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a b s t r a c t

A novel, thiourea-chitosan coating on the surface of magnetite (Fe3O4) (Ag-TCM) was successfully syn-
thesized using Ag(I) as imprinted ions for adsorption and removal of Ag(I) ions from aqueous solutions.
The thermal stability, chemical structure and magnetic property of the Ag-TCM were characterized by
the scanning electron microscope (SEM), Fourier transform infrared spectrometer (FT-IR) and vibrating
sample magnetometer (VSM), respectively. Batch adsorption experiments were performed to evaluate
the adsorption conditions, selectivity and reusability. The results showed that the maximum adsorption
capacity was 4.93 mmol/g, observed at pH 5 and temperature 30 ◦C. Equilibrium adsorption was achieved
within 50 min. The kinetic data, obtained at the optimum pH 5, could be fitted with a pseudo-second order
angmuir
dsorption
g+

equation. Adsorption process could be well described by Langmuir adsorption isotherms and the maxi-
mum adsorption capacity calculated from Langmuir equation was 5.29 mmol/g. The selectivity coefficient
of Ag(I) ions and other metal cations onto Ag-TCM indicated an overall preference for Ag(I) ions, which
was much higher than non-imprinted thiourea-chitosan beads. Moreover, the sorbent was stable and
easily recovered, the adsorption capacity was about 90% of the initial saturation adsorption capacity

s.
after being used five time

. Introduction

Contamination of aquatic media by heavy metals is a serious
nvironmental problem, mainly due to the discharge of industrial
aste. Heavy metals are highly toxic at low concentrations and can

ccumulate in living organisms, causing several disorders and dis-
ases [1–3]. Among the many methods available for the removal
f heavy metals from aqueous solution are electrochemical precip-
tation, ion exchange, ultrafiltration, and reverse osmosis [4–11].
dsorption techniques have been shown to be a feasible option,
oth technically and economically. Chitosan has been reported
o have high potential for adsorption of metal ions [12–16]. To
mprove their absorption capacity and enhance the separation rate
17–21], the design and exploration of novel adsorbents are still
ecessary [22–24]. Recent research has been focused on the modi-
cation of chitosan for enhanced adsorption performance based on

ntroducing chemical groups, like thiourea [25,26], which can offer
ore –NH2. In addition, magnetic fluids have the capability to treat

arge amounts of wastewater within a short time and can be con-

eniently separated from wastewater; at the same time, they could
e tailored by using functionalized polymers, novel molecules, or

norganic materials to impart surface reactivity. Coating thiourea-

∗ Corresponding author. Fax: +86 53182765491.
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chitosan with magnetic fluids is a new method to expand function
of the chitosan, and the method has been reported that it can
improve the surface area for adsorption and reduce the required
dosage for the adsorption of metal ions [27,28].

Surface imprinting technology is an emerging technology that
has attracted much attention in generating recognition sites by
reversible immobilization of template molecules on cross-linked
macromolecular polymer matrixes. Molecularly imprinted poly-
mers represent a new class of materials possessing high selectivity
and good affinity for target molecules [29,30]. Ion imprinted
polymers have shown great promise as a method for preparing
materials, which are capable of ion recognition [31]. So far, a lot of
metal ion imprinted polymers have been prepared, including Pd(II)
[32], Cu(II) [33], Zn(II) [34], Ni(II) [35], As(III)[29], Ca(II) [36] and
Mg(II) [37] imprinted ones, however, surface imprinting magnetic
chitosan of Ag+ has not been synthesized and applied in selective
removing Ag+ from aqueous solution. The preparation of Ag-TCM
is schematically illustrated in Scheme 1.

In this work, thiourea-chitosan coating on the surface of mag-
netite (Fe3O4), which were using Ag(I) as imprinted ions (Ag-TCM)
was successfully synthesized, and applied to removing Ag+ from
wastewater. The resulting functional material is easily separated

due to the magnetism. Furthermore, high removal efficiency and
selectivity in adsorbing Ag+ can be achieved by applying the Ag-
TCM. This information will be useful for further applications in the
treatment of practical waste effluents.

dx.doi.org/10.1016/j.jhazmat.2011.07.080
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:fanlu1949@126.com
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dx.doi.org/10.1016/j.jhazmat.2011.07.080
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Scheme 1. Synthesis route of Ag-TCM and their applicatio

. Materials and methods

.1. Materials

Chitosan with 80 mesh, 96% degree of deacetylation and
verage-molecular weight of 6.36 × 105 was purchased from
ingdao Baicheng Biochemical Corp. (China). FeCl3·6H2O and
eCl2·4H2O were purchased from Damao Chemical Agent Com-
any (Tijin, China). Ag(I) standard solution was obtained from
ational Steel Material Test Center (Beijing, China). Glutaradehyde,
pichlorohydrin, 3% acetic solution and thiourea were Aldrich prod-
cts. All other reagents used in this study were analytical grade, and
istilled or double distilled water was used in the preparation of all
olutions.
.2. Preparation of magnetic thiourea-chitosan

1.7312 g of FeCl3·6H2O, 0.6268 g of FeCl2·4H2O and 25 mL of
ouble distilled water were dropwise to ammonia solution, which

Scheme 2. Schematic depiction of the form
emoval of Ag+ with the help of an external magnetic field.

was purged with nitrogen and stirred in a water bath at 95 ◦C for
2 h. Magnetic particles used in the chitosan coating were obtained
by magnetic separation [15].

Thiourea-chitosan was prepared following the method of Zhou
et al. [38]. 2 mL epichlorohydrin was dissolved in 100 mL of acetone,
1 g chitosan microspheres were added, and the mixture was mixed
at 30 ◦C for 24 h. 1 g thiourea was added, and stirring was continued
for 6 h at 60 ◦C, followed by addition of further thiourea (2 g) with
stirring at 60 ◦C. NaOH (1 M, 50 mL) was added, and the slurry was
agitated (4 h, 60 ◦C). The solid product (thiourea-chitosan) was fil-
tered and successively washed with acetone, deionized water, and
methanol, and dried in a vacuum oven at 65 ◦C. The synthesis is
shown in Scheme 2.

0.5 g thiourea-chitosan flake was dissolved in 50 mL 3% of acetic
solution to give a final concentration of 1.5% (w/v). 0.2 g Magnetic

particles were added in the thiourea-chitosan solution in a four-
neck rounded bottom flask. After ultrasonic dispersion, some liquid
paraffin and Span-80 were added in the solution. The solution’s pH
was adjusted to maintain a level of 8.0–9.0 by adding 25% (v/v)

ation of thiourea-chitosan particles.
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Scheme 3. Schematic depiction of th

mmonium hydroxide solution during the reaction. After the above
teps, 2.0 mL of pure glutaraldehyde was added into reaction flask
o mix with the solution and was stirred at 60 ◦C for 2 h. The pre-
ipitate was washed with petroleum ether, ethanol and distilled
ater in turn until pH was about 7. Then, the precipitate was dried

n a vacuum oven at 50 ◦C. The obtained product was magnetic
hiourea-chitosan. The synthesis is shown in Scheme 3.

.3. Preparation of Ag-TCM

Magnetic thiourea-chitosan and Ag(I) were added in a flask and
ispersed in distilled water by ultrasonic dispersion for 30 min.
ome of epichlorohydrin was added. The mixture solution was
tirred for 4 h, and then was at 30 ◦C for 24 h. And then, the beads
ere extensively washed with petroleum ether, ethanol and dis-

illed water in sequence to remove any unreacted fraction. Finally,
he template ions were removed from the polymer beads using
.5 mol/L HNO3. The procedure was repeated several times until the
emplate ions could not be detected in the filtrate. The beads were
dded into 0.1 mol/L NaOH aqueous solution for 5–8 h to active
mino group and then were dried under vacuum oven at 50 ◦C.
hus, the thiourea-chitosan coating on the surface of magnetite
ith Ag(I) as template ions was obtained. As a control, the non-

mprinted magnetic thiourea-chitosan (TCM) was also prepared
nder identical conditions without adding Ag(I) [29].

.4. Batch adsorption experiments

Batch adsorption experiments were carried out in 100 mL Erlen-
eyer flasks. The amount of adsorbent used was 0.1 g and the

olume of aqueous solution was maintained at 20.0 mL. The pH
f the aqueous solution was adjusted by adding 0.1 mol/L NaOH
r 0.1 mol/L HNO3 and was measured using a pH meter (pH
10, Kesheng, Shenzhen). The batch experiments were carried out
t a constant temperature maintained at 30 ◦C for 50 min. After
dsorption equilibration, the adsorbent was separated by exter-
al magnetic field. Ag(I) concentration of the magnetic separation
as measured with a flame atomic absorption spectrophotometer

AA-6200, Shimadzu Ins), equipped with a hydride vapor generator
HVG-1, Shimadzu Ins) (HVG-FAAS) at 200 nm wavelengths, using
.1 mol/L HNO3 solution as reducing reagent. The concentration of
ther metal ions was measured with FAAS.

The amount of Ag(I) ions adsorbed per unit mass of Ag-TCM was
alculated from the following equation:

(C − C )V C − C
= 0 e

W
, E = 0 e

C0
× 100%

here C0 and Ce are the initial and equilibrium concentrations of
g+ in milligrams per liter, respectively, V is the volume of Ag+
ation of magnetic thiourea-chitosan.

solution, in liters, and W is the weight of the adsorbent used, in
grams.

2.5. Selective determination

The selectivity of Ag-TCM and TCM for Ag(I) ions over other
metal ions were evaluated from the selectivity coefficient K, which
was determined by incubating 0.5 g of beads with each individual
heavy metal ions present in 50 mL of distilled water under identical
conditions.

The selectivity coefficient is defined as:

K1 = Q1

Q2

Q1 (adsorption capacity of Ag+), Q2 (adsorption capacity of different
ions).

2.6. Desorption and regeneration studies

The desorption study is very important since the regeneration of
adsorbent decides the economic success of the adsorption process.
In this study, several solvents/solutions were tried to regener-
ate the biosorbents. 0.1 mol/L HNO3 aqueous solution was found
effective in desorbing Ag(I) from the loaded adsorbents. The beads
was regenerated using 0.1 mol/L HNO3 solution, the procedure was
repeated for many times until Ag(I)could not be detected in the fil-
trate. Then, Ag-TCM was washed thoroughly with distilled water
to a neutral pH. The regenerated Ag-TCM was reused in the follow-
ing adsorption experiments and the procedure was repeated for 5
times by using the same Ag-TCM.

2.7. Characterization of the samples

Microscopic observation of magnetic particles, magnetic
thiourea-chitosan and dried Ag-TCM was carried out by using a
scanning electron microscope (S-2500, Japan Hitachi). FTIR spectra
were measured on a Nicolet, Magna 550 spectrometer. The mag-
netic thiourea-chitosan was mixed with KBr and pressed to a pellet
for measurement. A vibrating-sample magnetometer (VSM) (MAG-
3110, Freescale) was used at room temperature to characterize the
magnetic properties of Ag-TCM.

3. Results and discussion

3.1. Characterization of Ag-TCM
The morphology of Ag-TCM was observed by SEM. As shown in
Fig. 1, the well shaped particles with diameter distribution from 20
to 100 nm were achieved. Majority of the particles are spherical.
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Fig. 3. VSM magnetization curves of magnetic particles and Ag-TCM (A: magnetic
Fig. 1. Scanning electron microscope of Ag-TCM.

pherical molecular imprinting polymers have large surface area,
ndicating that large number of effective imprinting sites could
xist in the surface to rebind the template molecules in aqueous
edia.
The physical property analyses of chitosan and Ag-TCM are

mportant in this study because the analyses give some insights
f the effect of cross-linking reactions to the natural chemical and
hysical properties of chitosan. This information is very useful

n elucidating the adsorption capacity of the adsorbents towards
dsorbates. The surface areas of Ag-TCM and chitosan were deter-
ined by nitrogen sorption measurements [39]. The surface areas

f Ag-TCM and chitosan were 7.51 and 14.2 m2/g, respectively. The
urface area of chitosan decreased with cross-linking modifica-
ion. The relative adsorption performance of different adsorbent
s highly dependent on the internal pore structure of each material.
herefore, crosslinking modification offers some attractive advan-
ages. It is not only able to increase the surface area and average

ore diameter, but also reinforce the chemical strength of adsor-
ents in acidic medium.

Infrared spectra of thiourea-chitosan (A) and Ag-TCM (B) sam-
les are shown in Fig. 2. The adsorption band around 3420 cm−1,

Fig. 2. IR spectra of thiourea-chitosan (A), and Ag-TCM (B).
particles, S, saturation magnetization is 31.5 emu/g; B: Ag-TCM, S, saturation mag-
netization is 10.16 emu/g).

revealing the stretching vibration of N–H group bonded with
O–H group in chitosan, and at 1661 cm−1 confirms the N–H scis-
soring from the primary amine, due to the free amino groups
in the crosslinked chitosan. The band around 1065 cm−1 is
attributed to the combined effects of C–N stretching vibration of
primary amines and the C–O stretching vibration from the pri-
mary alcohol in chitosan. The spectrum of both displays bands
near 1548 cm−1 which are assigned to � C–N of thiourea moi-
ety. The new peak of Ag-TCM in Fig. 2(B) is displayed near
580 cm−1(characteristic peak of Fe3O4), which demonstrates that a
layer of modified chitosan was formed on the surface of magnetite
particles.

The magnetization measurement performed with VSM (Fig. 3)
indicated that the saturation magnetization of the magnetic par-
ticles was 31.5 emu/g. As mentioned in a previous report, this
magnetic susceptibility value is sufficient for this adsorbent to be
used in wastewater treatment [2]. A saturation magnetization of
31.5 emu/g is obtained on the magnetic particles which decreases
to 10.16 emu/g due to the shielding of the polymeric coating result-
ing from the modification process. However, the Ag-TCM with
declined saturation magnetization value also posses enough mag-
netic response to meet the need of magnetic separation.

XRD patterns of pure Fe3O4, TCM and Ag-TCM are shown in
Fig. 4, indicating the existence of iron oxide particles (Fe3O4), which
has magnetic properties and can be used for the magnetic separa-
tion. The XRD analysis results of pure Fe3O4, TCM and Ag-TCM were
mostly coincident. Six characteristic peaks for Fe3O4 (2� = 30.1◦,
35.5◦, 43.3◦, 53.4◦, 57.2◦ and 62.5◦), marked by their indices ((2 2 0),
(3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0)), were observed in three
samples.

3.2. Effect of pH on the adsorption process

The pH of the aqueous solution, the most important parame-
ter on adsorption studies, strongly affects the adsorption property
of beads for heavy metal ions. Metal ions are pH-dependently

adsorbed onto non-specific and specific sorbents [40]. The adsorp-
tion process of metal ions is sensitive to pH and usually do not occur
at low pH [41].
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Fig. 4. XRD pattern of Fe3O4 (A), TCM (B) and Ag-TCM (C).

Hence, the effect of pH on the chelation between Ag-TCM and
g was investigated over the range from 3.0 to 7.0, and the results
re shown in Fig. 5.

As indicated in Fig. 5, the uptake capacity of Ag+ increased when
he solution pH was raised from 3.0 to 5.0. The maximum adsorp-
ion values for Ag(I) ions onto Ag-TCM and TCM were 4.6 mmol/g
nd 2.46 mmol/g dry beads at pH 5, respectively, from which the
mprinting effect was greatly observed. This could be explained by
he fact that, at a lower pH, the amine groups on surface of Ag-TCM
an be easily protonated, inducing an electrostatic repulsion of Ag+.
hat is because the functional groups of inserted thiourea moieties,
hich are the most effective ones, on the biomass surfaces offers
ore metal adsorption sites. This may be attributed to the presence

f free lone pair of electrons on nitrogen atoms suitable for coordi-
ation with the metal ions to give the corresponding resin–metal
omplex. The slight decrease of the uptake in the acidic media may
e attributed to the protonation of the lone pair of nitrogen that hin-
ers the complex formation. The uptake of Ag+ beyond the natural

H (pH > 5) is attributed to the formation of metal hydroxide species
uch as soluble Ag+ and/or insoluble precipitate of Ag(OH). Hence,
H 5 was chosen as the optimal pH in the following experiments.

ig. 5. Effect of pH on the adsorption capacity (initial concentration, 20 mmol/L;
emperature, 303 K; contact time, 50 min).
Fig. 6. (a) Effect of contact time on Ag+ adsorption by Ag-TCM; (b) pseudo-second-
order kinetics for adsorption of Ag+ (pH 5, temperature: 303 K).

3.3. Adsorption kinetics

The effect of the contact time for Ag-TCM on the adsorption
capacity for Ag+ is described in Fig. 6. Obviously, adsorbent showed
a good performance in adsorption during the first 30 min. The time
required to achieve the adsorption equilibrium was only 50 min.
There is no significant change from 1 h to 3 h.

The adsorption kinetics of Ag+ onto Ag-TCM was investigated
with the help of two kinetic models, namely the Lagergren pseudo-
first-order and pseudo-second-order model. The Lagergren rate
equation is one of the most widely used adsorption rate equations
for the adsorption of solute from a liquid solution. The pseudo-first-
order kinetic model is expressed by the following equation [42]:

dQt

dt
= K1 (Qe − Qt)

Integrating this equation for the boundary conditions t = 0 to t = t
and Q = 0 to Q= Qt, gives:

ln (Qe − Qt) = ln Qe − K1t

where Qe and Qt refer to the amount of Ag+ adsorbed (mmol/g)
at equilibrium and at any time, t (min), respectively, and K1 is the
equilibrium rate constant of pseudo-first-order sorption (1/min).

The slope and intercept of the plot of log (Qe−Qt) versus t are
used to determine the first-order rate constant, K1. It was found
that the correlation coefficient (R2) has low value (<90%) for adsor-

bents for Ag+ concentrations studied and a very large difference
exists between Q (Experimental) and Q (Calculated), indicating a
poor pseudo-first-order fit to the experimental data. The inappli-
cability of the pseudo-first-order model to describe the kinetics
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Table 1
Adsorption kinetic parameters of Ag+ onto Ag-TCM.

Initial conc. C0 (mmol/mL) Pseudo-first-order Pseudo-second-order

K1 (min−1) Qe,cal (mmol/g) R2 Qe,cal (mmol/g) K2 (g/mmol/min) Qe,exp (mmol/g) R2

5 0.0127 1.005 0.87 1.81 0.042 1.63 0.998
2.5 0.029 2.14 0.999
4.7 0.051 4.6 0.998
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10 0.013 1.43 0.88
20 0.0148 0.977 0.5

f Ag+ by adsorption using adsorbents was also observed in some
revious work [43,44].

Another kinetic model is pseudo-second-order model, which is
xpressed by [45]:

dQt
dt = K2(Qe − Qt)

2

Rearranging the variables gives

dQt

(Qe − Qt)
2

= K2dt

Integrating this equation for the boundary conditions t = 0 to t = t
nd Q = 0 to Q = Qt, gives:

t

Qt
= 1

(K2Q 2
e )

+ t

Qe

here K2 is the equilibrium rate constant of pseudo-second-
rder adsorption (g/mmol/min). The slope and intercept of the
lot of t/Qt versus t were used to calculate the second-order rate
onstant, K2. The corresponding kinetic parameters from both mod-
ls are listed in Table 1. The correlation coefficient (R2) for the
seudo-second-order adsorption model has high value (>99%) for
dsorbent. The calculated equilibrium adsorption capacity by Ag-
CM is 4.6 mmol/g, which is consistent with the experimental data
4.7 mmol/g) [46]. These facts suggest that the pseudo-second-
rder adsorption mechanism is predominant, and that the overall
ate of the Ag+ adsorption process appears to be controlled by the
hemisorption process [47].

In addition, the optimum contact time for adsorption of Ag+

ppears to be 50 min. This can be attributed to the large surface
rea, the sufficient exposure of active sites and the high surface
eactivity of the Ag-TCM. The sorption of Ag+ is rapid during the
nitial stages of the sorption process, followed by a gradual pro-
ess. In latter stages, however, the rate of Ag+ adsorption becomes
lower. It may be attribute to the great decrease of the bonding
ites on the surface of Ag-TCM and the aggregation between par-
iculates. The Ag+ have to first encounter the boundary layer effect
nd then adsorb on the surface, and finally they have to diffuse into
he porous structure of the adsorbent which takes a longer time.

.4. Evaluation of adsorption isotherm models

The equilibrium adsorption isotherm is fundamental to describe
he interactive behavior between the solution and the adsorbent
nd is important in designing an adsorption system. The widely
sed Langmuir model has been found to fit the process successfully.
he equation can be expressed as

Ce

Q
= 1

(KLQ0)
+ Ce

Q0

here Ce is the equilibrium concentration of metal ions in solu-
ion (mmol/L), Q is the adsorbed value of metal ions at equilibrium
oncentration (mmol/g), Q0 the maximum adsorption capacity

mmol/g), and KL is the Langmuir binding constant, which is related
o the energy of adsorption. Plotting Ce/Q against Ce gives a straight
ine with slope and intercept equal to 1/Q0 and 1/(KL Q0), respec-
ively. It is described in Fig. 7.
Fig. 7. The linear dependence of Ce/Q on Ce (pH 5; temperature, 303 K; contact time,
50 min).

By calculating, the results are as follows:

Ce

Q
= 0.1887Ce + 0.3774, (R2 = 0.9996),

Q0 = 5.29 mmol/g, KL = 0.5 L/mmol

The values of Q0 obtained from Langmuir curves are mainly
consistent with that experimentally obtained (4.93 mmol/g), indi-
cating that the adsorption process is mainly monolayer. The
chelation adsorption mechanism for Ag+ may give controlled
monolayer adsorption.

Furthermore, the essential characteristics of the Langmuir
isotherm can be described by a separation factor, which is defined
by the following equation:

RL = 1
1 + KLCe

The value of RL indicates the shape of the Langmuir isotherm
and the nature of the adsorption process. It is considered to be a
favorable process when the value is within the range 0–1. In our
study, the value of RL calculated for the initial concentrations of Ag+

was 0.09. Since the result is within the range of 0–1, the adsorption
of Ag+ onto adsorbent appears to be a favorable process. In addition,
the low RL values (<0.1) implied that the interaction of Ag+ with
Ag-TCM might be relatively strong.

3.5. Effect of temperature on adsorption

The adsorption capacity of Ag-TCM for Ag(I) increased as the
temperature is raised from 25 to 30 ◦C (Fig. 8), which was oppo-
site to TCM. It was apparent that at the lower temperature (30 ◦C),

the adsorption of Ag(I) onto Ag-TCM or the formation of Ag-TCM
with Ag(I) complexes was favored. With the increase of tempera-
ture, Ag+ ggot more energy to overcome electrostatic force between
itself and Ag-TCM’ surface, thus Ag+ was easier to be adsorbed. In
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Fig. 8. Effects of temperature on adsorption of Ag+ on adsorption capacity (pH 5;
initial concentration, 20 mmol/L; contact time, 50 min).

Table 2
Thermodynamic parameters at different temperatures.

T (K) �G (kJ/mol) �H (kJ/mol) �S (J/mol/K)

303 −15.66 −22.08 −21.18
313 −15.45
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the uptake capacity of Ag decreased. At the sixth regeneration

T
S

323 −15.24

ddition, the speed and range of motion of Ag+ become faster and
ider, which increased the chance of adsorption.

However, when the temperature exceeded 30 ◦C, a higher tem-
erature favored desorption or dechelation, which indicated that
0 ◦C was the optimal temperature for the adsorption of Ag(I) onto
g-TCM.

The observed decrease in both values of 1/T and ln (Qe/Ce)
ith elevated temperature indicates the exothermic nature of the

dsorption process. The values of ln (Qe/Ce) at different tempera-
ures were treated according to Van’t Hoff equation [48]:

n
(

Qe

Ce

)
= −�H

RT
+ �S

R
,

here R is the universal gas constant (8.314 J/mol/K) and T is the
bsolute temperature (in Kelvin). Plotting ln (Qe/Ce) against 1/T
ives a straight line with slope and intercept equal to −�H/R and
S/R, respectively.
The negative value of �H (Table 2) shows exothermic nature

f adsorption process. Gibbs free energy of adsorption (�G) was
alculated from the following relation:

G = �H − T�S

The negative value of �G (Table 2) indicates that the adsorption

eaction is spontaneous. The observed decrease in negative val-
es of �G with increasing temperature implies that the adsorption
ecomes less favorable at higher temperatures.

able 3
elective determination.

Interfering ions Adsorption capacity of Ag+ (Q1) (mmol/g)

Ag-TCM TCM

Cd2+ 4.74 2.13
Zn2+ 4.56 2.03
Pb2+ 4.68 1.93
Cu2+ 4.60 1.78
Fig. 9. The adsorption and desorption of Ag+ from Ag-TCM in three eluents.

3.6. Evaluation of the selective adsorption

For the purpose of evaluating the selectivity of the beads, the
selective adsorption studies were carried out under the optimum
conditions. The results are shown in Table 3. Based on the results
shown in Table 3, it can be seen that the adsorption capacity ratio
of Ag-TCM for Ag(I) was 2.5 times greater than that of TCM. TCM
can easily adsorb other ions as well as Ag+, it demonstrates that the
specific recognition cavities for Ag+ created in Ag-TCM unlike TCM,
which are developed by ion-imprinting. In the case of Ag-TCM, the
cavities created after removal of the template were complementary
to the imprint ion in size, shape and coordination geometries. It is
evident that Ag-TCM has a strong ability to selectively adsorb Ag+

from mixed metal ions in aqueous solution.

3.7. Effect of recycling adsorbents on Ag+ adsorption

From practical point of view, repeated availability is a crucial
factor for an advanced adsorbent [16,49,50]. Such adsorbent has
higher adsorption capability as well as better desorption property
which will reduce the overall cost for the adsorbent.

To evaluate the possibility of regeneration and reusability of
Ag-TCM as an adsorbent, we performed the desorption experi-
ments. Desorption of Ag+ from Ag-TCM was demonstrated using
three different eluents, namely 0.1 mol/L HCl, 0.1 mol/L HNO3, and
thiourea-HCl. It is found that the quantitative desorption efficien-
cies using HCl, and HNO3 and thiourea-HCl were 95.1, 75.01 and
64%, respectively. The reusability was checked by following the
adsorption–desorption process for three eluents, which are shown
in Fig. 9. The 0.1 mol/L HNO3 was the optimum eluent.

The effect of recycling times on the adsorption process was
repeated 6 times, and the results are shown in Fig. 10. It is shown in
Fig. 10 that the uptake capacity of Ag+ on the adsorbents decreased
slowly with increasing cycle number. The percentage adsorption
remained steady at about 90% in the first five cycles, and then

+

cycle, the adsorption remained at 75%. These results show that the
adsorbents can be recycled for Ag+ adsorption with 0.1 mol/L HNO3,
and the adsorbents can be reused. The probable mechanism of the

Adsorption capacity of different ion (Q2) (mmol/g) K

Ag-TCM TCM

0.344 1.65 2.26
0.506 2.75 2.25
0.404 3.21 2.42
0.482 2.42 2.61
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ig. 10. Effect of recycling adsorbents on Ag+ adsorption (pH 5; initial concentration,
0 mmol/L; temperature, 303 K; contact time, 50 min).

egeneration might be that in the first five cycles, both electrostatic
nd complexation reaction occurred between the HNO3 and the
etal ions; however, after five cycles, only electrostatic interaction

revailed.

. Conclusions

In summary, the preferential adsorption of Ag(I) ions was suc-
essfully accomplished using Ag(I) imprinted magnetic thiourea-
hitosan beads, the maximum adsorption capacity of Ag-TCM for
g(I) was 4.93 mmol/g at pH 5.0, 30 ◦C. Adsorption of Ag(I) ions
nto Ag-TCM followed the Langmuir adsorption isotherms. The
inetics of adsorption followed a pseudo-second order rate equa-
ion. An overall selectivity for Ag(I) ions was observed showing that
g-TCM can be used effectively to remove and recover Ag(I) ions

rom aqueous solutions. It was also shown that Ag-TCM could be
eused for 5 times. Ag-TCM was characterized by SEM, and BET–N2
dsorption measurement. It is the author’s hope that this result
ill be helpful for researchers who are interested in synthesizing

nd applying Ag-TCM as an alternative adsorbent in the separation,
reconcentration and extraction of Ag(I) from aqueous solutions.
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