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ABSTRACT

Using the surface molecular imprinting technology, the Ag*-imprinted biosorbent for treatment of the
wastewater contaminated by Ag* was prepared, which showed higher adsorption affinity and selectivity
for the imprinting ion (Ag*) than the other non-imprinting metal ions. Batch adsorption experiments
were carried out as a function of imprinted Ag* concentration, agitation time, temperature and initial Ag*
concentration. The optimal imprinted Ag* concentration for preparing Ag*-imprinted biosorbent was
2.0mg/g (biomass). The maximum adsorption capacity was 199.2 mg/g at the initial Ag* concentration
of 1200.0 mg/L and the biosorbent dosage of 3.0 g/L, which was much higher than that of previous work.
The reaction temperature showed little effect on the adsorption process. The biosorbent could be easily
desorbed by using 0.1 M Na,S,03 solution as a desorbent at room temperature (25.0-27.0°C). The SEM
showed that noble metal silver could be well adsorbed by the biosorbent; the silver nanoparticles were

Affinity of regular geometry shape and relatively uniform.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

With the development of electroplating, coinage, medication
and chemical engineering, the pollution caused by silver-bearing
wastewater has been increasingly serious. The silver ions could
be accumulated in organisms (including human) through the
food chain, and then would do harm to their body. Recently, it
is found that Ag* exposure caused an inhibition of active Na*
and Cl~ uptake, resulting in ion regulatory failure by inhibition
of branchial Na*-ATPase and K*-ATPase in crayfish and daphnids
[1,2]. Simultaneously, Ag is widely used in various industries fields
due to its excellent malleability, conductivity, thermal conductiv-
ity, etc. However, the Ag resources have become relatively short
since the extensive applications of Ag are increasing rapidly [3].
Therefore, the effective removal and recovery of Ag* has become
an urgent assignment [4-6]. Although some conventional meth-
ods such as chemical precipitation, ion-exchange and reverse
osmosis can remove heavy metals from their effluents, they are
not economically feasible for actual wastewater treatment [7].
Considering the viewpoint of sustainable development and com-
prehensive utilization of resources, biosorption has a promising
prospect and a wide application due to its low cost, abundance and
good performance over other conventional treatment processes in
the removal and recovery of heavy metal ions from wastewater
[8-11].
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Chitosan is a linear polysaccharide based on a glucosamine unit,
obtained through chitin deacetylation, which originates from shells
of crustaceans such as crabs and prawns. Chitosan is also consid-
ered as one of the most abundant biopolymers in nature. As a new
kind of biosorbent, it has been prepared into different forms and
widely used in the wastewater treatment because of its higher
adsorption capacity and better selectivity for heavy metal ions
[1,12-17]. However, its application is limited because of its disso-
lution in acidic solutions and higher cost. In order to shed light
on problems above, a new molecular-imprinted biosorbent which
could selectively adsorb heavy metal ions was prepared [18,19]. By
using surface molecular imprinting technology, this new biosor-
bent showed 30.0-50.0% higher uptake for Ni2* in comparison to
non-imprinted biosorbents. In addition, it had better mechanical
performance and could be reused for up to 15 cycles.

From the mentioned above, reviews of the literature on metal
biosorption shows that many studies have been carried out con-
cerning chitosan and the biosorbents based on chitosan. And they
mainly focused on the common heavy metal ions such as Cu(Il),
Ni(II), Pb(Il), Cr(IV) and their recovery [12-17]. However, as far as
the authors are aware, there is no investigation reported in the liter-
ature on the removal of Ag(I) by molecular-imprinted biosorbents.

The aim of this study was to examine the removal efficiency
of less-researched metal Ag(I) from dilute solutions by molecular-
imprinted biosorbents. Experiments were performed as a function
of adsorption time, imprinting concentration of Ag*, initial Ag*
concentration in the solution, and the temperature. The effects of
different desorbents such as HNO3, HCl and Na;S,03 on the des-
orption were also investigated.
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2. Materials and methods
2.1. Chemicals

Mycelium from waste biomass of Penicillium chysogenum was
obtained from Dongchen Biochemical Engineering Company in
Shandong Province; Chitosan with 90.0% degree of deacetylation
was extracted from shrimp shells obtained in our laboratory. Silver
nitrate, nitric acid, acetic acid, sodium citrate and epichlorohydrin
were of analytical grade and all reagents were prepared in Millipore
milli-Q deionized water.

2.2. The preparation of the surface Ag*-imprinted biosorbent

The preparation of the new surface Ag*-imprinted biosorbent
was as follows (Fig. 1) [20]. AgNO3 was dissolved in 2.0 mL dilute
acetic acid solution (2.5%v/v) to give an Ag* solution of 2.0 mg/L.
Then 0.1 g chitosan (dry weight) was dissolved in this solution, and
the mixture was stirred for 20.0 min. 2.0 g mycelium (dry weight)
was then added to the above solution, and the mixture was stirred
for 10.0 min. Epichlorohydrin as a cross-linking agent was added
into the mixture and allowed to carry out for 8.0-10.0 h at room
temperature (25.0-27.0°C); then, the imprinted Ag* on the biosor-
bent was removed by treating with a 0.2 g/LEDTA solution for 12.0 h.
Regeneration was carried out by washing the biosorbent with 0.2 M
NaOH for 2.0 h and was shaken on a rotary shaker (170 rpm). The
surface Ag*-imprinted biosorbent was washed twice with running
water and five times with deionized water. The washed biosorbent
was sun-dried at room temperature (25.0-27.0°C) for 24 h, crushed
with an analytical mill, sieved (size by a 60-mesh sieve) and stored
in sealed bottles until use.

2.3. Biosorption and desorption experiment

Batch biosorption studies were conducted in 150 mL Erlenmeyer
flasks at about pH 7.0 (at natural pH). Dry biosorbent (0.15g)
was thoroughly mixed individually with 50 mL of Ag* solutions
(0-1000.0 mg/L) and the suspensions were shaken in a shaker at
room temperature. Samples of 1 mL were drawn from the flask at
required time intervals and were filtered through Whattman No. 1
filter paper. The filtrates were then analyzed for residual Ag* con-
centrations in the solution. Biosorption procedure was carried out
at the concentration of imprinted Ag* ions (0, 0.5, 1.0, 2.0, 4.0 and
6.0 mg/g) for equilibrium. The constant volume was maintained
by keeping nine numbers of conical flasks at the beginning of the
experiments and taking out one by one with a fixed time interval.
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Similar procedure is repeated for 200.0 mg/L initial concentrations
at different temperatures at required time intervals. In addition,
equilibrium biosorption experiments were carried out in 150 mL
flasks containing Ag* solutions (50 mL) of known concentrations.

The biosorption equilibrium uptake capacity for each sam-
ple was calculated according to mass balance on the metal ion
expressed as

(CA - Ce)v
gT (1)

where Q is adsorption capacity (mg/g), Cag and Ce are the initial and
equilibrated concentrations of metal ion (mg/L), respectively. V is
volume of added solution (L) and W the weight of the adsorbent (g
dry).

The above surface Ag*-imprinting biosorbent (0.15 g dry adsor-
bent) which had adsorbed Ag* was added into the desorption
solution (HNO3, HAC, Na3CgH507-2H,0 and NayS;03 of 0.1 M,
50 mL), and the mixture was shaken in a shaker (170 rpm) at room
temperature (25.0-27.0°C) within 8.0h. And HAC was short for
CH3COOH. Then the biosorbent was recovered by filtration through
Whattman No. 1 filter paper and then used in desorption tests.
Desorption kinetics experiments were conducted in continuously
stirred (170 rpm) beakers containing 0.1 M of each type of desorbent
(50 mL). Similar procedure is repeated for 0.1 M Na,S,03 at differ-
ent Ag* loadings (49.83 mg/g, 65.40 mg/g, 82.81 mg/g, 125.10 mg/g,
196.50 mg/g, 188.33 mg/g, 189.17 mg/g) at required time intervals.

The Ag* concentration desorbed was determined and the des-
orption efficiency (%) could be calculated by the mass balance.

_ G
CAg -Ce

Q=

D =100 x (2)
where D is desorption efficiency (%), C4g and C. are the initial
and equilibrated concentrations of metal ion (mg/L) during the
adsorption process, respectively. C; is the desorbed equilibrium
concentrations of metal ion (mg/L) during the desorption process.
No significant pH changes were observed during the experi-
ments, so that they were considered to be performed at constant
pH level. All tests were carried out at least three times. And the
experimental results were presented as mean values.

2.4. Analytical methods

2.4.1. Analysis of metal ion

The metal ion Ag* content was analyzed by an Atomic Spec-
troscopy (SpectrAA 55-B, Varian Company, US) under 328.1 nm; and
the optimum work range of Ag* was 0.02-10 pg/mL.
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Fig. 1. Flow chart of the preparation of the surface Ag*-imprinted biosorbent.
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2.4.2. Surface structure of adsorbent

Scanning electron micrographs (SEM) were taken on a scan-
ning electron microscope (SEM, S-250MK, Cambridge Company,
Cambridge, UK). The morphology of the surface Ag*-imprinting
biosorbent (before adsorption, after adsorption, after desorption)
was coated with carbon and gold to be observed and photographed.

The conditions of adsorption and desorption of this sample
obtained were as follows:

¢ Adsorption condition: 50 mL single Ag* solution (200.0 mg/L)
was contacted with 3.0g/L of Ag*-imprinted biosorbent (Ag*
imprinted concentration: 2.0 mg Ag*/g) at about pH 7.0 and room
temperature (25.0-27.0°C) for 1.5 h. Because the plateau values
were reached after about 1.5 h.

e Desorption condition: 0.1 M HCI (50mL) was contacted with
3.0g/L of Ag*-imprinted biosorbent at about pH 7.0 and room
temperature (25.0-27.0°C) for 4.0 h. Because it reached equilib-
rium after approximately 4.0 h.

3. Results and discussion
3.1. Biosorption studies

3.1.1. Effect of the imprinting ions concentration on biosorption

As shown in Fig. 2, the concentration of the imprinted Ag*
ions was an important parameter to adsorption ability in the
range of 0-6.0 mg/g (biomass). The imprinted Ag* concentration
used in preparation of the biosorbent had an optimal value of
2.0 mg/g (biomass) and the maximum adsorption capacity of about
50.0 mg/g at the initial concentration of 200.0 mg/L, which was
about 40.0% higher than non-imprinted biosorbent. One reason is
probably that more functional groups (-NH; ) are retained at higher
imprinted Ag* concentrations. On the contrary, at Ag* imprinted
concentrations greater than 2.0mg/g (biomass), the adsorption
capacity of the surface-imprinted biosorbent decreased. It is spec-
ulated that the binding sites for the complex of chitosan with Ag or
the adsorptive Ag(I) by chitosanis insufficient at higher Ag* concen-
tration. Ag* including the adsorptive Ag(I) by chitosan is instable,
and can be easily reduced as Ag?, especially in the illumination con-
dition [21,22]. Another reason may be the incomplete desorption
during the preparation of the surface Ag*-imprinted biosorbent.
Therefore, 2.0 mg Ag*/g (biomass) was selected as the optimal Ag*
imprinted concentration in this experiment.
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Fig. 2. Effectof concentration ofimprinted ions on adsorption capacity; 50 mLsingle
Ag* solution (200.0 mg/L) was contacted with 3.0 g/L of Ag*-imprinted biosorbent
at about pH 7.0 and room temperature (25.0-27.0 °C).

Table 1
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The adsorption for Ag* of different imprinting biosorbents; 50 mL single Ag* solution
(200.0 mg/L) was contacted with 3.0 g/L of imprinting biosorbent for 1.5 h at about

pH 7.0 and room temperature (25.0-27.0°C).

The types of imprinting biosorbents

Adsorption capacity (mg/g)

Ag*

Cu?
NiZ+
Pb2*
Cr3+

49.833
37.458
35.402
35.249
39.387

3.1.2. Comparison of different imprinted ions on adsorption
selectivity of the biosorbent

The adsorption selectivity of the Ag*-imprinted and other
ion-imprinted biosorbents were investigated (Table 1). The Ag*-
imprinted biosorbent exhibited higher adsorption affinity and
selectivity for Ag* than the other ion-imprinted biosorbents. The
reasons are as follows: by the surface template polymerization tech-
nique, Ag* selective binding sites could be effectively created on the
surfaces of the Ag*-imprinted biosorbent. But the surfaces of the
other ion-imprinted biosorbents would provide less suitable bind-
ing sites for Ag*. This result was similar to that reported on zinc ion
adsorption using metal ion-selective membrane [23].

3.1.3. Effect of time on biosorption

Effect of time on adsorption capacity for Ag* by the surface Ag*-
imprinted biosorbent was shown in Fig. 3. The amounts of Ag*
adsorbed were calculated using Eq. (1). The adsorption conditions
were given in the figure legends. The slope of the lines joining the
data points in the figure reflected the adsorption rates. As can be
seen, the adsorption capacity for Ag* increased abruptly with the
adsorption time increasing, and then plateau values were reached
within 1.5 h. In a previous study, several adsorbents were used for
silver (I) removal and 5.0 h was reported as an equilibrium adsorp-
tion time [24]. The adsorption rate of the surface Ag*-imprinted
biosorbent seemed to be very satisfactory. Due to the preference of
short adsorption time for the minimum energy consumption, the
surface Ag*-imprinted biosorbent could be accepted as a good can-
didate for Ag* removal in effluent treatment. So 1.5 h was chosen as
adsorption time in the following adsorption experiments.

3.1.4. Effect of temperature on biosorption
The adsorption capacity for Ag* hardly changed over the tem-
perature range from 27.0 to 55.0°C (Fig. 4). That is to say, the effect
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Fig. 3. Effect of time on adsorption capacity; 50 mL single Ag* solution (200.0 mg/L)
was contacted with 3.0 g/L of Ag*-imprinted biosorbent at about pH 7.0 and room
temperature (25.0-27.0°C).
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Fig. 4. Effect of temperature on adsorption capacity; 50 mL single Ag* solution
(200.0mg/L) was contacted with 3.0g/L of Ag*-imprinted biosorbent for 1.5h at
about pH 7.0.

of temperature could be neglected during the research process. As
we know, the temperature of actual wastewater was mostly in the
range of 25.0-40.0°C. It was indicated that the practical adsorption
of the surface Ag*-imprinted biosorbent for heavy metal ions was
not dominated by physical adsorption, which was large affected
by temperature. This was quite same as that of cellulose/chitin
beads for heavy metal ions [25]. Therefore, the room temperature
(25.0-27.0°C) was chosen in the following experiments for com-
mercial application.

3.1.5. Effect of initial Ag* concentration on biosorption

Experiments conducted with different initial Ag* concen-
trations, showed that the adsorption capacity of the surface
Ag*-imprinted biosorbent increased with the initial concentration
of Ag* ions (Fig. 5). This increase continued up to 1000.0 mg/L
Ag*, and there was not a significant change at the amount of
adsorbed Ag* ions beyond this value. The metal uptake could be
attributed to chelation as chitosan and Ag could form complex
through chelation between Ag* and -NH, [21]. Different adsorbents
have been reported for the adsorption of Ag* [26-29]. Table 2 rep-
resented a comparison among adsorptions of different adsorbents
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Fig. 5. Effect of initial concentration (50.0-2000.0 mg/L) on adsorption capacity;
50 mL single Ag* solution was contacted with 3.0 g/L of Ag*-imprinted biosorbent
for 1.5 h at about pH 7.0 and room temperature (25.0-27.0°C).

Table 2

Comparison among adsorptions of different adsorbents for Ag*.

Adsorbent Qm (mg/g) Ref.
Clinoptilolite 43.0 [26]

Coal 1.9 [27]
Chitosan 33.2 [28]
Mordenite 61.0 [29]
Surface Ag*-imprinted biosorbent 199.2 This work

Qnm, highest experimentally observed value of specific adsorption capacity.

for Ag*. The results showed that the maximum adsorption capac-
ity of Ag*-imprinted biosorbent for Ag* was 199.2 mg/g, which was
far higher than those obtained from other adsorbents given above.
The reasons may be that, using the surface molecular imprinting
technology, the surface Ag*-imprinted biosorbent could gain higher
adsorption affinity and selectivity for the imprinting ion (Ag*).

3.2. Desorption characteristics

The final recovery of adsorbed silver from the biosorbent could
be carried out using any one or a combination of the commonly
used physical and chemical processes. Generally, common diluted
acids such as nitric acid, hydrochloric acid was considered as desor-
bents for heavy metal ions [14]. Sodium citrate used by Meng et al.
[30] could well desorb Ag* adsorbed on Zeolite and the desorption
efficiency reached above 99.0%. Since thiosulfate is a known silver
complexing agent used for silver extraction. Solution of thiosulfate
could also be employed for the desorption of silver so as to get a
highly concentrated solution of silver. Metallic silver could then be
obtained by electrolytic recovery or electrowinning.

3.2.1. Effect of different desorbents on desorption

In metal ion removal process, it is important to easily desorb
the adsorbed metal ions under suitable conditions. The desorption
efficiency for Ag* from the biosorbent were calculated using Eq.
(2). As shown in Fig. 6, the desorption efficiencies of HNO3, HAC,
Na3CgHs507.2H,0 and Na,S,03 increasing abruptly within 0.25h,
reached equilibrium after approximately 4.0 h; but the desorption
efficiency of HCl was obviously low; the maximal desorption effi-
ciency could be over 99.0% when using Na,;S,03 as a desorbent;
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Fig. 6. -m--, 01M HNO;3;; -O-, 01M HAC; -a-, 01M HC; -v-,
0.1MNa3C¢H507-2H,0; —*-, 0.1 M Na,S,0s5. Effect of time on desorption of
different desorbents; 50 mL desorbent solution was contacted with 3.0g/L of
Ag*-imprinted biosorbent which adsorbed Ag* solution (200.0 mg/L) for 1.5h at
about pH 7.0 and room temperature (25.0-27.0°C).
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Fig. 7. (a) SEM image of the surface Ag*-imprinted biosorbent, before adsorption of Ag(l) (x5000times); (b) SEM image of the surface Ag*-imprinted biosorbent, after
adsorption of Ag(I) (x5000); (c) SEM image of the surface Ag*-imprinted biosorbent, after desorption of Ag(I) (x5000).

that is to say, Na,S,03 could easily desorb Ag* adsorbed from the
biosorbent; besides, 65.5% and 61.3% Ag* could also be desorbed
by HNO3 and HAC respectively; however, HCI basically did not des-
orb Ag* from the biosorbent surfaces. And sodium citrate also did
not display the better desorption ability for Ag*(Fig. 6); Therefore,
Na,S,03 was chosen as a better desorbent in this experiment.

The surface morphology and distribution of Ag on the biosorbent
could be explored by SEM. An interesting phenomenon could be
observed (Fig. 7). Fig. 7 showed the typical SEM images of the biosor-
bent before adsorption, the biosorbent after adsorption (before
desorption) and the biosorbent after desorption. From Fig. 7a, it
could be seen that the biosorbent surfaces were more smooth and
without any granules. As shown in Fig. 7b, a large number of smaller
particles (bright spots) on the biosorbent surfaces, the size range
of them was from 10 to 100 nm. That is to say, noble metal ion
(Ag*) could be well adsorbed by the biosorbent. Compared with
SEM image of biosorbent before desorption, using HCl as a desor-
bent, there were still as much as small particles on the biosorbent
surfaces (Fig. 7c). But we do not know whether this led to the lower
desorption ability of HCI or not. However, which kind of nanopar-
ticle, Ag or AgCl, still need to be further researched.

3.2.2. Effects of Ag* loading on desorption

As shown in Fig. 8, the desorption of the surface Ag*-imprinted
biosorbent adsorbed different adsorption capacity of Ag* showed a
rather significant difference. Obviously, less than 82.81 mg/g Ag*
adsorbed on the biosorbent could be rapidly desorbed by 0.1 M
Na,S,03; the desorption efficiency basically reached over 90.0%;
and the maximum value could be about 99.0%; that is to say, noble
metal Ag could be easily recovered within this range. However,
once more than 82.81 mg/g, the desorption efficiency decreased
with an increase of Ag* loading on the biosorbent; just about 50.0%
Ag* were reclaimed at adsorption capacity of 189.2 mg/g, which
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Fig. 8. -W--, 49.83 mg/g Ag*+; -O-, 65.40mg/g Ag*+; —x—, 82.81 mg/g Ag*; -v-,
125.10 mg/g Ag*; —-a-, 196.50 mg/g Ag*; —-a-, 188.33 mg/g Ag"; -@-, 189.17 mg/g
Ag". Effect of time on desorption efficiency of the biosorbent after adsorbing dif-
ferent adsorption capacities of Ag*; 50 mL desorbent solution (0.1 M Na,S,03) was
contacted with 3.0g/L of Ag*-imprinted biosorbent which adsorbed Ag* solution
(200.0-2000.0 mg/L) for 1.5 h at about pH 7.0 and room temperature (25.0-27.0°C).

was corresponding to the initial Ag* concentration of 2000.0 mg/L.
Under this experimental condition, the equilibrium of all desorp-
tion processes could be almost reached after 2.0 h. Generally, it was
reported that most of the desorption processes were finished within
3.0h [31]. This means that desorption process was performed very
quickly. Since Ag* concentration of wastewater was much lower
than 2000.0 mg/L [1-3,6], 0.1 M Na,S,03 was chosen as a rather
available desorbent in the reclaiming of Ag*.



144 H. Huo et al. / Chemical Engineering Journal 150 (2009) 139-144

4. Conclusions

Ag*-imprinted biosorbent prepared by using molecular imprint-
ing technology, showed higher adsorption affinity and selectivity
for the imprinted silver ion than the other imprinted metal ions.
The results indicated that the adsorption process was influenced
by the factors such as imprinting Ag* concentration and adsorp-
tion time. 0.1 M Na,S,03 was chosen as a better desorbent. The
desorption efficiency of NayS,03 (0.1 M, 50 mL) achieved as high as
99.0%. Therefore, the precious metal could be effectively reclaimed.
That is to say, it was potential for using the biosorbent in the
recovery of precious metal silver. An unusually high loading of
Ag could be demonstrated by the SEM analysis. Compared with
other adsorbents produced from pure chitosan, the surface Ag*-
imprinted biosorbent offers the advantages of little dosage of
chitosan and reduction of the cost, which will be hopefully applied
in the treatment and recovery of silver-bearing wastewater from
electroplating, coinage, photo fixation and so on. However, further
studies are still needed for understanding the interaction mecha-
nisms between the biosorbent and silver before or after desorption
by HCI.
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