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Polyacrylonitrile fibres were chemically modified by conversion of their nitrile
groups into other effective adsorbent groups under a two-step process. At first,
the modification process was initiated through hydrolysis of the fibres in an 

alkaline solution. In the next step, functionalization of the fibres was carried forward by
thiourea. The evolved surface characteristics and surface reactions were investigated
by elemental analysis, scanning electron microscopy and thermal gravimetry analysis.
The modified polymer-metal complexes were obtained in aqueous solutions at different
pH media of 2 to 8. The experimental data were analyzed in terms of Langmuir
isotherm model. The adsorption capacities of the samples towards Cr3+, Hg2+ and Pb2+

were in the given order of 0.73, 0.09, and 0.14 mmol/g (at pH 4). These results may be
considered as an indication of higher selectivity of the modified fibres towards Cr3+ ions
compared to Hg2+ and Pb2+ ions. The study on these modified ion exchange fibres
(HTPANFs) for industrial effluents revealed that the maximum capacities of the 
modified PAN fibres towards Cr3+, Hg2+ and Pb2+ are 0.41, 0.05, and  0.11 mmol/g (at
pH 4), in the given order. The FTIR spectra of the modified fibre-metal complexes
exhibited wavenumber shifts due to metal complex formation compared with the FTIR
spectrum of just the modified fibres. The thermogravimetric data indicated that the 
initial thermal stability of the modified fibres is lower than those of raw fibres due to 
conversion of nitrile groups into amine and thioamide functionalities.

INTRODUCTION

Nowadays, adsorbents such as 
activated carbon [1, 2] , nanofibres
[3], nanobeads [4], etc. [5-7] are
well-known and have been 
investigated intensively due to
their potential applications in many
areas especially in environmental
applications for removal of heavy
metals ions and other toxic 
materials [8]. In recent decades,
special attention has been paid to
ion-exchanger fibres based on

acrylic fibres [9]. The adsorbent
PAN fibres are efficient materials
in separation and removal of metal
ions especially from diluted solu-
tions [8,10,11]. These proclaimed
advantages are mainly attributed to
fibres' high adsorption capacities,
fast adsorption equilibrium, high
recycling rate and low production
cost. Furthermore, it is known 
that polyacrylonitrile fibre has
good chemical resistance, thermal
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stability, low flammability and very good mechanical
properties [12-14]. 

The use of common commercial fibres with 
functional groups introduced on their surfaces 
is one of the most popular ways for production of
adsorbent fibres. It is in this way that the physical
properties of the fibres still can be kept at suitable
level [13, 15-17]. A large variety of adsorbents (ion-
exchanger, complex forming, etc.) can be achieved by
functionalization of commercial fibres. It has been
reported that adsorbents with carboxyl, sulphonic,
and phosphonic groups on their surface structures
favour metal ion adsorption through ion exchange
mechanism, while those containing nitrogen atoms
(i.e., amino, hydrazine, thioamide and imidazoline
groups) on their surfaces facilitate metal ion 
adsorption through modification mechanism. In 
particular, presence of amino groups on an adsorbent
has been found to be one of the most effective ways
for adsorption or removal of heavy metals from 
aqueous solutions [8,12]. Thus, the adsorption of
metal ions from aqueous solutions is usually 
managed by the properties of the surface functional
groups of the modified fibres. Many modified fibres
have been used to adsorb metal ions from aqueous
solutions. For example, in previous work we used
polyacrylonitrile-monoethanolamine (PAN-MEA)
[18] and in the present work, as an original and novel
attempt we introduce a new way and novel 
conditions for production of hydrolyzed/thioamidated 
polyacrylonitrile fibres (HTPANFs) a new modified
polyacrylonitrile fibre with high adsorption capacity
for heavy metal ions. 

EXPERIMENTAL

Materials and Instruments
Polyacrylonitrile fibres with 3.3 dtex, consisting of
93.5 wt% acrylonitrile (AN) and 6.5 wt% methy-
lacrylate (MA), were purchased from Iran Polyacryl
Co., Isfahan, Iran. Raw acrylic fibres used in this
study were cut, washed with methylene chloride
(CH2Cl2) and distilled water, and finally air-dried. All
chemicals consisting of CrCl3.6H2O, Hg(NO3)2,
Pb(NO3)2, HNO3, HCl, NaOH, and thiourea were
obtained from Merck (Germany). Metal solutions

were prepared from reagent-grade metal salts. 
Trace-metal-free concentrated nitric acid was used to
preserve all metal solutions. 

Fourier transform infrared (FTIR) spectroscopy
was carried out using KBr pellets on a Nicolet (Nexus
670, USA) spectrometer. FTIR spectrum of the mod-
ified fibres with or without adsorbed chromium
species were obtained by a Brucker (Equinox 55,
USA) spectrometer with single reflection ATR 
system. The elemental analysis was performed on an
Elementar Vario EL, USA. TGA was performed using
TAQ 50 derivatograph (Shimadzu, Japan). The 
scanning rate of TGA was 10°C/min and it was run
under argon atmosphere between 25°C and 800°C
temperature range. The metal absorption capacities of
polymers were estimated by a Shimadzu atomic
absorption spectrophotometer (AA-3600A, Japan) at
room temperature in aqueous solutions.

Chemical Modification of PANFs with NaOH and
Thiourea
The modification of PANFs was performed in a three-
necked flask (250 mL) equipped with a stirrer, con-
denser and thermometer. The modification process of
the fibres by NaOH and thiourea was conducted as
follows:

Stage 1- the hydrolysis of PAN fibres was 
performed in a solution of NaOH, with the following
procedure: 3 g of fibre was added to a 250 mL flask
with 100 mL of ethanol/water solution (molar ratio of
0.50) containing 5% (w/w) NaOH. The solution was
stirred at 70°C in a water bath for 1 h. The hydrolyzed
polyacrylonitrile fibres (HPANFs) were collected,
rinsed with de-ionized water, and then dried in an
oven at 40°C to constant weight. 

Stage 2- treatment of HPANFs was accomplished
by 100 mL of thiourea and water solution containing
3% (w/w) thiourea. The reaction was allowed to pro-
ceed at 70°C for 2 h. The hydrolyzed/thioamidated
polyacrylonitrile fibres were (HTPANFs) rinsed with
de-ionized (DI) water until neutrality was reached,
and then they were dried in an oven at 40°C to 
constant weights and collected in a desiccator prior to
use for further study.

Preparations of Polymer-Metal Complexes
The aqueous solutions of 50 mL volume of
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CrCl3.6H2O, Pb(NO3)2 or Hg(NO3)2 with 50 ppm
concentration were prepared. This method was
applied to give two or three metal salt solutions (with
equal molar mixtures). The pH of the solutions was
adjusted at pH 2-8, and then the polymer-metal 
complexes were obtained by addition of 0.2 g
HTPANFs into each solution.  Finally, adsorption
experiments were performed for sewage application
of Bandar-e Emam Petrochemical Co., Iran. In these
tests, the sewage was first diluted to 50 ppm 
concentration, followed by addition of 0.2 g
HTPANFs into 50 mL of the diluted solutions. 

After the attainment of adsorption equilibrium of
all the field samples as well as the prepared samples,
the fibres were separated by filtration and rinsed with
de-ionized water to remove residual solution trapped
in the fibres. Then, the HTPANFs with adsorbed
chromium, lead or mercury were transferred to a flask
with 50 mL of 1 mol/L HCl solution or de-ionized
water (pH 5.0). The flask was shaken at 150 rpm in a
rotary shaker at 25°C and then, the metal ion concen-
tration in each solution was determined. A Shimadzu
atomic absorption spectrophotometer (AA-3600A)
was used to determine the chromium, mercury and
lead concentrations in each solution.

RESULTS AND DISCUSSION

FTIR Analysis
FTIR Spectra of raw acrylic fibres (PANFs) and the
modified fibres are shown in Figure 1, indicating that
the CN groups in the modified fibres are diminished.
The FTIR spectrum of the raw fibres (Figure 1a)
shows the peaks at 3528 cm-1 (OH stretching), 
2242 cm-1 (C≡N stretching), 2938 cm-1 (CH 
stretching in CH, CH2 and CH3 groups), 1456 cm-1

(CH bending), and 1732 cm-1 (C=O stretching) which
are the confirmation of the original fibres as a  copoly-
mer of acrylonitrile (AN) and methylacrylate (MA).
FTIR spectrum of HPANFs is shown in Figure 1b.
The broad adsorption band at 3528 cm-1 is shifted to 
3423 cm-1 and the intensity of the peak is increased
significantly. This band corresponds to the stretching
vibration of the OH groups and it is an indication of
the presence of OH groups on HPANFs chain 
structure. 

Figure 1. FTIR Spectra of (a) PANFs, (b) HPANFs, and (c)
HTPANFs.

The new peaks at 1573, 1406, and 1224 cm-1 are
indications of the existence of imine (-C=N-) 
conjugated sequences in the modified fibre. Because
the peak at 2246 cm-1 for -C≡N vibration changed 
significantly, it implies that only -C≡N groups of the
PANFs were converted to -C=N- groups in HPANFs.
The intensity of the peak at 2946 cm-1 (CH2
stretching) was reduced sharply which is attributed to
the hydro-lysis of the ester groups of the PANFs. After
the hydrolysis the peak at 1736 cm-1 (C=O stretching)
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is weaker, a suggestion that acetate ester being
removed from the surface of PANFs. 

The FTIR spectra of the HTPANFs are shown in
Figure 1c. A new peak has appeared at 3285 cm-1 of
the modified fibre spectrum, which may correspond
to stretching vibrations of NH and NH2 groups. The
other new peaks at 1606-1730 cm-1 can be assigned
to the stretching vibrations of C=O in thioamide,
ester and carboxylic groups. It is also observed that 
the intensity of the peaks at 2242 cm-1 (C≡N) and
1732 cm-1 (C=O) in HTPANFs are diminished.
Comparison between the FTIR spectra of the 
functionalized fibres (HTPANFs) and raw fibres is
shown in Table 1. The additional bands in the FTIR
spectrum of HTPANFs are the characteristic 
vibrations of thioamide groups. 

The FTIR spectral data of the metal complexes 
(Cr (III) and Pb (II)) of modified fibres in comparison
with those of non-complex modified fibres show
wavenumber shifts for absorption bands of C=O,
C=S, C-H, N-H, C-N and C=N corresponding to 

Table 1. IR Wavenumbers of PANFs and functionalized
polyacrylonitrile fibres (HTPANFs) υ, stretching vibration; δ,
bending vibration; δs, scissors vibration.

Figure 2. FTIR Spectra of (a) HTPANFsþ-Cr, (b)
HTPANFsþ-Pb, and (c) HTPANFs- Cr -Pb .

polymer-metal complex formation (Figure 2 and
Table 2). There are small shifts to lower regions
observed for C-O, C=N, C-N, C-H and other 
stretching bands of the functionalized fibres in 
polymer-metal complexes. By comparison, the FTIR
spectra of HTPANFs and the modified fibre metal
complexes reveal that after metal complex formation
and as a consequence of electron shortage of 
nitrogen atom at N-H groups and decreasing of the
bond length, the N-H vibration shifts to higher
wavenumber. 
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Wavenumber (cm-1)

Characteristic group PANFs HTPANFs

υ (NH)
υ (NH2)
υ (OH)
υ ( CH,CH2,CH3)
υ (C≡N)
υ (C=S)
υ (C=O)
υ (C=N)
υ (HNC=O)
υ (-CO-NH )
υ ( C-O ) 
υ (C-N )
δ ( NH2)
δ ( NH )
δs (CH2)
δs (CH)

-
-

3500-3600
2800-3000

2242
-

1732
-
-
-

1000-1200
-
-
-

1465
1400

3200-3300
3200-3300

-
2800-3000

2242
1485

-
1620-1665
1690-1735

1500
1100-1270

1337
1550
1550
1465
1400

 

(a)

(b)

(c)

3+ 2+ 2+



Elemental Analysis 
The contents of carbon, hydrogen, nitrogen, oxygen
and sulphur in different reaction products were 
determined by an Elementar analyzer, USA. The data
of elemental analysis of PANFs, HPANFs and
HTPANFs (after rinsing with de-ionized water to
remove residual sodium hydroxide, ethanol and
thiourea molecules trapped inside the fibres as a result
of preparation stages of 1 and 2 ) are listed in Table 3.
In HPANFs (weight gain = 14.6%), the C percentage
value obviously decreased and as expected the H 
percentage slightly increased compared with those of
original PANFs, since the sodium hydroxide/ethanol
solution in stage 1 has fewer carbon atoms and more
hydrogen atoms. The N percentage value of HPANFs
is lower than those of the PANFs. Smaller N percent-
age value suggests that water is introduced during the
reaction of the CN groups with sodium hydroxide/
ethanol, which results in the formation of -COOH and
-COO-C2H5 and release of ammonia. 

In HTPANFs (weight gain = 27.3%) the percent-
ages of H and N are increased reasonably in different
ways compared with the percentage value of C. The
presence of S in HTPANFs structure with high 
percentage implies that thiourea molecules react with

HPANFs' functional groups in the second stage, a 
further indication that high quantities of -COOH and
-COO-C2H5 groups are not in their initial forms and
have altered to their related thioamidated groups. 

After achieving adsorption equilibrium, HPANFs
and HTPANFs were rinsed with de-ionized water for
performing elemental analysis. The extent of 
modification can be monitored by the weight gain of
the fibres in the stage 1 from the modification of
PANFs [10] as follows: 

(1)

where, w1 and w2 are the weights of PANFs and
HPANFs, respectively. It is well known that PANFs
are soluble in DMF, but the HPANFs with 14.6%
weight gain are much less soluble in DMF or DMSO
under reflux. In the thioamidation step, w1 and w2
represent the weights of PANFs and HTPANFs,
respectively. HTPANFs with 27.3% weight gain are
insoluble in DMF or DMSO even under reflux, 
indicating that a certain degree of cross-linking must
have occurred. 

The functionalized polyacrylonitrile fibres were
prepared by an easy reaction between PAN fibres with
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Table 2. FTIR Wavenumbers (cm-1) for HTPANFs and their metal complexes for maximum metal sorption.

Assignment HTPANFs HTPANFs-Cr HTPANFs-Pb HTPANFs-Cr-Pb

N-H
C-H
C=O
C=N
C-O
C-N
C=S

3285
2933
1735
1663

1147-1268
1337
1485

3412
2897
1713
1638

1161-1236
1321
1485

3417
2932
1734
1647

1048-1187
1297
1472

3427
2930
1728
1652

1135-1283
1327
1483

100]/)[((%) 112 ×−= wwwgainWeight

sample Weight gain 
(%)

Weight 
(%)

C H N O S

PANFs
HPANFs
HTPANFs

-
14.6
27.3

65.46
57.42
42.56

5.51
7.89
9.05

23.76
16.64
35.16

1.17
4.28
0.81

-
-

8.73

Table 3. The data of elemental analysis of PANFs, HPANFs and HTPANFs.
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NaOH and thiourea under a two-step process. From
alkaline hydrolysis of polyacrylonitrile fibres, the
products may include conjugated sequences of 
-C=N-, acrylamide, sodium acrylate, and amidine
groups from different stages of the hydrolysis.
Therefore, the given HPANFs may have polyimine
cyclic structure. Thioamidation of the hydrolyzed
fibres was carried out by adding thiourea molecules
onto the COOH, OH, COOC2H5 and -C=N- groups.
Therefore, reactions and their corresponding 
molecular structural changes are revealed by the FTIR
and elemental analysis results, and these modification
mechanisms are depicted as in Scheme I.

Effect of pH on Metal Ions Removal
The modified fibres were brought into contact with

aqueous solutions of the metal ions (Pb2+, Hg2+ and
Cr3+) within pH range of 2-8. Table 4 and Figure 3
show the effect of pH on the amounts of adsorbed
heavy metal ions. The interactions between Hg2+ ions
in the aqueous phase with binding sites at the 
modified fibres surface as a function of pH can be
explained by looking at the aquatic chemistry of 
mercury salts. At very low pH (e.g., pH 2) the 
dominant species of mercury salt is Hg2+. At this pH,
the modified fibre surface has high positive net charge
and therefore, adsorption sites are less favourable for
Hg2+ ions and thus, the adsorption amount is small. At
pH 4-6 the concentration of Hg(OH)2 increases and
predominates over all other species, including
HgOH+. An increase in pH produced a decrease in the
positive surface charge, and the modified fibre surface
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Scheme I. Two stages for preparation of the modified polyacrylonitrile fibres (HTPANFs) with eventual groups on the
chains: (a) PANF, (b) HPANF, (c) HTPANF, and (d) probable reactions between HTPANFs chains. 
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Figure 3. Metal sorption capacity of HTPANFs for Cr3+,
Hg2+ and Pb2+ in various pH (after 1 h). (error bars 
represent standard deviations of triplicate recordings.)

is less repulsive to cationic species, and thus the
adsorption is increased. At pH > 6, Hg(OH)2 is a pre-
dominant metal species and as a result the adsorption
of mercury (II) ions drop, because Hg(OH)2 lacks
positive charge and it is less adsorbed by the modified
fibre surface [19]. In the case of lead (II) ions, at
pH≤4 almost 100% of lead (II) salt is as Pb2+ cation
and high positive net charge of HTPANFs has not
much tendency towards Pb2+ ions. At pH 6 lead (II)
includes Pb2+ and Pb(OH)+ cations and there is a
high adsorption of these cations occurring on the
modified fibres. At pH 8 nearly 100% of lead (II) ions
are as Pb(OH)+ cations and thus the adsorption of
metal ions decreases negligibly [20]. At pH≤2, pH 
4-6 and pH 8 the dominant species for Cr(III) ions are
Cr3+, Cr (OH)2+ and Cr(OH)3 [21]. The adsorption
process for chromium (III) ion is similar to that of 
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Table 4. Quantitative adsorptions of heavy metal ions on HTPANFs in 1 h.

Adsorbent Metal salt pH Metal sorption
capacity 
(mmol/g)

Average metal 
sorption capacity 

(mmol/g)

Average metal 
sorption capacity 

(mg/g)

Standard 
deviation

HTPANFs Pb(NO3)2

2
4
6
8

0.068, 0.069, 0.073
0.27, 0.28, 0.29
0.60, 0.63, 0.59
0.53, 0.57, 0.58

0.07
0.28
0.61
0.56

14.50
58.02

126.39
116.03

0.0026
0.0100
0.2080
0.0265

HTPANFs CrCl3.6H2O

2
4
6
8

0.23, 0.23, 0.20
1.06, 1.07, 1.02
1.30, 1.41, 1.31
1.46, 1.34, 1.31

0.22
1.05
1.34
1.37

11.43
54.60
69.68
71.23

0.0173
0.0265
0.0608
0.0794

HTPANFs Hg(NO3)2

2
4
6
8

0.049, 0.048, 0.053
0.22, 0.24, 0.17
0.501, 0.480, 0.399
0.38, 0.23, 0.35

0.05
0.21
0.46
0.32

10.03
42.12
92.27
64.19

0.0026
0.0361
0.0539
0.0794

HTPANFs
Pb(NO3)2
CrCl3.6H2O

4
0.17, 0.19, 0.15
0.87, 0.81, 0.87

0.17
0.85

35.22
44.20

0.0200
0.0346

HTPANFs
Pb(NO3)2
Hg(NO3)2
CrCl3.6H2O

4
0.13, 0.13, 0.16
0.087, 0.102, 0.081
0.74, 0.70, 0.75

0.14
0.09
0.73

29.01
18.05
37.96

0.0173
0.0108
0.0264
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Figure 4. Selectivity of HTPANFs in the presence of: (a) two
and (b) three metal salts (equal mole of each metal ion) 
performed at pH 4. (error bars represent standard devia-
tions of triplicate recordings.)

lead (II) ion.
To study the selectivity towards metal ions, the

complexation process of HTPANFs was performed in
the presence of two and three metal salts (equal mole
of each metal ion) at pH 4. In the mixture of metal
ions, the metal sorption capacity and selectivity of

modified fibre to adsorb Cr3+ were higher than those
for Hg2+ and Pb2+ (Table 4, Figure 4). 

Comparative experimental data on wastewater
samples presented in Table 5 show that, the amount of
Cr(III), Hg(II) and Pb(II) ions adsorbed onto the
HTPANFs at adsorption equilibrium increased with
increasing the solution pH values. At low pH (pH 2)
the adsorption was very small, and it still increased
sharply and reached up to 0.53 mmol/g  for Cr(III),
0.09 mmol/g for Hg (II) and 0.24 mmol/g for Pb(II)
when pH raised from 2.0 to 6.0. However, no further
increase in adsorption was observed when pH raised
from 6.0 to 8.0. The HTPANFs showed high ability
for adsorption of Cr(III), Hg(II) and Pb(II) ions. The
adsorption of ions exclusively was followed in the
order of Cr(III)>Pb(II)>Hg(II). 

At pH 6, adsorption of Cr (III) ion on the surface
of the HTPANFs was twice that of Pb (II) ion and five
times greater that that of Hg (II) ion (Table 5 and
Figure 5). Therefore, at pH 6 the maximum metal
sorption was observed for Cr3+ ion. For comparison,
the sorption capacity of our modified PAN and some
other functionalized PAN fibres are presented in 
Table 6. Metal sorption capacity of the modified fibre
in comparison with other functionalized PAN fibres is 
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Adsorbent Field 
sample

pH Ions Metal sorption 
capacity 
(mg/g)

Average metal 
sorption capacity 

(mg/g)

Standard 
deviation

HTPANFs B.E.P.W. 2
Cr (III)
Hg (II)
Pb (II)

0.099, 0.102, 0.108
0.032, 0.031, 0.027
0.038, 0.039, 0.043

0.10
0.03
0.04

0.00458
0.00264
0.00264

HTPANFs B.E.P.W. 4
Cr (III)
Hg (II)
Pb (II)

0.407, 0.373, 0.450
0.053, 0.049, 0.048
0.113, 0.099, 0.118

0.41
0.05
0.11

0.03850
0.00265
0.00984

HTPANFs B.E.P.W. 6
Cr (III)
Hg (II)
Pb (II)

0.527, 0.512, 0.551
0.107, 0.083, 0.080
0.241, 0.227, 0.252

0.53
0.09
0.24

0.0196
0.0147
0.0125

HTPANFs B.E.P.W. 8
Cr (III)
Hg (II)
Pb (II)

0.641, 0.652, 0.717
0.068, 0.042, 0.100
0.209, 0.192, 0.259

0.67
0.07
0.22

0.0410
0.0290
0.0348

Table 5. Removal of Cr3+, Hg2+ and Pb2+ at equilibrium at different pH values by HTPANFs from Bandar-e Emam
petrochemical wastewater (B.E.P.W.) at 1 h.
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Figure 5. Effect of pH on the adsorption of the metal ions
onto HTPANFs for wastewater samples (after 1 h). (error
bars represent standard deviations of triplicate recordings.)

considered acceptable. Therefore, HTPANFs can be
applied in the separation and removal of heavy metal
ions of field samples such as petrochemical plants
sewage.   

Adsorption Mechanism
The adsorption of metal ions on an adsorbent can be
managed by electrostatic interactions. During the
adsorption process, the following aspects need to be
considered: (1) the characteristics of the adsorbent
with many functional groups imputable to adsorption,
and (2) the chemical structure of the adsorbate. Both
aspects are pH related. Hence, it is necessary to know

Table 6. Comparison of sorption capacity of our modified
PAN and some other functionalized PAN at pH 6.

Scheme II. Active sites on HTPANFs chains for adsorption
of the metal ions.

the chemical structure of the adsorbate and the surface
nature of the adsorbent at different pH values in order
to understand the adsorption mechanism. The 
hydrolysis of Cr(III), Hg(II) and Pb(II) ions to form
binuclear species (e.g., Cr2(OH)3

3+ for chromium
ion) and mononuclear species (e.g., Cr(OH)2+,
Cr(OH)2+, and Cr(OH)3 for chromium ion) occurs in
dilute solution with increasing its pH value from 6 to
8, and Cr(OH)4

- (for chromium ion) is formed in more
alkaline solutions. 

In this study, the adsorption tests were conducted
at pH < 8.0, and thus metal ions existed mainly in
Cr3+, Hg2+ and Pb2+ ionic forms. Therefore, the
adsorption of metal ions onto the modified fibres
derived from polyacrylonitrile may be attributed to
the nitrogen atoms in the thioamide functional groups
or adhered to rings that achieved from cyclization of
nitrile groups. Scheme II shows active sites for
adsorption of metallic ions. 

Scanning electron microscopy (SEM) was used to
examine the external surface of the fibres before and
after modification and after the metal ions adsorption.
The SEM micrographs are presented in Figure 6. As
shown in Figures 6b and 6c, in comparison with the
surface of the raw fibres (Figure 6a), the surface of the
modified fibres are less coarse and groovy because
modified fibres have longer grafted chains containing
thioamide groups and these chains lie on the fibres'
surface and filled their pits. As seen in Figure 6c, 
surface debris is observed on the fibres after metal
cation adsorption and shows that ionic adsorption 

Efficient Removal of Cr   , Pb   and Hg    Ions ...Bagheri B et al.

Iranian Polymer Journal / Volume 19 Number 12 (2010) 919

 

The modified
fibres

Heavy metal ions (mmol/g)

Cr3+ Pb2+ Hg2+

HTPANFs
Polyacrylonitrile/pumice
composite [7]
Hydrazine-modified
polyacrylonitrile fibres [21]
Aminated
polyacrylonitrile fibres[8]
PAN-oxime nanofibres [3]

1.340
0.268

0.960

0.107

-

0.61
-

0.98

-

1.27 

0.46
-

0.63

-

-

N N N

CH2

HN

C

NH2

S C

NH2

S
n-1

M

M

M M

M

M

CH CH2CH CH2CH

CO

CONH

C

NH2

NH

C

NH2

NH

C

NH2

S

S

M
M

M

M

M

S
M

M: metal ion

3+ 2+ 2+



Figure 6. SEM Micrographs of (a) the raw polyacrylonitrile
fibres (PANF), (b) thioaminated polyacrylonitrile fibres
(HTPANF) and (c) thioaminated polyacrylonitrile fibres con-
taining Cr+3 cations (magnification ×2000).

increases the surface roughness. As shown in Figure
6b, there is also a slight increase in the cross-
sectional area of the modified fibres. This can be 

related to the swelling phenomenon resulted from
reaction of thioamide groups on the molecular fibre
chains and also to the breakage of the intermolecular
bonds.

Adsorption Kinetics
Adsorption kinetics was studied by adding 0.2 g of
HTPANFs to 50 mL of metal ions solution with a 
concentration of 50 mg/L (pH 6) in a flask. The
adsorptions of metal ions onto the modified fibres are
very fast and the adsorption equilibrium could be
reached in about 1 h (Figure 7 and Table 7). This 
phenomenon may be attributed to the large surface
areas and possibly the high density of adsorption sites
on the modified fibres. Therefore, metal ions 
adsorption can be controlled mainly by the diffusion
process of these ions from the bulk solution onto the
surface of the modified fibres. Adsorption process is
generally known to be controlled by the transport of
the species from the whole solution and to be
adsorbed and attached onto the surface of the 
adsorbent. Adsorption of metal ions from aqueous
solution onto many conventional granular adsorbents,
such as activated carbon and resin has been reported
to be a long process (adsorption equilibrium reached
in several hours or more) because the kinetics of metal
ion adsorption onto those porous adsorbents is 
mainly controlled by an inner surface diffusion

Figure 7. Adsorbed amount of metal ions by HTPANFs
based on mmol/g versus time at pH 6. (error bars represent
standard deviations of triplicate recordings.)
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process which is generally much slower than the bulk
diffusion of metal ions in solutions [1-4].

Effect of Metal Ions Concentrations
At pH 6, the metal ions concentrations are altered in
the range of 10-350 ppm. The optimum time for 
maximum adsorption of Cr(III) and Pb(II) and Hg(II)
ions onto HTPANFs was selected according to the
equilibrium time (1 h). The result of this research
indicates that in all cases the metal ion adsorption
equilibrium on HTPANFs has reached very fast and
has only taken about 1 h. This is an indication that
HTPANFs has good adsorption tendency for 
chromium, mercury and lead ions. The amount of
metal ions absorbed at adsorption equilibrium on the
HTPANFs was significantly more than that absorbed
on the PANFs. In order to model the sorption 
behaviour, adsorption isotherms have been studied

[5,7,12]. 
The adsorption process of the metal ions was test-

ed with Langmuir and Freundlich isotherm models.
The adsorption amount (qe) of the metal ions by
HTPANFs can conform to the Langmuir equation as
follows:

(2)

That can be linearized as eqn (3): 

(3)

Where qm is the maximum sorbate (metal) uptake or
saturation capacity and b is the Langmuir constant,
often related to the binding energy between the
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Heavy 
metal ions

Time 
(min)

Metal sorption capacity
(mmol/g)

Average metal sorption
capacity (mmol/g)

Standard 
deviation

Hg(II)

1
3
5

10
30
60
90

0.030, 0.031, 0.029
0.047, 0.051, 0.052
0.088, 0.087, 0.095

0.22, 0.21, 0.17
0.21, 0.26, 0.22
0.34, 0.35, 0.54
0.46, 0.45, 0.56

0.03
0.05
0.09
0.20
0. 23
0.41
0.49

0.0010
0.0026
0.0043
0.0264
0.0264
0.1126
0.0608

Pb(II)

1
3
5

10
30
60
90

0.070, 0.072, 0.068
0.11, 0.12, 0.13
0.26, 0.27, 0.22
0.31, 0.34, 0.34
0.58, 0.59, 0.51
0.59, 0.57, 0.67
0.63, 0.65, 0.58

0.07
0.12
0.25
0.33
0.56
0.61
0.62

0.0020
0.0100
0.0264
0.0173
0.0435
0.0529
0.0360

Cr(III)

1
3
5

10
30
60
90

0.12, 0.11, 0.10
0.31, 0.36, 0.29
0.74, 0.77, 0.68
1.05, 1.10, 1.09
1.14, 1.14, 1.17
1.31, 1.29, 1.42
1.33, 1.36, 1.33

0.11
0.32
0.73
1.08
1.15
1.34
1.34

0.0100
0.0360
0.0458
0.0264
0.0173
0.0700
0.0173

Table 7. Quantitative adsorptions of heavy metal ions on modified polyacrylonitrile (HTPANFs) fibres 
within 1-90 min time range at pH 6.
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adsorbed ion and the adsorbent. Experimental Ce and
qe data were used to evaluate the constant qm and b.
The constant values in the Langmuir equation were
determined by fitting eqn(3) to the experimental
results. Langmuir constants resulting from equilibri-
um adsorption studies of Cr(III), Hg(II) and Pb(II)
ions by HTPANFs were determined and are listed in

Table 8. It appears that the adsorption isotherm 
profiles of the HTPANFs for the metal ions can be
well described by Langmuir equations (Figure 8).
The high value of correlation coefficient (r2) is an
indication of a good agreement existing between the
parameters for the heavy metal ions. The constant qm,
which is a measure of the adsorption capacity to form
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Ions

Langmuir isotherm Freundlich isotherm

Constants Correlation
coefficient 

(r2)

Kf n r2

qm

(mg/g)

b 
(L/mg)

Cr(III)
Pb(II)
Hg(II)

111.1
166.6
100.0

0.028
0.024
0.073

0.989
0.978
0.990

7.85
11.56
11.70

2.1
1.9
2.3

0.842
0.685
0.506

Table 8. Freundlich and Langmuir equations constants for adsorptions of Cr(III), Pb(II) and Hg(II) on
HTPANFs.

   

  

(a) (b) (c)

(d) (e)

Figure 8. Adsorption isotherms (Freundlich and Langmuir isotherms) for Cr (III), Pb (II) and Hg (II)
removals on HTPANFs at pH 6.
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a monolayer can be as high as 111.1, 166.6 and 100
mg/g for chromium, lead and mercury ions, respec-
tively at pH 6. The constant b, which denotes adsorp-
tion energy is equal to 0.028, 0.024 and 0.073 L/mg
for chromium, lead and mercury ions, 
respectively. The Freundlich isotherm model has the
form of the following equations:

(4)

(5)

where, qe is the amount of adsorbate per unit weight
of adsorbent in equilibrium with a solution con-
centration Ce and Kf and n are Freundlich constants
and indicate adsorption capacity and adsorption 
intensity, respectively. The model assumes multiple
layers at the adsorbent surface and adsorption will
increase as long as concentration increases. A plot of
log qe against log Ce yields a straight line which is a
confirmation of the Freundlich's adsorption isotherm.
Freundlich equation was found not to be able to fit in
the experimental adsorption data well (Table 8 and
Figure 8). In this study the coefficient of determina-
tion, r2, was used to test the best-fitting isotherm to
the experimental data as follows:

(6)

Where, qm is the equilibrium capacity obtained from
the isotherm model, qe is the equilibrium capacity
obtained from experiment, and qe is the average of qe
values [22].

Thermal Gravimetric Analysis
The thermal behaviour of the modified fibres in 
comparison with raw acrylic fibres was studied by
thermogravimetry and differential thermogravimetry
(TG-DTG) analysis. Figure 9 shows the thermo-
analytical TG and DTG curves. The thermal decom-
position of raw fibres continued in three steps 
(Figure 9a). Raw acrylic fibres decomposed in the
temperature range of 312-464°C. For steps I, II and 

Figure 9. TG _ DTG Curves of (a) PANFs and (b) 
HTPANFs.

III of raw fibres decomposition, the temperatures 
corresponding to the maximum rate of mass loss are
314°C, 336°C and 428°C and all the mass loss is 
57 wt%. Figure 9b shows the thermo-analytical TG
and DTG curves of the modified fibres. The thermal
decomposition of raw fibres proceeds in three steps
while those of the modified fibres occur in two steps.
Raw fibres decomposed in the temperature range of
312-464°C and the modified fibres decomposed
between 243°C and 435°C. For steps I and II of the
modified fibres decomposition, the temperatures 
corresponding to the maximum rate of mass loss are
243°C and 435°C and all the mass loss is 64.36 wt%.
The thermogravimetric data indicate that the 
initial thermal decomposition of the modified fibres
occur at lower temperature than that of the raw fibres.
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This phenomenon is due to the conversion of nitrile
groups into the amine and thioamide groups.

CONCLUSION

By means of a simple and two-step method, poly-
acrylonitrile was functionalized by sodium hydrox-
ide and thiourea. The modified polyacrylonitrile
fibre (HTPANF) possessed conjugated sequences of
-C=N- on the surface with coherent -NCSNH2
groups onto them and showed very effective proper-
ties in removing Cr3+, Hg2+ and Pb2+ ions from
aqueous solutions and petrochemical sewage of
Bandar-e Emam. Polymer-metal complexes were
prepared in aqueous solutions containing metal ions
and at different pH values. The amount of the metal
ions adsorption onto the HTPANF increased with pH
solution values in the pH range of 2-8. The results
show that changes in pH value can affect the metal
sorption capacity with an agreeable reason. The
present study shows that the selectivity of HTPANFs
for adsorption of Cr(III) ions is greater than that for
Hg(II) and Pb(II) ions. It is seen that surface 
modification is a useful tool for improving the 
performance of an adsorbent, and HTPANF has 
useful applications for heavy metal ions removal in
the wastewater and laboratory made samples. 
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Symbols and Abbreviations

SEM Scanning electron microscopy
FTIR Fourier transforms infrared
PAN Polyacrylonitrile
TGA Thermal gravimetry analysis
MA Methylacrylate
AN Acrylonitrile
PANFs Polyacrylonitrile fibres

HTPANFs Hydrolyzed - thioaminated  poly-
acrylonitrile fibres

FPANFs Functionalized polyacrylonitrile 
fibres

HPANFs Hydrolyzed polyacrylonitrile fibres
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