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a b s t r a c t

In this work, a weakly acidic ion exchange fiber (PTFE-g-AA) has been prepared by 60Co irradiation grafting
with acrylic acid (AA) onto the polytetrafluoroethylene (PTFE) fiber. The grafted fiber was characterized by
FTIR, SEM and TGA technique. The exchange capacity of the PTFE-g-AA fiber is 3.87 mmol/g. The adsorbent
material was employed for Er(III) uptaking by batch and column experiments. Kinetics studies showed
that the adsorption process obeyed pseudo-second-order kinetics. The adsorption isotherms followed
eywords:
crylic acid grafted polytetrafluoroethylene
bers
r(III)
dsorption
inetics

both the Freundlich model and Langmuir model. The maximum adsorption capacity of the PTFE-g-AA fiber
for Er(III) was evaluated to be 142.0 mg/g for the Langmuir model. It was found that 0.75 M HCl–0.25 M
NaCl solution provided effectiveness of the desorption of Er(III) from the PTFE-g-AA fiber. Various thermo-
dynamic parameters such as standard enthalpy (�H0), standard entropy (�S0) and standard free energy
(�G0) were evaluated. The adsorption of Er(III) on the PTFE-g-AA fiber was found to be endothermic in
nature. The Thomas model was successfully applied to experimental data to predict the breakthrough

the ch
curves and to determine

. Introduction

During the past decades, rare earth elements (REEs) have been
idely used in functional materials, catalysts and other products

n industry, diagnosis reagents of magnetic resonance imaging in
edicine and some fertilizers in agriculture (especially in China)

1]. The rising use of the REEs increases the possibility of their
elease into the environment, resulting in a potential risk to the
nvironment. Extraction and preconcentration of these valuable
etal ions from wastes are extremely important not only from

he point of view of their limited resource availability, but also
o reduce their quantum for disposal as radioactive wastes. Dif-
erent techniques have been proposed for group separation and
reconcentration of REEs, including off-line techniques like batch
xperiments, solid phase extraction (SPE) and counter current
hromatography (CCC), as well as on-line methods using SPE chro-
atographic units, cloud-point and liquid/liquid extraction. For

hese techniques various agents have been employed, e.g. imin-
diacetates, 8-hydroxyquinoline, cation-exchange resins [2], and

rganophosphates [3]. However, these techniques have certain dis-
dvantages such as low speed of adsorption process, poor thermal
tability and regeneration ability. Comparing with these materi-
ls, ion exchange fiber (IEF) has a larger effective specific surface

∗ Corresponding author. Tel.: +86 13357196703.
E-mail address: xiongch@163.com (C. Xiong).

304-3894/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2009.05.089
aracteristics parameters of the column useful for process design.
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

area, higher speeds of adsorption and elution process. Besides, IEF
also has particular textile structure that is more convenient to be
used in practice [4]. Many organic fibers or modified fibers, such
as polyacrylonitrile and polypropylene, have been used as the pre-
cursor fiber for the preparation of IEF [5,6]. But for some special
application, they are limited by their poor thermal stability and low
content of surface oxygen-containing groups. Polytetrafluoroethy-
lene (PTFE) has outstanding thermal and chemical stability. In
recent years, the functional PTFE membrane prepared by radiation
grafting has received more and more attention [7–10]. However,
little attention has been paid to PTFE matrix based IEF and its
adsorption property for the removal of the REEs.

The aim of this work is to prepare an IEF by radiation-induced
grafting of AA onto PTFE fiber and apply it as a cation IEF to the
adsorption of Er(III). The influence of experimental conditions such
as metal ion concentration, pH value and temperature was dis-
cussed as to determine the optimum parameters for removal of
Er(III) from aqueous solution by the new prepared fiber.

2. Materials and methods

2.1. Materials
The polytetrafluoroethylene (PTFE) fiber was purchased from
Tongchuang Co., Beijing, China (ф = 20 �m). The fiber was washed
by acetone and distilled water and dried at 323 K before use.
1.0 mg/ml stock solution of Er(III) was prepared by dissolving

ghts reserved.
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.1436 g analytical grade Er2O3 in appropriate amount of concen-
rated hydrochloric acid and then diluted with double distilled
ater in a 1000 ml volumetric flask. The required lower concen-

rations were prepared by dilution of the stock solution, which
as prepared freshly for each experiment. Buffer solution of pH

.00–7.00 was prepared from HAc–NaAc. Other reagents used were
f analytical reagent grade.

.2. Apparatus

Infrared spectra were obtained with FTS6000 Spectrometer
Bio-Rad), equipped with a continuum microscope and an ATR
bjective; SEM micrographs were obtained with SS-550 scanning
lectron microscope (Shimadzu); thermo-gravimetric analysis was
erformed on a TGA instrument (Mettler Toledo). A Shimadzu
V-2550 UV–vis spectrophotometer was used for quantitative
etermination of the concentration of Er(III); Mettler toledo delta
20 pH meter was used for pH measurement. The sample was
haken in the DSHZ-300A temperature constant shaking machines.

.3. Preparation of the PTFE-g-AA fiber

The PTFE fibers were sequentially washed with DDW, 1 mol/l
Cl, DDW, 1 mol/l NaOH, DDW and acetone, and then dried in a
acuum oven at 323 K for 48 h. Fifteen grams of the above treated
TFE fiber was immersed into a certain amount of AAc and deion-

zed water in a 500 ml flask, and 2.8% Mohr’s salt was also added
s to minimize the homopolymerization of AA during the graft-
ng process. The flask was sealed after the solution was degassed
y bubbling with a high purity nitrogen flow for 20 min to remove
xygen and then directly subjected to 60Co irradiation at a dose
ate of 0.5 kGy/h for a given time [11]. After irradiation, the grafted
TFE fibers were filtered and repeatedly washed with 1 mol/l NaOH,
DW, 1 mol/l HCl, DDW for three times to remove absorbed iron

ons and the residual monomer and homopolymers. Finally, the
rafted fibers were washed with copious amount of acetone and
ried in a vacuum oven at 323 K for 48 h and then weighed. The
egree of grafting was obtained using the following formula:

(%) = Wg − Wo

Wo
× 100 (1)

here Wo and Wg are the weights of the original and grafted fibers,
espectively.

.4. Materials characterization

Infrared spectra were obtained with FTS6000 Spectrometer
Bio-Rad Co. Ltd.). FTIR-ATR measurements were carried out in

range of 4000–500 cm−1, equipped with a continuum micro-
cope and an ATR objective; SEM micrographs were obtained
ith SS-550 scanning electron microscope (Shimadzu); thermo-

ravimetric analysis was performed in a range of 25–700 ◦C by
0 ◦C min−1 under nitrogen protection on a TGA instrument (Met-
ler Toledo, Switzerland). The adsorption properties of PTFE-g-AA
ber were evaluated by the adsorption of Er(III) from aqueous
olution at different pH values, temperature, initial metal ion con-
entrations, contact time and adsorbent dosages.

.5. Adsorption experiments
.5.1. Batch studies
A desired amount of treated PTFE-g-AA fiber was weighed

nd added into a conical flask, in which a known volume of
(C2H4OH)3–HNO3 buffer solution with pH 7.2 was added. After
4 h, a required amount of stock solution of Er(III) was put. The flask
Materials 170 (2009) 1125–1132

was stirred at 100 rpm in a DSHZ-300A temperature constant shak-
ing machine at the constant temperature. Aliquot samples were
taken from the flask at appropriate time intervals as necessary. The
residual concentration of the Er(III) ions in the aqueous phases was
measured at 580 nm by a Shimadzu UV-2550 UV–vis spectropho-
tometer after the complexation of Er(III) ions with arsenazo I. The
adsorption capacity (qe) and distribution coefficient (D) were cal-
culated with the following formulas, respectively:

qe = (C0 − Ce)V
m

(2)

D = qe

Ce
(3)

where C0 and Ce are the initial and equilibrium concentrations of
Er(III) ions in solution, V is the total volume of solution and m is the
mass of the fiber.

2.5.2. Desorption studies
Desorption of Er(III) ions was performed by mixing PTFE-g-

AA–Er(III) complexes and HCl–NaCl eluent solution of different
concentrations, and stirred at 100 rpm for 24 h at 298 K. The final
Er(III) ion concentrations in the aqueous phase were similarly ana-
lyzed as described above. The desorption ratio (E) was calculated
as follows:

E (%) = (CdVd)
(C0 − Ce) V

× 100 (4)

where E is the desorption ratio; Cd is the concentration of the solutes
in the desorption solutions; Vd is the volume of the desorption
solution; and C0, Ce and V are the same as defined above.

2.5.3. Column studies
The fixed-bed experiments were carried out at in a water-

jacketed glass column with an inner diameter of 6.0 mm and a full
length of 200 mm. An aliquot of the fresh PTFE-g-AA fiber (150 mg)
was put into the bed. The aqueous solution with known concentra-
tions of Er(III) ions was then fed to the top of the bed at a desired
flow rate until the breakthrough curve was completed. The sam-
ples in the outlet were taken at the preset time intervals and the
concentrations of Er(III) ions were similarly determined as above.
In addition, dynamic desorption procedures were also carried out.
With respect to the stripping of Er(III) from the grafted fiber, eluent
of 0.75 M HCl–0.25 M NaCl solution was employed.

2.6. Theoretical basis

2.6.1. Adsorption isotherms
Freundlich [12] and Langmuir [13] equations are the widely

used equilibrium-based isotherm models. Their linear forms are
expressed as follows:

Ce

qe
= Ce

qm
+ 1

bqm
(5)

lg qe = lg Kf + 1
n

lg Ce (6)

where qe is the amount of sorption, Ce is the equilibrium con-
centration, qm is the maximum adsorption capacity of Langmuir,
b is Langmuir constant, n is a constant indicating the Freundlich
isotherm curvature, and Kf is the Freundlich sorption coefficients.

The linear Langmuir and Freundlich plots may be obtained by
plotting Ce/qe versus Ce and lg qe versus lg Ce, respectively, from

which the adsorption coefficients may be evaluated.

2.6.2. Adsorption kinetics
The adsorption kinetics was tested with the following well-

known models:
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Table 1
Effect of monomer concentration on grafting degree.
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oncentration of AA ((v/v)%) 12.5 25.0 37.5 50.0 62.5
rafting degree (%) 10.12 25.30 38.60 38.91 39.12

he reaction conditions: irradiation dose, 24 kGy; content of Mohr’s salt, 2.8% (v/v).

1) Lagergren model
The pseudo-first-order kinetics model was proposed by

Lagergren [14]. The integral form of the model generally
expressed as follows:

log(qe − qt) = log qe − k1t

2.303
(7)

where qe and qt are the amounts of Er(III) ions per unit mass
of adsorbent adsorbed on the adsorbent at equilibrium and at
various times t, and k1 is the pseudo-first-order adsorption rate
constant. The value of k1 can be obtained from the slope of the
linear plot of log (qe − qt) versus t.

2) Pseudo-second-order model
The kinetics of adsorption process may also be described

by the pseudo-second-order rate equation [15]. The linearized
form of equation is expressed as follows:

t

qt
= 1

k2q2
e

+ 1

q2
et

(8)

where k2 is the pseudo-second-order adsorption rate constant.
The k2q2

e can be regarded as the initial adsorption rate as t → 0.
The plot of t/qt versus t gives a straight line, which allows com-
putation of qe and k2.

. Results and discussion

.1. Graft polymerization

Effects of the monomer concentration and irradiation dose on
he grafting degree are shown in Tables 1 and 2. The grafting degree
ncreased with the increase of the monomer concentration within
he range applied in this study due to a higher concentration of
he monomer at the grafting sites. However, higher monomer con-
entration could also cause more homopolymers and lower grafting
fficiency. Higher grafting degree was obtained with the increase of
rradiation dose due to the increase of the grafting sites on the fiber.
owever, the grafting degree reached a limit value above which the

ncrease of the dose has little effect. A large irradiation dose could
lso damage the mechanical properties of PTFE fibers. According
o the results of this study, the optimal monomer concentration
nd irradiation dose were 37.5% and 24 kGy for a moderate grafting
egree. The grafting degree and carboxylic content of the grafted
bers under the optimal conditions were evaluated to be 38.60%
nd 3.87 mmol/g, respectively.

.2. Materials characterization
.2.1. IR spectra
Fig. 1 shows the IR spectra of the original, acrylic acid grafted

TFE fibers and Er(III) loaded PTFE-g-AA fiber. There was a strong
dsorption band at around 1175 cm−1(C–F) for all of the above men-
ioned PTFE fibers. Compared to the spectrum of the original fiber,

able 2
ffect of irradiation dose on grafting degree.

rradiation dose (kGy) 8 16 24 36 48
rafting degree (%) 16.7 32.3 38.60 38.76 38.91

he reaction conditions: monomer concentration, 37.5%; content of Mohr’s salt, 2.8%
v/v).
Fig. 1. IR spectra of PTFE, PTFE and AA, PTFE-g-AA and Er(III) loaded PTFE-g-AA (3)
fibers.

the appearance of the new bands at 1709 and 3500–2900 cm−1

was due to the stretching vibrations of C O and O–H, respectively,
expressing the existence of carboxylic acid groups. The bands at
1470–1410 cm−1 were corresponding to the bending vibration of
O–H. In the spectrum of the mixture of PTFE and AA, a characteris-
tic band for C C stretching vibrations occurred at about 1635 cm−1,
which was not observed in the spectrum of PTFE-g-AA fiber, that
may be due to the damage of C C double-bond of AA during the
irradiation. In addition, a band at around 2936 cm−1 corresponding
to the stretching vibrations of O–H of AA was observed, which was
different from that of the spectrum of the PTFE-g-AA fiber. These
were the evidence for the acrylic acid had been grafted onto the
PTFE fiber.

In the IR spectra of Er(III) adsorbed onto PTFE-g-AA fiber, the
disappearance of the peak at 1709 cm−1, the decreasing intensity
at 1414 and 1454 cm−1, and the appearance of a new peak around
1463 cm−1 were observed. Additionally, the changes in the IR spec-
tra at 3500–2900 cm−1 were identified. These findings may suggest
that the hydrogen and oxygen atoms in the –OH and C O groups
were involved in Er(III) adsorption.

3.2.2. Scanning electron micrograph
Fig. 2(a) and (b) were the SEM analysis results. Comparing the

surface of the original PTFE fiber with the grafted PTFE fiber, the
smooth surface of the original PTFE fiber turned into rough. A rough
grafting layer was formed on the surface of fiber after grafting, mak-
ing the fiber thicker and coarser, which indicates that AA has been
grafted onto the PTFE fiber after the irradiation.

3.2.3. TG analysis
The thermo-gravimetric analysis (TGA) curves for PTFE and

PTFE-g-AA fibers are presented in Fig. 3. The PTFE shows an out-
standing thermal stability since its starting weight loss temperature
is at around 530 ◦C. The grafting of AA has a big influence on PTFE
thermal properties. Two more decomposition steps are observed in

the curves of PTFE-g-AA than that of PTFE. The two decomposition
steps are from 140 to 340 ◦C and 340 to 530 ◦C, respectively, corre-
sponding to the damage of AA from PTFE-g-AA. In the curve of the
mixture of PTFE and AA, there is a sharp weight loss up to 200 ◦C,
attributed to the loss of AA, and a similar decomposition step start-
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Fig. 2. SEM images of PTFE and PTFE-g-AA fibers. (a) PTFE and (b) PTFE-g-AA.

ng at about 530 ◦C is noted as that in the curves of the PTFE. These
esults mentioned above indicate that the AA has been successfully
rafted onto the PTFE.

.3. Batch studies
.3.1. Effect of pH on distribution coefficient (D)
There are several factors that influence the uptake of Er(III) on

he PTFE-g-AA fiber. Among these factors, the pH of the sample
olution is the most important parameter for the effective uptake

Fig. 3. TGA curves for PTFE fiber, PTFE-g-AA fiber and PTFE–AA mixture.
Fig. 4. Effect of pH on sorption distribution of Er(III). Initial Er(III) conc. (167 mg/l),
adsorbent dose (15 mg), batch volume (30 ml), rpm (100), temperature 298 K.

of Er(III). The effect of the pH of the sample solution was evaluated
in a pH range of 3.00–7.00. As shown in Fig. 4, the maximal distri-
bution coefficient was obtained when pH is 6.00 with HAc–NaAc
and it decreased by either raising or lowering the pH. The low dis-
tribution coefficient of the analyte at low pH may result from the
low retention efficiency of the absorbent due to the occupation of
the active sites of the weak ion-exchanger by proton, whereas the
hydrolysis of Er(III) at high pH probably account for the decrease of
the absorbance of the analytes due to the diminution of free ions.
Thus, all the following experiments were carried out at pH 6.00.

3.3.2. Effect of temperature
The effect of temperature on the adsorption of Er(III) by PTFE-

g-AA fiber was studied over the range of temperature from 288
to 308 K. The result obviously indicates that it is favorable for the
adsorption with the temperature going up, which implies that the
adsorption process is an endothermic process [16]. The van’t Hoff
equation [17] given below, can be used to calculate the enthalpy
changes associated with the adsorption process of the metal ions.

lg D = − �H0

2.303RT
+ �S0

2.303R
(9)

where R is the universal gas constant, D is the distribution coeffi-
cient, T is the absolute temperature and C is a constant. The plot of
lg D versus 1/T gives a straight line, from which �H0 (the enthalpy
variation) and �S0 (the entropy variation) were deduced from the
slope and intercept of the line, respectively. And the free energy
variation, �G0 was calculated from:

�S0 = �H0 − �G0T (10)

The thermodynamic parameters of the sorption of Er(III) were
calculated and given in Table 3. The positive values of �H0 indi-

cate the endothermic character of the solid phase extraction and
sorption process, but the negative value of �G0 indicates the spon-
taneous nature of Er(III) sorption. The positive entropy change
(�S0) value corresponds to an increase in the degree of freedom
of the adsorbed species.

Table 3
Thermodynamic data calculated for adsorption of Er(III) on PTFE-g-AA fiber at dif-
ferent temperatures.

T (K) �G0 (kJ/mol) �H0 (kJ/mol) �S0 (J/mol K)

288 −16.2 21.4 130.8
298 −17.6
308 −18.9
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Table 4
Langmuir and Freundlich adsorption isotherm constants for adsorption of Er(III) on PTFE-g-AA fiber.

Langmuir constants Freundlich constants

qm (mg/g) b (l/mg) R2 Kf ((mg/g)/(mg/l)1/n) n R2

142.0 0.06 0.9955 44.61 4.54 0.9963
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ig. 5. Langmuir plot for the adsorption of Er(III) on PTFE-g-AA fiber. Adsorbent dose
15 mg), batch volume (30 ml), rpm (100), temperature 298 K.

.3.3. Adsorption isotherm
An accurate mathematical description of equilibrium adsorp-

ion capacity is indispensable for reliable prediction of adsorption
arameters and quantitative comparison of adsorption behavior for
ifferent adsorbent system or for varied conditions within any given
ystems. These parameters of equilibrium isotherms often provide
ome insight into both sorption mechanism and surface properties
nd affinity of the adsorbent. Therefore, it is important to estab-
ish the most suitable correlation of equilibrium curves in order to
ptimize the conditions for designing adsorption systems. There are
any equations for analyzing experimental adsorption equilibrium

ata. In this work, the experimental results obtained for the adsorp-
ion of Er(III) on PTFE-g-AA fiber at constant temperature 298 K

nder the optimum pH 6.0 and oscillations frequency 100 rpm were
ested by the Langmuir and Freundlich isotherm models. And the
esults are shown in Figs. 5 and 6. In general, both the Langmuir
nd the Freundlich models fitted the results well with the R2 val-
es greater than 0.98 (Table 4). This suggests that the adsorption of

ig. 6. Freundlich plot for the adsorption of Er(III) on PTFE-g-AA fiber. Initial Er(III)
onc. (219 mg/l), batch volume (30 ml), rpm (100), temperature 298 K.
Fig. 7. Pseudo-first-order plot of Er(III) adsorption by PTFE-g-AA fiber. Initial Er(III)
conc. (167 mg/l), adsorbent dose (30 mg), batch volume (60 ml), rpm (100).

Er(III) ions by the grafted fiber is monolayer-type and agrees with
the observation that the metal ion adsorption from an aqueous solu-
tion usually forms a layer on the adsorbent surface. On the other
hand, the equilibrium data was also well described with the Fre-
undlich model, probably due to the real heterogeneous nature of the
surface sites involved in the metal uptake [18]. The fact that both
monolayer and heterogeneous surface conditions exist under the
experimental condition used, implies that the adsorption of Er(III)
ions on PTFE-g-AA fiber is thus complex, involving more than one
mechanism.

3.3.4. Adsorption kinetics
In order to investigate the rate-controlling step of the Er(III)

adsorption process, the pseudo-first-order and pseudo-second-
order models were tested to fit the kinetics sorption data. The
kinetics data are plotted as the linear form of the models

(Figs. 7 and 8), and the comparison made between the experimental
adsorption capacity and the theoretical values estimated from the
second-order equation is presented in Table 5. The second-order
equation fitted well with the experimental data. The theoretical qe

Fig. 8. Pseudo-second-order plot of Er(III) adsorption by PTFE-g-AA fiber. Initial
Er(III) conc. (167 mg/l), adsorbent dose (30 mg), batch volume (60 ml), rpm (100).
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Table 5
The first-order and second-order kinetics constants for adsorption of Er(III) on PTFE-g-AA fiber.

T (K) qe (exp) (mg/g) First-order kinetics Second-order kinetics

k1 (h−1) qe (mg/g) R2 k2 (g/mg h) qe (mg/g) R2
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Once the column reached exhaustion, efficient elution of
adsorbed solute from PTFE-g-AA fiber in column is essential to
ensure the recovery of metal ions as well as the reuse of fiber
for repeated adsorption/desorption cycles. In this work, 0.75 M
HCl–0.25 M NaCl has been used to elute Er(III). Desorption curve
88 102.5 5.20 × 102 71.5
98 123.9 6.01 × 102 68.7
08 147.5 7.09 × 102 69.5

alues for the adsorbent were very close to the experimental ones in
he case of second-order kinetics. On the other hand, the theoretical
e values estimated from the first-order kinetics model gave signif-
cantly different values compared to experimental values, and the
orrelation coefficients were also found to be slightly lower. These
esults showed that the second-order kinetics better described the
ata than the first-order kinetics model.

The pseudo-second-order model is based on the assumption
hat the rate-limiting step is a chemical sorption involving valance
orce through sharing or exchange of electrons between adsorbent
nd adsorbate [19]. Thus, successful fitting of this model suggests
hat chemisorption is the rate-controlling step [20].

.4. Desorption studies

Adsorption of metal ions on any sorbent can be by physical,
hemical bonding, ion exchange or combination of all. If adsorp-
ion is by physical bonding then the loosely bound metal ions can
e easily desorbed with distilled water. However, if the adsorption
rocess is by chemical bonding or ion exchange or combination of
oth, then desorption can be affected by stronger eluents like acid
r alkali solution. Thus, desorption study can give a clear idea about
he mechanism of adsorption and is useful in recycling of the adsor-
ent and recovery of metals. In this work, desorption of Er(III) ions
ith various concentrations of eluent solution was carried out. The

esults presented in Table 6 show that the elution ratio is different
hen the concentration of eluent changes. Maximum recovery of

r(III), at 100%, was achieved with a 0.75 M HCl–0.25 M NaCl eluent
olution under the experimental condition. The results show that
he Er(III) adsorbed by the PTFE-g-AA fiber can easily be desorbed,
hich indicates that the fiber can be employed repeatedly in Er(III)

dsorption.

.5. Column studies

.5.1. Dynamic adsorption curve
The fixed-bed column operation is more effective for cyclic

dsorption/desorption than the batch process. Total sorption capac-
ty of Er(III) (q0) in the column for a given feed concentration and
ow rate is calculated from [21]:∫ V
0 =
e

o

(C0 − Ce)
m

dV (11)

here C0 and Ce are metal ion concentrations in the influent and
ffluent, respectively, m is the total mass of the sorbent loaded in

able 6
esorption of Er(III) ions by different eluent solutions in varying concentrations.

luents Concentration (mol/l) Elution percentage (%)

Cl 3.00 88.3
2.00 91.8
1.00 100.0
0.50 93.5

Cl
nd
aCl

0.85 + 0.15 100.0
0.75 + 0.25 100.0
0.65 + 0.35 96.5
0.55 + 0.45 94.2
0.9619 1.45 × 10−3 120.5 0.9905
0.9799 1.86 × 10−3 128.2 0.9962
0.9782 2.31 × 10−3 137.0 0.9982

the column and Ve is the volume of metal solution passed through
the column. The maximum sorption capacity value q0 was obtained
by graphical integration as 125.1 mg/g.

Successful design of a column sorption process requires predic-
tion of the concentration–time profile or breakthrough curve for
the effluent. The maximum sorption capacity of a sorbent is also
needed in design. Traditionally, the Thomas model is used to fulfill
the purpose. The model has the following form [21]:

Ce

C0
= 1

1 + exp[KT(q0m − C0Ve)/�]
(12)

where KT is the Thomas rate constant and � is the volumetric flow
rate. The linearized form of the Thomas model is as follows:

ln
(

C0

Ce
− 1

)
= KTq0m

�
− KTC0

�
Ve (13)

The kinetics coefficient KT and the sorption capacity of the bed q0
can be determined from a plot of ln[(C0/Ce) − 1] against t at a given
flow rate (Fig. 9). The Thomas equation coefficients for Er(III) sorp-
tion were KT = 5.50 × 10−2 ml/(min mg) and q0 = 129.3 mg/g. The
theoretical predictions based on the model parameters are com-
pared with the observed data in Fig. 10.

The Thomas model was found in a relatively good fitness with
breakthrough curves for sorption of Er(III) on PTFE-g-AA fiber with
the high R2 value (0.9875), and the theoretical q0 value was very
close to the experimental one. Therefore, it can be concluded that
the experimental data fitted well to the Thomas model, which indi-
cates that the external and internal diffusion will not be the limiting
step.

3.5.2. Dynamic desorption curve
Fig. 9. Linear plots of ln(C0/Ce − 1) versus t by application of Thomas model. Initial
Er(III) conc. (40 mg/l), adsorbent dose (150 mg), flow rate (0.015 l/h), temperature
298 K.
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ig. 10. The experimental and predicted breakthrough curves using the Thomas
odel for Er(III) adsorption by PTFE-g-AA fiber.

Fig. 11) was obtained by plotting the effluent concentration (Ce)
ersus elution volume from the column at a flow rate of 0.15 ml/min,
ess than the sorption flow rate so that volume of elution is less

hich helps in easy handling and high in concentration so that
conomical metal recovery is possible.

It was observed that the total volume of eluent was 50 ml and the
esorption process took 2.8 h, after which further desorption was
egligible. Therefore, 0.75 M HCl–0.25 M NaCl could help in easy
andling and recovering of Er(III).

.6. Proposed Er(III) adsorption mechanism with PTFE-g-AA fiber

The IR studies performed on PTFE-g-AA fiber previously loaded
ith Er(III) indicated that the complexing main sites are the car-

oxyl functional groups, and the adsorption mechanism might be
artly a result of the ion exchange or complexation between the
r(III) ions and carboxyl groups of PTFE-g-AA fiber. Thus, the Er(III)

ons/PTFE-g-AA fibers reaction may be represented in two ways as
hown in Fig. 12 [22].

Since the oxygen of the carboxyl has a pair of electrons that can
dd themselves to a proton or a metal ion to form a complex through
coordinated covalent bond, it takes us to propose that the com-
lexes between metal ions (Er(III)) and PTFE-g-AA fiber are formed

ccording to the mechanism illustrated in Fig. 12(a). In this mecha-
ism, the metal ions (Er(III)) with empty orbitals function as a Lewis
cid capable of accepting electron pairs. In contrast, the carboxyl
roups that have non-shared electron pairs function as Lewis bases
onating their electrons pair. This behavior depends on the solution

ig. 11. Desorption curve of PTFE-g-AA fiber for Er(III). Flow rate (0.009 l/h), tem-
erature 298 K.
Fig. 12. Proposed Er(III) adsorption mechanism with PTFE-g-AA fiber (a) complex-
ation and ion exchange and (b) complexation.

pH. That is, if the adsorption system is in a neutral or slightly acid
pH, the mechanism shown in Fig. 12(a) will predominate.

Nevertheless, under acidic environment, the metal adsorption
capacity diminishes as the solution pH decreases. This may be a
result of the decrease of the retention efficiency of the absorbent
due to the occupation of the active sites of the weak ion-exchanger
by protons. The proposed mechanism is illustrated in Fig. 12(b).

4. Conclusion

In this work, a polymeric adsorbent PTFE-g-AA fiber has been
prepared and successfully employed as a new adsorbent material
for uptaking of Er(III). The adsorption characteristics have been
investigated at different pH values, temperature and initial metal
ion concentrations by batch and column experiments. The obtained
results showed that Er(III) adsorption is highly dependent on pH. In
addition, initial Er(III) concentration are influential on the adsorp-
tion process. Kinetics studies showed that the adsorption process
obeyed pseudo-second-order kinetics, and the adsorption behavior
could be modeled using both the Langmuir isotherm and Freundlich
isotherm. The maximum adsorption capacity of the PTFE-g-AA fiber
for Er(III) for the Langmuir model was evaluated to be 142.0 mg/g.
The adsorption of Er(III) on the PTFE-g-AA fiber was found to be
endothermic in nature. TGA results indicated that the new pre-
pared fiber has outstanding thermal stability, and elution study
proves the excellent regeneration property of the fiber. Column
experiments showed that it was possible to remove the Er(III)
ions from aqueous medium dynamically. In conclusion, the PTFE-
g-AA fiber can be used for removal of Er(III) very effectively and
it has a potential for the treatment of REEs containing industrial
effluents.
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