in 250 mL of deionized water were
ropped into the above solution with stirring at room temperature.
fter having been stirred for about 10 h, the resulting product was
eparated by filtration and finally washed with deionized water
ntil the filtrate was colorless. The resulting product was dried
nder dynamic vacuum at 65 ◦C for 24 h.

.3. Characterization of the PANI/HA nanocomposite

The pH values of the solutions were determined by using a PB-
0 pH meter (Sartorius). The FT-IR spectra of the samples were
easured on a pressed pellet with KBr using a Nicolet NEXUS870

TIR spectrometer (USA). BET surface area of PANI/HA compos-
te was calculated from the N2 adsorption/desorption isotherms

ith a Micromeritics ASAP 2010 analyzer (US). The morphology of
he PANI/HA composite was observed by using a JEOL JEM-200CX
ransmission electron microscopy (TEM) at an accelerating voltage
f 200 kV. The spectrum of the X-ray photoelectron spectroscopy
XPS) of the sample was measured on a Thermo ESCALAB 250
pectrometer with an Al K� X-ray source (1486.6 eV). All binding
nergies were referred to C1s neutral carbon peak at 284.6 eV.

.4. Batch experimental systems

All batch reactors were placed on a shaker at 160 rpm under
ontrolled temperature of 24 ± 1 ◦C. Ionic strength was controlled
t 0.20 M by NaNO3 unless otherwise stated. An equilibrium time
f 24 h was adopted in all the adsorption experiments based on a
reliminary kinetic test. Batch adsorption experiments were con-
ucted to investigate Hg(II) adsorption as a function of initial
ercury concentration, aqueous pH, ionic strength, and coexisted

ons. After reaching the sorption equilibrium, the mixture was fil-
ered with a syringe filter of 0.45 �m, and the supernatant was
ollected and analyzed by atomic fluorescence spectrophotome-
er (AFS-610, Beijing Rayleigh Analytical Instrument Co., China) for

ercury concentration. In all batch experiments, average values
ere taken from triplicate measurements with the experimental

rror in the range of 0.5–3%.

.4.1. Sorption kinetics
Sorption kinetics was conducted to assess both the rate of Hg

orption and the equilibrium time required to obtain the sorption
sotherm. The experiments were performed under conditions of
ariable pH (3–11). In each test, 20.0 mg of sorbent was weighed
nto a 50 mL glass bottle, followed by the addition of 40.0 mL of
g(II) solution, resulting in a sorbent loading of 0.5 g L−1. At each
redetermined time point, a 5.0 mL solution was collected, fil-
ered and analyzed for Hg(II). Adsorption kinetics was modeled
sing both pseudo-first-order and pseudo-second-order which is
xpressed as follows (Eqs. (1) and (2)):

The pseudo-first-order equation:

ln(qe − q) = ln qe − K1t (1)

The pseudo-second-order equation:
t

q
= 1

K2q2
e

+ t

qe
(2)

here q is the amount adsorbed at time t (min), and qe denotes the
mount adsorbed at equilibrium, both in mg g−1. K1 (min−1) and
Materials 175 (2010) 404–409 405

K2 (g (mg min)−1) are the pseudo-first-order and pseudo-second-
order adsorption rate constants, respectively.

2.4.2. Sorption isotherms
The adsorption isotherms were studied by varying the con-

centration of Hg(II) solutions with a fixed dose of adsorbent (i.e.,
20.0 mg). Adsorption isotherms were modeled using both the Lang-
muir and the Freundlich equations which are expressed as follows
(Eqs. (3) and (4)):

Langmuir:

Ce

qe
= 1

KL
+ Ce

qm
(3)

Freundlich:

log qe = log KF + 1
n

log Ce (4)

where Ce is the equilibrium concentration of Hg(II) (mg L−1), qe

is the amount adsorbed under equilibrium (mg g−1), qm (mg g−1)
is the theoretical maximum adsorption capacity of the adsorbent
for Hg(II), and KL (L mg−1) is a Langmuir binding constant related
to the energy of adsorption, KF and n are the Freundlich empiri-
cal constants. The initial adsorption rate (h (mg (g min)−1)) can be
determined from K2 and qe using:

h = K2q2
e (5)

2.4.3. Effects of pH and ionic strength
The solution pH was controlled by HNO3 and/or NaOH and the

final pH was recorded as the equilibrium pH. Ionic strength was
maintained at desired values (0.02, 0.20, 1.00 M) using NaNO3.
Initial Hg(II) (50.0 mg L−1), sorbent (20.0 mg), and temperature
(24 ± 1 ◦C) were kept constant.

2.4.4. Coexisted ions
Effects of competing anions were examined. Competing anions

included chloride, sulfate, and phosphate at the concentrations of
2.5, 5.0, 10, 20 and 30 mM, while initial Hg(II) concentration was
set at 50 mg L−1, ionic strength at 0.20 M, and pH at 5.0 (by 0.01 M
acetate buffer).

3. Results and discussion

3.1. Characterization of the PANI/HA nanocomposite

The N2 adsorption-desorption isotherms of PANI (insert curve)
and PANI/HA are shown in Fig. 1A. BET analysis revealed the sur-
face area for PANI/HA is 35.4 m2 g−1, which is similar to that of PANI
(35.7 m2 g−1). This is attributed to the highly narrow microporosity
of HA, which adsorbs no N2 at 77 K. It was reported that the mea-
sured surface area of humic substances was 42.5 m2 g−1 with CO2
at 273 K, but less than 1 m2 g−1 with N2 at 77 K [30].

The FT-IR spectra of HA (spectrum curve 1), PANI (spectrum
curve 2) and PANI/HA (spectrum curve 3) are shown in Fig. 1B. As
illustrated in Fig. 1B, the peaks at about 1704, 1598 and 1381 cm−1

of spectrum curve 1 are attributed to the C O stretches in free
carboxylic acid [31], the C C stretching vibrations of quinine ring
and the CH2 scissoring [32], respectively. The peaks observed at
about 1568, 1480, 1300, 1240 and 800 cm−1 of spectrum curve 2

are attributed to the C C stretching vibrations of quinine ring and
benzene ring vibrations, the C–O stretching vibrations, C–N stretch-
ing vibrations and C–H out of plane bending vibration, respectively.
Compared with spectrum curve 2, two characteristic peaks in spec-
trum curve 3 are observed, that is, the peaks at about 1750 and
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pseudo-second-order models were used. The kinetics parameters
are shown in Table 1. The experimental qe value (98.3 mg g−1) is
close to the calculated values (101.4 mg g−1) using pseudo-second-
order kinetics.

Table 1
Kinetic parameters for Hg2+ adsorption by PANI/HA.

Type Parameters

First-order model k1 (min−1) q1 (mg g−1) R2

29.61 56.39 0.9175
ig. 1. (A) N2 adsorption-desorption isotherms of PANI (insert curve) and PANI/HA
EM images of PANI and the PANI/HA nanocomposite.

380 cm−1, which are attributed to the HA. This result indicates
hat the HA has successfully composite with PANI.

Fig. 1C shows the TEM image of the as prepared PANI/HA
omposite. As shown in Fig. 1C, the PANI/HA particles display mor-
hologies of spherical particles with average size of 50–60 nm,
hich is similar to that of PANI reported in the literature [33]. How-

ver, the morphologies of PANI/HA show a less particle aggregation
han that of PANI (Fig. 1D), which means HA added in the PANI/HA
omposite has effectively improved the particles morphology.

.2. Sorption kinetics
Fig. 2 shows the kinetics of the adsorption of Hg(II) by PANI/HA
anocomposite. The kinetic curve for Hg(II) ions showed that
he adsorption was initially rapid, and reached equilibrium after
pproximately 200 min. In order to evaluate the kinetic mecha-
ism that controls the adsorption process, pseudo-first-order and
-IR spectra of the samples, spectra curves: (1) HA, (2) PANI, (3) PANI/HA. (C and D)
Type Parameters

Second-order
model

k2 (g (mg min)−1) q2 (mg g−1) R2 h (mg (g min)−1)

3.08 × 10−4 101.42 0.9989 3.17
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Table 2
Parameters of adsorption isotherms at different ionic strengths.

I (M) Langmuir Freundlich

qm (mg g−1) KL R2 n KF R2
ig. 2. Effect of contact time on the removal of Hg(II) by PANI/HA nanocompos-
te. Hg(II) initial concentration = 50 mg L−1; PANI/HA = 0.5 g L−1; pH 5.0 buffered by
mM NaAc/HAc solution; shaking rate 160 rpm, 24 ± 1 ◦C.

Based on the obtained correlation coefficients, the pseudo-
econd-order equation was the model that furthered the best fit
or the experimental kinetic data, suggesting chemical sorption as
he rate-limiting step of the adsorption mechanism and no involve-

ent of a mass transfer in solution [34,35]. The adsorption of the
g(II) by PANI/HA nanocomposite may be considered to consist of

wo processes with initial adsorption rate of 3.17 mg (g min)−1.

.3. Sorption isotherms

Adsorption isotherms of Hg(II) by PANI/HA nanocomposite was
tudied at pH 5.0 covering a wide range of ionic strengths (0.02,
.20 and 1.00 M) and Hg(II) concentrations (Fig. 3). As illustrated

n Fig. 3, the maximum uptake capacities for mercury (qm) at 0.02,
.20 and 1.00 M ionic strengths are about 320, 610 and 450 mg g−1,
espectively.

Both the Langmuir and the Freundlich equations (Eqs. (3)
nd (4)) were used to describe the adsorption isotherms. The
arameters obtained from adsorption isotherms for different ionic
trengths by PANI/HA nanocomposites are shown in Table 2. As
llustrated in Table 2, the Langmuir isotherm correlated better than

he Freundlich isotherm with the experimental data from adsorp-
ion equilibrium of Hg(II) by PANI/HA nanocomposite, which means
he adsorption of Hg(II) by PANI/HA nanocomposite is a mono-
ayer adsorption. The theoretical maximum adsorption capacities

ig. 3. Sorption isotherms of Hg(II) by PANI/HA at three levels of ionic strength,
.02 M (�), 0.20 M (�), and 1.00 M (©) NaNO3; pH 5.0 buffered by 2 mM NaAc/HAc
olution, PANI/HA = 0.5 g L−1.
0.02 M 380 0.132 0.988 0.62 85.9 0.949
0.20 M 671 0.069 0.987 0.66 76.4 0.941
1.00 M 493 0.101 0.924 0.29 20.0 0.851

for mercury (qm) at the three ionic strengths (0.02, 0.20 and
1.00 M) are about 380, 671 and 493 mg g−1, respectively, which
are in accordance with experimentally obtained values. This result
indicates that the ionic strength has a significant effect on the
adsorption capacity of mercury. Therefore, the ionic strength was
controlled at 0.20 M by NaNO3 in batch experiments. It is worth
noting that the adsorption capacity (qm = 671 mg g−1) of Hg(II) by
PANI/HA nanocomposite (I = 0.20 M) is higher than that of poly-
mer/organosmectite composites (157.3 mg g−1) [5], the aniline and
sulfophenylenediamine copolymer (497.7 mg g−1) [36] and the
PANI (600 mg g−1) [37] reported in literatures. This is because
that the HA has the high complex capacity with heavy metal
ions and the presence of HA in PANI effectively inhibit the aggre-
gation of blank PANI, which is in agreement with the result of
the TEM.

3.4. Effects of pH

Hg(II) removal by PANI/HA nanocomposite was measured in
batch systems with equilibrium pH values from 3 to 11 (Fig. 4).
As shown in Fig. 4 that the optimal pH ranges for removal of Hg(II)
are from 4 to 7.5, alkaline and acidic solutions inhibit the Hg(II)
adsorption. Therefore, solution pH was controlled at 5.0 in batch
experiment. In comparison, the removal of Hg(II) by virgin PANI
was almost 95% from initial pH 3 to11. However, it is worth not-
ing that the equilibrium pHs varied far away from the initial pHs
and finally reached pH 4.0. This result indicates that the PANI/HA
nanocomposite is more stable and pH independent than PANI and
the presence of HA can reduce the aggregation of PANI and result
in the stability of the PANI [29], which is consistent with the result
of TEM.

The significant impact of solution pH on Hg(II) uptake could be

explained by the changes in both the physicochemical properties
of PANI and aqueous Hg(II) speciation. Usually, in acidic solution,
Hg2+ is the dominant species. Compared with Hg(OH)+ and Hg(OH)2
species of relatively smaller hydrated sizes, Hg2+ has lower affin-
ity to nitrogen-containing binding sites [38], causing decrease in

Fig. 4. Effect of solution pH on mercury removal by PANI/HA. Hg(II) initial concen-
tration = 50 mg L−1; ionic strength = 0.2 M NaNO3; PANI/HA = 0.5 g L−1.
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the present work with the values available in the literature indi-
cates that the mercury adsorbed in PANI/HA is present as Hg(II)
ig. 5. Effect of coexisted ions on mercury removal by PANI/HA. Hg(II) initial
oncentration = 50 mg L−1; ionic strength = 0.2 M NaNO3; pH 5.0 buffered by 2 mM
aAc/HAc solution; PANI/HA = 0.5 g L−1.

ercury adsorption. A possible explanation for the decrease in mer-
ury removal above pH 7.5 could be primarily attributed to the
hanged physiochemical properties, possibly due to the competi-
ive specific-binding of OH− to the nitrogen-containing functional
roups.
.5. Coexisted ions

The influence of commonly coexisted ions on the removal
f Hg(II) is illustrated in Fig. 5. The effects of Cl−, SO4

2−, and

ig. 6. (A) XPS spectrum of Hg 4f of PANI/HA after adsorption. (B) XPS spectrum of
1s of PANI/HA before and after adsorption.
Materials 175 (2010) 404–409

PO4
3− on Hg(II) sorption were examined at various concentrations

(2.5–30 mM) for each anion, where the concentration of NO3
− was

0.20 M. Neither the presence of SO4
2− nor the PO4

3− has any signif-
icant influence on the removal of Hg(II), however the effect of Cl− is
notable. It can be seen clearly in Fig. 5 that at initial Hg(II) concen-
tration of 50 mg L−1, the removal ratio decreases to less than 20%
when the concentration of Cl− is higher than 10 mM. It was reported
that at lower chloride ion concentrations HgCl2 is the predomi-
nant species, while at higher chloride ion concentrations HgCl42–

is predominant [39]. Therefore, Cl− competed favorably with OH−

for Hg(II) to form Hg–Cl complexes and these complexes have less
affinity to the PANI/HA, causing Hg(II) removal to be substantially
decreased. This result is in agreement with the studies of the effect
of Cl− on Hg(II) sorption [40].

3.6. XPS analysis

To further understand the processes affecting the Hg(II) sorp-
tion, the PANI/HA sample after reaction with Hg(II) solution at
pH around 5.0 for 24 h was analyzed with X-ray photoelectron
spectroscopy (XPS). Fig. 6A shows the XPS spectrum of Hg 4f of
PANI/HA after adsorption. As shown in the spectrum in Fig. 6A, the
presence of Hg 4f clearly confirmed the adsorption of mercury by
PANI/HA. The comparison of the measured binding energy of Hg in
[41]. Fig. 6B shows the high resolution scan of N1s of PANI/HA
before (spectrum curve 1) and after (spectrum curve 2) adsorption
of Hg(II). Peak fitting illustrated that N1s of curve 1 (Fig. 6B) could

Fig. 7. Schematic mechanism for mercury absorption by PANI/HA.
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e grouped into three peaks, corresponding to different nitrogen
toms or functional groups (–N ), (–NH–) and (–NH•+·–), respec-
ively. It can be seen in curve 2 (Fig. 6B) that N1s could be fitted
nto four peaks, which is attributed to the four different nitro-
en atoms in a PANI unite. On the basis of this study, a possible
chematic mechanism for mercury absorption by PANI/HA was pro-
osed (Fig. 7).

. Conclusion

A PANI/HA nanocomposite was chemically synthesized and
haracterized in this work. TEM result showed that the presence
f HA can enhance the stability of virgin PANI by preventing
heir aggregation. The PANI/HA was studied for mercury removal
rom aqueous solutions. Batch adsorption results showed that
he PANI/HA nanocomposite exhibits remarkable enhancement
f material stability and mercury removal efficiency. Many fac-
ors including solution pH, ionic strength and competitive ions
ad impacts on adsorption. The removal efficiency was highly pH
ependent and the optimal removal observed around pH 4–7.5. The
aximum adsorption capacity of 671 mg g−1 was obtained at ionic

trength was 0.20 M and pH 5.0, which is much higher than previ-
us studies. The competitive studies showed that the effect from
oexisting ions was insignificant except for Cl−. XPS result showed
hat mercury could be complexed to different nitrogen atoms, on
hich an adsorption mechanism was suggested. It is expected that

he PANI/HA nanocomposite has wide applicability in the removal
f heavy metals from various waters.
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