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ABSTRACT: The aim of this study was to investigate the
sorption properties of a recycled-wool-based nonwoven ma-
terial for lead cations. To improve sorption properties, the
material was treated with low-temperature air plasma
and/or the biopolymer chitosan. The rate and extent of the
uptake of lead cations by wool, the kinetics of adsorption,
and the influence of concentration, pH, temperature, and
mechanical agitation on the sorption process were deter-

mined. Changes in the electrokinetic properties of the sor-
bent were also investigated. Wool, even as a recycled mate-
rial, efficiently bound lead cations in all of the investigated
cases. © 2003 Wiley Periodicals, Inc. J Appl Polym Sci 90: 379–386,
2003
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INTRODUCTION

It has been known for decades that wool has the
ability to effectively bind some metal ions.1–4 As far as
we know to date, there have been no significant at-
tempts to use this property in commercial applica-
tions. Nowadays, strict ecological legislation concern-
ing the concentration of heavy metal ions requires the
rigorous effluent control and purification of wastewa-
ter. Thus, increasing environmental concern has re-
sulted in renewed interest in research on the use of
wool as a possible sorbent for the removal of metal
pollutants from industrial effluents and contaminated
water.5,6 To address this, we developed a nonwoven
material based on recycled wool that could be used for
the removal of metal ions from effluents.7

The aim of this study was to highlight the influence
of different treatments of wool on the sorption of lead
cations from water. To improve the sorption proper-
ties of the recycled-wool-based nonwoven material,
we treated the material with the biopolymer chitosan
(CHT) and low-temperature air plasma (LTP). The
main problem with CHT applications is that chitosan
is weakly bound to wool. It is assumed that proton-
ated amino groups of CHT interact electrostatically
with the available anionic groups in wool and that

hydrogen bonding between hydroxyl or amide groups
of wool and similar groups of CHT is established.8

Therefore, to enhance CHT binding, it could be useful
to promote the formation of new anionic and hydroxyl
groups on the fiber surface.9 To achieve this, the LTP
treatment of wool was applied.10,11 Thus, the recycled-
wool-based nonwoven material was pretreated with
LTP and subsequently treated with CHT (LTP�CHT).

The polysaccharide-based cationic biopolymer CHT
is poly(1,4)-2-amino-2-deoxy-�-d-glucan with a struc-
ture similar to cellulose. It is usually produced by the
deacetylation of chitin, which is widely present in
nature as a component of some fungi and in the ex-
oskeletons of insects and crustaceans, such as crabs
and shrimp. CHT is insoluble in water but is soluble in
weak acids such as 5% formic or acetic acid and in
dilute mineral acids. It shows polyelectrolytic proper-
ties in dilute aqueous acids due to protonation of the
primary amino group. The existence of the amino
group and primary and secondary hydroxyl groups
makes CHT very reactive. Until recently, most re-
search on the application of CHT to wool has focused
on imparting shrink resistance.8 Furthermore, CHT
has been well established as a relatively cheap and
extremely good metal cation sorbent. Several studies
have demonstrated a high affinity of CHT for different
heavy metal cations.12,13

A plasma is defined as a quasineutral gas that con-
sists of charged and neutral particles.14 The appropri-
ate control of the electric field, gas pressure, composi-
tion, and other plasma parameters allows operation in
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nonequilibrium conditions where the gas temperature
is close to room temperature and where the electron
temperature is high enough to initiate dissociation as
the precursor of plasma–chemical reactions. This is
the so-called LTP. Different plasma constituents, such
as electrons, ions, free radicals, metastables, and ultra-
violet photons, directly or indirectly take part in plas-
ma–chemical reactions that cause a superficial modi-
fication of the wool fiber, leaving the bulk properties
more or less unchanged.

EXPERIMENTAL

Materials

The experiments were performed with a recycled-
wool-based nonwoven material. Secondhand knitted
pullovers (85% wool/15% polyester) of the same qual-
ity and characteristics were torn off, washed, decolo-
rized with reducing agent, dried, and garneted in
industrial conditions. To avoid the effect of chemical
binders on Pb2� ion adsorption, the needlepunch pro-
cess was chosen to produce the nonwoven material.
The material was produced from recycled fibers on a
Dilo (Eberbach, Germany) needle loom. The machine
was equipped with a 4.5-m working-width needle
board containing 20,000 needles. The processing speed
was 1.2 m min�1 with a stroke frequency of 200 min�1.

The content of wool after application of the nee-
dlepunch process was reduced to 78% compared to
the primary material. The physical and mechanical
properties of the obtained material were good enough
for the purpose of a sorbent material (Table I).

CHT (Vanson, Redmond, WA), with a viscosity of
16 cps and a deacetylation degree of 88.6%, was used
without further purification. Pb(NO3)2 (Analar, Dor-
set, UK) was used for Pb2� ion adsorption investiga-
tion. KNO3 (1.00 � 10�1 M; Laphoma, Skopje, Mace-
donia) was used as the supporting electrolyte.

Treatments and methods

The nonwoven material was treated with CHT by
immersing it in a 0.1% CHT solution (liquor ratio
25:1), shaking it for 6 h, running it through a labora-
tory padder, and drying it at room temperature. The
dry material was treated with a 5% ammonium hy-
droxide solution (liquor ratio 25:1) for 10 min at room

temperature and dried again. Finally, the samples
were rinsed in tap water and dried.

LTP treatment was carried out in capacitively cou-
pled, radio-frequency-induced (13.56 MHz) air
plasma. The system had two asymmetric electrodes:
the powered electrode was a rod 1 cm in diameter, and
the grounded electrode was the walls of the vessel,
which were 37 cm in diameter. This system allowed
for the treatment of wool and other sensitive materials
because the energy of ions bombarding the grounded
electrode was expected to be very small. The vessel
was pumped by a large-capacity mechanical pump
and operated with a small gas flow controlled by a
leak valve. Treatment time was 5 min, and pressure
was 0.2 mbar with the power supply maintained at a
constant level of 100 W.

The content of wool in the nonwoven material after
the needlepunch process was determined in accor-
dance with JUS F.S3.115.15 Breaking strength was de-
termined with a dynamometer (TexTest, Zurich, Swit-
zerland) in accordance with JUS F.S2.017.16 Bursting
strength was determined with an AVK SZKG-2 dyna-
mometer (AVK, Budapest, Hungary) in accordance
with JUS F.S2.022.17 Thickness was determined with
an AMES 414-10 instrument (Waltman, MA) in accor-
dance with JUS F.S2.021 with a load of 170 g.18

Electrokinetic measurements were carried out with
an electrokinetic analyzer (Anton PAAR, Graz, Aus-
tria). The pressure difference (�P) between the en-
trance and exit of the capillary system was produced
by a pump. It induced the passing of electrolyte
through the sample, which was placed in sample cell
and led to the development of streaming potential
(Up). Up was determined by silver/silver chloride elec-
trodes.

The determination of � potential of samples in ac-
cordance with the Fairbrother and Mustin method
was based on the measurement of Up and specific
electric conductivity of the electrolyte solution in the
capillary system. In the case of electrolyte concentra-
tions lower than 10�3 M and lower fiber surface con-
ductivities, one is allowed to use the specific electric
conductivity of the electrolyte solvent outside the di-
aphragm (�b) in the equation for the determination of
� potential:

� �
Up��b

�P��0
(1)

where � is the zeta potential, � is the viscosity of the
aqueous solution, � is the relative dielectric constant of
the solution, and �0 is the vacuum dielectric constant.

As an electrolyte solution, 1.00 � 10�3 M KCl solu-
tion was applied. � potential values were determined
in the pH range 3.00–10.00. To adjust the pH values,
1.00 � 10�1 M HCl and 1.00 � 10�1 M NaOH were
used.

TABLE I
Physical and Mechanical Properties of Untreated

Nonwoven Material

Weight
(g/m2)

Breaking
strength (N)a

Bursting
strength (N)

Thickness
(mm)

235 19.23 21.97 1.56

a Machine direction.
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Atomic absorption spectroscopy as inherently a sin-
gle-element method was applied to determine the
Pb2� ions. A series of standards (from 0.25 to 1 mg/L
and from 10 to 100 mg/L) and the sample were pre-
pared, and lead was measured at 217 and 283.3 nm.
The limit of detection was 0.05 mg/L. The relative
standard deviation of all of the determinations was 0.5%.

In the experiments, the metal cation uptake (q;
mg/g) by nonwoven material was calculated from the
difference between the initial concentration of metal
cations in solution (C0; mg/L) and the final concentra-
tion of metal cations in solution (Cf; mg/L), as deter-
mined by the atomic absorption method with a PYE
Unicam SP9 atomic absorption spectrophotometer
(Philips, UK). The following equation was used:

q �
�Co � Cf�V

m (2)

where V is the solution volume (L) and m is the mass
of sorbent material (g).

The percentage of metal cation adsorbed was deter-
mined as:

q
qmax

100% (3)

where qmax is the maximum possible metal cation
uptake (mg/g).

The following processes and parameters were in-
vestigated:

• The kinetics of adsorption: 1 g of material was
shaken in 50 mL of metal salt solution (C0 � 100
mg/L) for 0.25, 0.5, 1, 2, 3, 4, and 24 h.

• The influence of concentration on adsorption pro-
cess: 1 g of material was placed in 50 mL of metal
salt solution of different concentrations (C0 � 10,
25, 50, 75, 100, 500, and 1000 mg/L) and was
shaken in a laboratory shaker for 2 and 24 h.

Figure 1 Adsorption kinetics �2 versus time (temperature � 20°C; pH0 � 4.98; C0 � 100 mg/L). a� � time of sorption; h.

Figure 2 Cf/C0 versus time (temperature � 20°C; pH0
� 4.98; C0 � 100 mg/L).

TABLE II
q and Percentage of Metal Cation Adsorbed After 24 h

Treatment q (mg/g) �q (%)a Metal adsorbed (%)

Untreated 4.76 �95.2
CHT 4.95 3.99 �99.0
LTP 4.72 �0.84 �94.4
LTP–CHT 5.00 5.04 �100

a Compared to untreated, �g �
2(treated) � 2(untreated)

2(untreated)
100%

b Temperature � 20°C; pH0 � 4.98; C0 � 100 mg/L.

RECYCLED-WOOL-BASED NONWOVEN MATERIAL 381



• The influence of temperature on adsorption pro-
cess: 1 g of material was immersed in 50 mL of
metal salt solution (C0 � 100 mg/L) for 30 min
without any agitation. The temperature was con-
trolled with a thermostatic bath (UH 16, VEB
MLW, Freital, Germany).

• The effect of pH on the adsorption process: 1 g of
material was placed in 50 mL of metal salt solu-
tion (C0 � 100 mg/L) and was shaken for 24 h.
The appropriate initial pH values of the solutions
(pH0) were adjusted with 1.00 � 10�1 M HNO3
and 1.00 � 10�1 M KOH. After 24 h of sorption
equilibrium, pH values of the solution (pHe) were
measured. Both pH0 and pHe were measured with
a HI8314 membrane pH meter (Hanna Instru-
ments, Singapore).

RESULTS AND DISCUSSION

The influence of time on the Pb2� ion uptake for the
untreated and CHT-, LTP-, and LTP�CHT-treated
samples is shown in Figure 1. It was obvious that after

rapid adsorption in the first 2 h, the process slowed
down until equilibrium was reached (after 24 h). The
CHT- and LTP–CHT-treated samples demonstrated
better sorption properties than the untreated sample.
The untreated and LTP-treated samples demonstrated
similar behavior in the whole range of time. The q and
the percentage of metal cations adsorbed after 24 h for
Pb2� ions and differently treated sorbent material
samples are given in Table II.

To elucidate the trend of sorption, the dependence
of Cf/C0 versus time for the untreated and CHT-,
LTP-, and LTP�CHT-treated samples was plotted and
is shown in Figure 2. Experimental values were ap-
proximated as double exponential functions. The dou-
ble exponential functions, which consisted of two
terms, are given in Table III. They fit all of the inves-
tigated samples well, indicating that the sorption of
Pb2� ions was a diffusion-controlled process.

The first term of the functions corresponded to a
very fast adsorption with a time constant that could
not be determined accurately from these data (i.e., the
time constant that we obtained was determined by the

Figure 3 Influence of C0 on Pb2� ion uptake of untreated and CHT-, LTP-, and LTP�CHT-treated samples (temperature
� 20°C; � � 2 h; pH0 � 4.98).

TABLE III
Double Exponential Functions for the Sorption of Pb2� Ions

Treatment Function Cf /C0 � f(�) R2

Untreated Cf /C0 � 0.59 exp(��/0.15) � 0.41 exp(��/2.97) 0.9934
CHT Cf /C0 � 0.85 exp(��/0.18) � 0.15 exp(��/4.01) 0.9993
LTP Cf /C0 � 0.06 � 0.61 exp(��/0.16) � 0.34 exp(��/2.91) 0.9976
LTP�CHT Cf /C0 � 0.70 exp(��/0.01) � 0.30 exp(��/0.32) 0.9992

a Temperature � 20°C; pH0 � 4.98; C0 � 100 mg/L.
b R2—coefficient of determination.
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discretization of temporal measurements). The second
term dominated the time dependence from 0.25 to 24 h
and was probably controlled by the diffusion of ions.
The time constant of the second term could be deter-
mined accurately from these data. For the LTP�CHT-
treated sample, the time constant of the second term
was significantly smaller compared to the other sam-
ples, clearly indicating that it was the fastest to achieve
equilibrium.

The study of adsorption kinetics showed that ap-
proximately 80–99% of cations were adsorbed after
2 h, depending on the investigated sample. Therefore,
a time of 2 h was chosen for the study on the influence
of the initial metal cation concentration on material
adsorption properties. The dependence of the q on C0
for the untreated and CHT-, LTP-, and LTP�CHT-
treated samples is shown in Figure 3. The best adsorp-
tion properties were achieved for the CHT-treated
sample. LTP-treated samples behaved almost identi-
cally to untreated samples in solutions of lower metal
cation concentrations (�500 mg/L). Differences be-
tween the untreated and LTP-treated samples became
obvious at concentrations over 500 mg/L.

Despite the better sorption properties of LTP-
treated sample for higher initial concentrations of
Pb2� ions compared to the untreated sample, its sorp-
tion capacity did not exceed the capacity of CHT-
treated sample. Although, the applied plasma treat-
ment resulted in a slight improvement of sorption
properties, further investigations were focused on the
sorption behavior of untreated and CHT-treated sam-
ples.

In the investigation of sorption properties of the
material at the equilibrium conditions, the Freundlich
model gave a good fit to the obtained adsorption

isotherms of untreated and CHT-treated samples, as
shown in Figure 4. Constants of the Freundlich iso-
therms for the untreated and CHT-treated samples are
given in Table IV. The constant KF is an indicator of
adsorption ability, and it is proportional to the adsorp-
tion capacity. The larger the value of KF is, the higher
the adsorption capacity is. The constant 1/n is an
indicator of the concentration dependence of adsorp-
tion. Low values of 1/n for untreated and CHT-
treated samples indicated that concentration in the
equilibrium state did not have a strong influence on
the sorption of Pb2� ions.5

The results demonstrate that CHT treatment of ma-
terial caused an improvement in sorption properties.
The effect of the concentration of the CHT solution
applied to wool on the sorption capacity for different
initial concentrations of Pb2� ions in solution is shown
in Figure 5. Obviously, for the initial concentrations
lower than 100 mg/L, both samples, treated with 0.1%
CHT solution and 0.2% CHT solution, behaved iden-
tically. However, for higher concentrations, the sam-
ple treated with a 0.2% solution of CHT had slightly
better sorption properties.

The dependence of percentage Pb2� ions adsorbed
on the untreated and CHT samples on pHe values after
24 h of adsorption is presented in Figure 6. As ex-

Figure 4 Linearized Freundlich isotherms of Pb2� ions on
untreated and CHT-treated samples (temperature � 20°C; �
� 24 h; pH0 � 4.98). a C-equilibrium concentration of
metal cations in solution; mg/L.

TABLE IV
Constants of the Freundlich Isotherms for Untreated and

CHT-Treated Samples

Treatment KF (mg/g) 1/n

Untreated 2.45 0.102
CHT 3.88 0.121

a Temperature � 20°C; � � 24 h; pH0 � 4.98.

Figure 5 Effect of CHT concentration on the sorption prop-
erties of the materials (temperature � 20°C; � � 2 h; pH0
� 4.98).
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pected, the adsorption improved with increasing pH.
At highly acidic conditions, Pb2� ions were not ad-
sorbed. Significant differences between the curves of
the untreated and CHT-treated sample were not no-
ticed. However, the results, as shown in Figure 3,
indicate that remarkable differences in sorption capac-
ity between the untreated and CHT-treated samples
were introduced only cases of higher initial concen-
trations of Pb2� ions in the solution.

It is well established that carboxylate anions are the
main sites for the binding of metal cations to wool.8,19

However, metal cations can also be bound to wool via
the free amino groups, as has been shown with chitin
and CHT.8,20,21 Muzzareli reported that good sorption
of CHT for heavy metal ions can be attributed to the
nitrogen electrons in the amino and substituted amino
groups that can establish dative bonds with transition
and some other metal ions, such as Pb2� ions.22 CHT
has an ability to chelate ions of some metals, and the
type of complex is highly influenced by pH.21

It is likely that the better sorption properties of the
CHT-treated sample arose from the increase of amino
groups on the wool surface. Therefore, an increase in
the concentration of the CHT solution applied to wool
(Fig. 5) resulted in improved sorption properties,
probably due to the introduction of a higher amount
of amino groups.

It is well known that electrokinetic studies provide
important information about the changes at the sur-
face of the fiber.23 The � potential of the material is
highly influenced by the material surface composition
and polarity, surface morphology, swelling in the wa-
ter medium, temperature, and pH of the applied elec-
trolyte.24 Therefore, � potential is not a constant of the
material, and changes in this parameter are certain
indicators of fiber surface modification.

The dependence of � potential versus pH for the
untreated and CHT-treated samples is shown in Fig-
ure 7. The untreated wool was negatively charged
almost in the whole range of investigated pH. Merten

Figure 6 Dependence of the percentage Pb2� ions adsorbed on untreated and CHT samples on final the pH values after 24 h
of adsorption (temperature � 20°C; C0 � 100 mg/L).

Figure 7 � potential as a function of pH for the untreated and CHT samples.
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indicated that negative values of � potential of the
wool surface could be the result of easier sorption of
less hydrated anions compared to cations on the wool
surface, making the wool negatively charged.25 The
lower the pH is, the greater will be the decrease in �
potential due to the protonation of functional groups
on the wool surface. The isoelectric point of the un-
treated sample was around 3.6. CHT treatment of the
material led to a decrease in negative values of �
potential. The isoelectric point of the CHT-treated
sample shifted toward the pH around 5.6. A more
positively charged surface was attributed to the in-
creasing content of amino groups on the wool surface.

A comparison of the pH0 and the pHe values of
solution are presented in Table V. It was obvious that
for lower pH0 values, pHe was greater than pH0. How-
ever, above a certain value of the pH0, pHe was much
lower than pH0. The main changes in the sorption
behavior occurred at pH values close to the isoelectric
point of both the untreated and CHT-treated wool
(Fig. 7). Below the isoelectric point, protons from the
solution were bound to the wool, causing the proto-
nation of amino groups, and consequently, the pHe of
the solution increased. The wool surface was posi-
tively charged, and only few Pb2� ions were sorbed.
Above the isoelectric point, wool became negatively
charged when a more intensive sorption of Pb2� ions
began, and pHe decreased due to the release of pro-
tons.

Temperature had a strong influence on the sorption
of Pb2� ions. An increase in temperature led to a
considerable improvement in the sorption properties.
The influence of temperature on the adsorption pro-
pensity of the untreated and CHT-treated samples for
Pb2� ions is shown in Figure 8. A temperature rise
from 20 to 70°C resulted in an increase of sorption
capacity by 132% for the untreated sample and 87%
for the CHT-treated sample.

These results, compared to values related to the
kinetics investigation for the same period of 30 min,
show that the latter were higher. The effect of mechan-

ical agitation on q for the untreated and CHT-treated
samples is presented in Figure 9. Mechanical agitation
induced an improvement of sorption of 60% for the
untreated sample and 37.5% for the CHT-treated sam-
ple. The results obtained confirm that mechanical ag-
itation significantly promoted the adsorption process.

CONCLUSIONS

Recycled nonwoven wool material was a good sorbent
for Pb2� ions, and it seemed that it did not need any
modification to improve this property. However, at
higher initial Pb2� ion concentrations, CHT-treated
wool material showed remarkably higher sorption
properties than the untreated reference material. Ad-
ditionally, the CHT treatment significantly changed
the electrokinetic properties of the sorbent, which in-

Figure 9 q of untreated and CHT-treated samples with and
without mechanical agitation (temperature � 20°C; time
� 30 min; pH0 � 4.98; C0 � 100 mg/L).

TABLE V
Changes in pH Values for Untreated

and CHT-Treated Samples

Sample pH0 pHe

Untreated 2.24 2.45
3.31 4.53
4.53 4.44
5.46 4.35
6.60 5.81

CHT 2.26 2.52
3.32 4.70
4.53 4.96
5.51 4.77
6.08 5.99

a Temperature � 20°C; C0 � 100 mg/L.

Figure 8 q versus temperature (untreated and CHT-treated
samples; temperature � 30 min; pH0 � 4.98; C0 � 100
mg/L).
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dicates appropriate surface modification of wool for
the sorption of Pb2� ions.

LTP treatment alone did not significantly improve
the sorption properties, but it was clearly shown that
LTP-treated wool material that was subsequently
treated with CHT had much better sorption kinetics
than the other samples.

The results indicate that the investigated nonwoven
recycled-wool-based sorbent material is a potentially
useful low-cost substrate for the removal of lead cat-
ions from industrial effluents and other water sources.

The authors thank M. Subotički (BVK, Serbia and Montene-
gro) and Z. Blagojević (Inteks, Serbia and Montenegro) for
their help in the preparation of the nonwoven material.
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International Symposium on Chitin Enzymology and 4th Con-
ference of the European Chitin Society, Ancona, Italy, Atec:
Grottammare, Italy, 2002; S-03, 2001.

22. Muzzarelli, R. A. A. Chitin, 1st ed.; Pergamon: Oxford, England,
1977.

23. Capablanca, J. S.; Watt, I. C. Text Res J 1986, 56, 49.
24. Severich, B. Ph.D. Thesis, RWTH: Aachen, Germany, 1994.
25. Merten, T. Ph.D. Thesis, RWTH: Aachen, Germany, 1998.

386 RADETIĆ ET AL.


