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a b s t r a c t
Thiourea-functionalized silica gel (HO-SG-GPTS-TS and HE-SG-GPTS-TS) were synthesized by 
homogeneous and heterogeneous methods, respectively. The feasibility of the as-prepared adsorbents 
for the remove of Ag(I) from aqueous solution was systemically studied under different solution 
pH, contact time, temperature, and initial Ag(I) concentration. The adsorption capacity is found to 
depend on the solution pH and the maximum adsorption capacity is achieved at pH 6. Adsorption 
kinetic indicates the adsorption can reach equilibrium within 180 min. The adsorption follows 
pseudo-second order model and is controlled by film diffusion process. Adsorption isotherm shows 
that the adsorption capacity increases with the increase of initial Ag(I) concentration and temperature. 
The adsorption isotherm is suitable to be simulated by Langmuir model and is proceeded by chemical 
mechanism. Thermodynamic parameters suggest the adsorption is a spontaneous, endothermic, and 
entropy increased process. Density functional theory calculation reveals that the formation of chelates 
with Ag(I) by S and hydroxyl O atoms dominate the adsorption, and S atom is the main contributor.
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1. Introduction

With the rapid development of industry, wastewater 
contains metal ions has been extensively discharged 
into the environment [1,2]. The metal ions are toxic and 
non- biodegradable, which can accumulate in biological sys-
tem and cause terrible effects to public health and ecological 
safety [3–5]. Among these metals, Ag(I) is widely released 
from the fields of electronic industry, battery industry, aero-
space industry, etc. The digest of Ag(I) may damage the liver, 
kidney, and respiratory system [6–8]. Therefore, it is urgent 
to remove Ag(I) from aqueous solution. 

A number of methods including membrane separation, 
ion-exchange, solvent extraction, chemical precipitation, 
and adsorption have been used for the removal of metal ion 
from aqueous solution [6,7,9]. Adsorption is considered to be 
attractive method due to its low cost, simple operation, high 
efficiency, and flexible in the design of adsorbent to meet dif-
ferent requirement [1,4]. Therefore, various adsorbents such 
as activated carbon [10], chitosan [11], clay [12], silica gel [13], 
graphene oxide [14], and polymers [15,16] have been used for 
metal ion elimination. The design and fabrication of novel 
adsorbent with high efficiency is still an important issue for 
the remediation of metal ion pollution. 
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Among the various adsorbents, silica gel have been 
widely used for the removal of Ag(I) due to its large surface 
area, tunable porous structure, excellent thermal and chem-
ical stability, and feasible surface functionalization [17–19]. 
For example, Taheri et al. [20] synthesized mesoporous silica/
dendrimer amines based on [1,3,5]-triazines for the selective 
removal of aqueous Ag (I). Hong et al. [21] reported the use 
of crown ether modified mesoporous silica for the adsorp-
tion of Ag(I) in trace level. Our group also fabricated silica 
gel supported sulfur-capped PAMAM dendrimers for the 
selective adsorption of Ag(I) from aqueous solution [13]. 
According to Hard and Soft Acids and Bases (HSAB) con-
cept, sulfur and nitrogen functional groups display special 
binding affinity toward Ag(I) [22,23]. Thiourea- containing 
functional groups which contain sulfur and nitrogen atoms 
have been favorably employed to construct adsorbent for 
metal ion removal [16,24–26]. Thus, the fabrication of adsor-
bent with thiourea and silica gel is anticipated to have fasci-
nating adsorption property for Ag(I) from aqueous solution. 
However, the majority of previous works mainly focused on 
the synthesis and application of thiourea-containing adsor-
bents, little attention has been paid to reveal the interaction 
mechanism and the contribution of different donor atoms 
during the adsorption. Therefore, it is of vital importance 
to reveal the interaction mechanism from the perspective of 
molecular level, which will facilitate the fabrication of effi-
cient adsorbent for the targeted metal ion.

In our previous work, thiourea-functionalized silica gel 
(HO-SG-GPTS-TS and HE-SG-GPTS-TS) were prepared by 
homogeneous and heterogeneous methods, and used for the 
robust removal of Hg(II) from aqueous solution [27]. The aim 
of the present study is to investigate the feasibility of HO-SG-
GPTS-TS and HE-SG-GPTS-TS for the effective removal of 
Ag(I) from aqueous solution. The effects of solution pH, 
contact time, temperature, and initial Ag(I) concentration on 
the adsorption were investigated, and the adsorption mecha-
nism was revealed on the molecule level based on the results 
of experimental and theoretical calculation.

2. Experimental

2.1. Materials and methods

The synthetic procedures of HO-SG-GPTS-TS and 
HE-SG-GPTS-TS were similar to our previous report as 
described in Fig. 1 [27]. The stock solution of Ag(I) with con-
centration of 0.04 mol.L–1 was prepared by dissolving certain 

amount of AgNO3 with distilled water. All the reagents used 
were all analytical grades and purchased from Sinopharm 
Chemical Reagent Co., Ltd., China. The concentration of Ag(I) 
before and after adsorption was measured by a VARIAN 
AA240 atomic adsorption spectrophotometer (AAS).

2.2. Saturated adsorption capacity for metal ions 

The saturated adsorption capacity for metal ions was 
determined by the following procedure: about 20 mL 
0.002 mol.L–1 metal ion solutions and 20 mg adsorbent were 
added into 100 mL flask. The suspension was shaken at 25°C 
for 12 h, and then the concentration of residual metal ion was 
detected by AAS. The adsorption capacity was calculated by 
Eq. (1).

q
C C V
W

=
−( )0  (1)

where q (mmol.g–1) is adsorption capacity; C0 and C are the ini-
tial and equilibrium Ag(I) concentration (mmol·mL–1); V (mL) 
is the volume of the solution, and W(g) is the adsorbent mass.

2.3. Effect of pH on the adsorption of Ag(I)

The effect of pH on the adsorption was performed 
by equipping 20 mg adsorbent to a series of 20 mL 
0.002 mol.L–1 Ag(I) solution with different pH of 1, 2, 3, 4, 5, 
and 6, respectively. The adjustment of solution pH for 1 and 
2 was achieved by HNO3 solution, while that of pH 3–6 was 
adjusted by acetate/acetic acid buffer solution. The mixture 
was shaken for 12 h at 25°C and the concentration of Ag(I) 
was determined by AAS. 

2.4. Adsorption kinetic for Ag(I)

Adsorption kinetic was carried out by batch method as 
follows: a series of flasks were charged with 20 mg adsor-
bent and 20 mL 0.002 mol.L–1 Ag(I) solution. The suspensions 
were shaken at 25°C and the residual Ag(I) concentration was 
monitored at different time interval by AAS. 

2.5. Adsorption isotherm for Ag(I)

Adsorption isotherm was carried out by adding 20 mg 
adsorbent to a series of 20 mL Ag(I) solution with different 

Fig. 1. Synthetic route for HO-SG-GPTS-TS and HE-SG-GPTS-TS.
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concentration in the flasks. The mixtures were shaken for 
12 h at 15°C, 25°C, and 35°C, respectively. After that, the con-
centration of Ag(I) was detected and the adsorption capacity 
was obtained.

2.6. Theoretical calculation on the adsorption isotherm

The adsorption mechanism was simulated by Gaussian 
03 program by using density functional theory (DFT) method 
[28,29]. The surface functional group that bonded on silica 
gel was selected as the computational model and presented 
in Fig. 2. The geometry optimization was performed at 
B3LYP/6-31+G(d) (LANL2DZ for Ag(I)) level. After that, the 
interaction between functional group and Ag(I) was revealed 
on the basis of natural bond orbital (NBO) analysis at the 
level of B3LYP/6-311+G(d, p) (LANL2DZ for Ag(I)) [13].

3. Results and discussion

3.1. Saturated adsorption capacity

The saturated adsorption capacity of HO-SG-GPTS-TS 
and HE-SG-GPTS-TS for different metal ions is shown in 
Fig. 3. The adsorption capacity of HO-SG-GPTS-TS and 
HE-SG-GPTS-TS for metal ions follows the order of Ag(I) > 
Cu(II) > Pb(II) > Cd(II) > Mn(II) > Ni(II) > Co(II). The reason 
for this can be reasonable explained by the HSAB concept 
as sulfur containing functional group belongs to soft base, 
which exhibits remarkable binding ability toward metal ions 
that belong to soft acid, such as Hg(II), Ag(I), and Pd(II) [23]. 

Moreover, the borderline base of amino group also displays 
good affinity for Cu(II) that attributed to borderline acid, 
resulting in the relative higher adsorption capacity for Cu(II) 
than other metal ions. It can also observe the adsorption 
capacity of HO-SG-GPTS-TS is higher than HE-SG-GPTS-TS, 
suggesting homogeneous method is more efficient than het-
erogeneous method for the synthesis of adsorbent due to the 
high content of functional group provided by homogeneous 
method [27,30].

3.2. Effect of pH on the adsorption of Ag(I)

The effect of solution pH on the uptake of Ag(I) is 
presented in Fig. 4. It is clearly that the adsorption capacity 
is dramatically enhanced by the increase of pH, and the 
maximum adsorption is reached at pH 6. At low pH, the sur-
face functional groups are existed in the protonation form, 
the positive charge impedes the contact of Ag(I) with the 
adsorbent, leading to the low adsorption capacity [27]. In 
addition, the competition between H+ and Ag(I) also reduces 
the adsorption at low pH. With the increase of pH, both the 
protonation degree of functional groups and the competi-
tion between H+ and Ag(I) decrease accordingly, which can 
provide more active binding sites, resulting in the increase 
of adsorption capacity. If the solution pH exceeds 6, the sil-
ver hydroxide maybe formed and hence this condition is 
undesired [31]. Therefore, pH 6 is selected for the following 
adsorption experiments.

3.3. Adsorption kinetic for Ag(I)

The adsorption kinetic curves for Ag(I) are depicted in 
Fig. 5. It is apparent that the adsorption of Ag(I) increases 
sharply during the first 120 min and then decreases until 
reach equilibrium at about 180 min. During the initial stage of 
the adsorption, the quick uptake of Ag(I) is mainly attributed 
to the abundant available binding sites of the adsorbent and 

Fig. 2. Structure of the computational model.

Fig. 3. Saturated adsorption capacity for metal ions for HO-SG-
GPTS-TS and HE-SG-GPTS-TS adsorbents (Concentration: 
0.002 mol.L–1; pH: 6; temperature: 25°C and shaking time: 12 h).

Fig. 4. Effect of pH on the adsorption of Ag(I) on HO-SG-GPTS-TS 
and HE-SG-GPTS-TS adsorbents (Concentration: 0.002 mol.L–1; 
temperature: 25°C; and shaking time: 12 h).
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high concentration of Ag(I), which facilitate the binding of 
Ag(I) with the adsorbent. With the adsorption proceeding, 
the number of available binding sites and Ag(I) concentra-
tion gradually decrease, resulting in the slowdown of the 
adsorption rate. The equilibrium adsorption capacity of 
HO-SG-GPTS-TS is also larger than HE-SG-GPTS-TS, further 
demonstrating the effectiveness of homogeneous method for 
the preparation of the adsorbent.

In order to evaluate the adsorption kinetic mechanism, 
pseudo-first-order and pseudo-second-order model that 
expressed by Eqs. (2) and (3) are employed to fit the kinetic 
data [32–35].

ln( ) lnq q q ke e 1   − −= t  (2)

t
q k q q

t
e e

= +
1 1

2  
2  (3)

where qe and q are the amount of Ag(I) adsorbed at equilibrium 
and instantaneous time t (mmol·g−1); k1 (min−1) and 
k2 (g·mmol−1·min−1) are rate constants of pseudo-first-order 
and the pseudo-second-order model, respectively. The fit-
ting results of are summarized in Table 1. It is clear that 
pseudo-second-order model displays superior fitness as com-
pared with pseudo-first-order model with higher correla-
tion coefficient (R2

2). In addition, the calculated adsorption 
capacity (qe,cal) obtained from pseudo-second-order model is 
closer to the experimental data (qe,exp), further confirming the 
appropriateness of pseudo-second-order model to describe 
the adsorption kinetic for Ag(I).

Boyed film diffusion model described by Eq. (4) is 
adopted to confirm whether film diffusion or intraparticle 
diffusion is the rate limiting step during the adsorption [36].

F
n

n Bt
n

= 1 6 1
2 2

1

2− −
π =

∞

∑ exp[ ]  (4)

where B represents time constant; n is an integer; and F is the 
fractional attainment which can be calculated by Eq. (5).

F
q
q
t

e

=  (5)

where qe is the equilibrium adsorption capacity (mmol·g−1), 
and qt is the adsorption amount at time t (mmol·g−1).

From the calculated F value, the corresponding Bt value 
can be obtained from the research of Reichenberg [37]. The 
rate limiting step can be distinguished through the fitting 
plots of Bt vs. t. When the fitting plot displays good linearity 
without passing through the origin, the adsorption is 
dominated by film diffusion. Otherwise, the adsorption will 
be controlled by intraparticle diffusion with the linear plot 
pass through the origin. The fitting linear equations of Bt vs. 
t and the corresponding parameters are presented in Table 2. 
As illustrated in Table 2, the plots exhibit excellent linearity 
without passing through the origin, proving the adsorption 
is controlled by film diffusion process. 

3.4. Adsorption isotherm for Ag(I)

The adsorption isotherm of HO-SG-GPTS-TS and 
HE-SG-GPTS-TS for Ag(I) is presented in Fig. 6. The result 
reveals the adsorption capacity increases with the increase 
of metal ion concentration and temperature, which indicate 
high concentration gradient and temperature can promote 
the uptake of Ag(I). The isotherm data are simulated with 
Langmuir and Freundlich isotherm models. The linearized 
forms of the two models can be expressed by Eqs. (6) and 
(7) [6,38,39].

Table 1 
Kinetic parameters for Ag(I) on HO-SG-GPTS-TS and HE-SG-GPTS-TS adsorbents

Adsorbents qe,exp 

(mmol·g–1)
Pseudo-first-order kinetics Pseudo-second-order kinetics
qe,cal (mmol·g–1) k1 (min–1) R1

2 qe,cal (mmol·g–1) k2 (mmol·g–1·min–1) R2
2

HE-SG-GPTS-AP 0.17 0.20 0.0183 0.9930 0.19 0.1723 0.9948
HO-SG-GPTS-AP 0.20 0.14 0.0211 0.9938 0.22 0.2785 0.9980

Fig. 5. Adsorption kinetic curves for Ag(I) on HO-SG-GPTS-TS 
and HE-SG-GPTS-TS adsorbents (Concentration: 0.002 mol.L–1; 
pH: 6; and temperature: 25°C).

Table 2 
Fitting parameters of Bt vs. t

Adsorbents Linear equation Intercept 
error

R2

HE-SG-GPTS-TS Bt = 0.0166t–0.3733 0.0603 0.9903
HO-SG-GPTS-TS Bt = 0.0236t–0.1620 0.0633 0.9904



311Z. Zhang et al. / Desalination and Water Treatment 151 (2019) 307–314

C
q

C
q q K

e

e

e

m m L

= +
1

 (6)
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q K
C
ne F
e= +  (7)

where Ce is equilibrium concentration (mmol·mL–1), qe and qm 
denote the equilibrium and maximum adsorption capacity 
(mmol·g−1), KL (mL·mmol−1) and KF (mmol·g−1) represent the 
constant of the Langmuir and Freundlich models, and n is the 
intensity exponent.

The fitting parameters of Langmuir and Freundlich 
models are listed in Table 3. It is obvious the correlation 
coefficient (R2) values obtained by Langmuir model are 
higher than the corresponding Freundlich model, suggest-
ing Langmuir model is more suitable to fit the isotherm 
data and the adsorption proceeds by monolayer adsorp-
tion behavior. The comparison of qm of HO-SG-GPTS-TS 
and HE-SG-GPTS-TS with alternative adsorbents is listed 
in Table 4. It is evident that HO-SG-GPTS-TS exhibits com-
parative higher adsorption capacity than the majority of the 
adsorbents, indicating HO-SG-GPTS-TS can be potentially 
used as efficient absorbent for the removal and recovery of 
Ag(I) from the aqueous solution.

D-R isotherm model is employed to distinguish whether 
the adsorption is physical or chemical in nature. The linear 
form of D-R model can be depicted as Eq. (8) [4,47].

ln lnq qe m= − βε2
 (8)

where β represents the activity coefficient (mol2·kJ–2 ), ε is the 
Polanyi potential which can be calculated from the following 
equation:

ε = +RT
Ce

ln ( )1 1
 (9)

Table 3 
Adsorption isotherm parameters for Ag(I) at different temperatures for HO-SG-GPTS-TS and HE-SG-GPTS-TS

Metal ions T (°C) Langmuir Freundlich

qm (mmol·g–1) KL (mL·mmol–1) RL
2 KF (mmol·g–1) n RF

2

HE-SG-GPTS-AP 15 0.32 378.78 0.9974 2.59 2.05 0.9819
25 0.40 390.68 0.9912 3.23 2.10 0.9779

35 0.46 453.34 0.9991 3.37 2.23 0.9784

HO-SG-GPTS-AP 15 0.36 567.38 0.9981 2.62 2.32 0.9568

25 0.66 275.62 0.9971 9.36 1.66 0.9902

35 0.87 218.52 0.9921 16.49 1.49 0.9840

Fig. 6. Adsorption isotherm profiles for Ag(I) on 
(a) HO-SG-GPTS-TS and (b) HE-SG-GPTS-TS adsorbents 
(pH: 6; temperature: 25°C; and shaking time: 12 h).

Table 4 
Comparison of qm for Ag(I) with alternative adsorbents 

Adsorbents qm (mmol·g–1 ) References

HE-SG-GPTS-TS 0.40 This study
HO-SG-GPTS-TS 0.66 This study
Sulfoethyl functionalized silica 0.20 [40]
Clinoptilolites 0.29 [41]
Biochar 0.41 [42]
Raw vermiculite 0.43 [43]
Mesoporous silica 0.43 [44]
Thiourea-formaldehyde 
chelating resins

0.54 [45]

Bentonite clay 0.57 [12]
Thiol-functionalized Silica gel 0.70 [46]
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The mean free energy (E, kJ·mol−1) of the adsorption can 
be derived from the value of β by Eq. (10).

E =
1
2β  (10)

The value of E can be used to evaluate the nature of the 
adsorption. The adsorption is physical in nature if E value 
below 8 kJ·mol–1, while it is chemical in nature when the 
E value fall in the range of 8–16 kJ·mol–1 [4]. The fitting 
parameters of D-R model are summarized in Table 5, the 
E values are all in the range of 8–16 kJ·mol–1 at different 
temperature, indicating the uptake of Ag(I) was proceeded 
by chemical mechanism. 

3.5. Thermodynamic parameters

Thermodynamic parameters including Gibbs free energy 
change (∆G), enthalpy change (∆H), and entropy change (∆S) 
are calculated according to Eqs. (11) and (12) [4,28]. 

lnK S
R

H
RTL = −

∆ ∆
 (11)

∆ ∆Η ∆G T S= −  (12)

The calculated results are shown in Table 6. It can be seen 
that ∆G values are all negative, indicating the spontaneous 
nature of the adsorption. The positive values of ∆H suggest 
that the adsorption process for Ag(I) is endothermic. 
Moreover, the values of ∆S are all positive, which reveal the 
increase of entropy during the adsorption.

3.6. Theoretical calculation on the adsorption mechanism

The optimized geometries of Ag(I) complexes with func-
tional group are presented in Fig. 7 and the relevant parame-
ters are summarized in Table 7. It is evident that the functional 
group tends to coordinate Ag(I) by three modes during the 
adsorption. For Ag(I)-Complex-I, functional group behaviors 
as monodentate ligand to interact with Ag(I) by S atom, and 
the S-Ag bond length is 2.45 Å. For Ag(I)-Complex-II, the 
functional group coordinates with Ag(I) by S and hydroxyl O 
atoms to form bidentate complex. The bond lengths of S-Ag 

and O-Ag are 2.49 and 2.34 Å, respectively. Similar to Ag(I)-
Complex-II, Ag(I)-Complex-III is also formed through two O 
atoms with the bond lengths of 2.28 and 2.40 Å. 

NBO analysis are further performed to reveal the interac-
tion and charge transfer between functional group and Ag(I) 
during the adsorption [13,29]. As can be seen from Table 7, 
NBO partial charges of Ag(I) in the complexes are all smaller 
than 1, while that of functional groups are all higher than 0. 
This indicates charge transfer from functional group to Ag(I) 
takes place during the adsorption. The transferred charges 
mainly spread to the 5s orbital of Ag(I), while a little portion 
distributes on the 5p and 6p orbitals. Second order perturba-
tion theory analysis of Fock matrix in NBO basis is an effec-
tive tool to evaluate the interaction between donor atom and 
Ag(I) [28]. The stabilization energy E(2) between donor atom 
and metal ion can be used to confirm the contribution of donor 
atom during the adsorption. For Ag(I)-Complex-I, the E(2) for 
S and Ag(I) interaction is 3.24 kcal/mol, and is dominate by the 
electron transfer from lone pairs electron of S to the antibond 
empty orbital of S-Ag (LP(S)→BD*(Ag)). Different from Ag(I)-
Complex-I, the σ donation of lone pair of electrons of S and 
O atoms to the empty orbital of Ag(I) dominates the forma-
tion of Ag(I)-Complex-II. The E(2) values of LP(S)→LP*(Ag) 
and LP(O)→LP*(Ag) are 35.18 and 10.88 kcal/mol, indicating S 
atom is the main contributor during the adsorption. Similar to 
Ag(I)-Complex-II, the E(2) values of LP(O)→LP*(Ag) are 4.62 
and 10.07 kcal/mol for Ag(I)-Complex-III. The binding energy 
follow the order of Ag(I)-Complex-II > Ag(I)-Complex-III > 
Ag(I)-Complex-I, indicating the formation of Ag(I)-Complex-II 
by S and hydroxyl O atoms dominate the adsorption. 

Table 5 
Fitting parameters of D-R isotherm model

Adsorbents T (°C) Linear equation qm (mmol·g–1) β (mol2·J–2) E (kJ·mol–1) R2

HE-SG-GPTS-TS 15 Y = –7.15 × 10–9x–0.43 0.68 7.15 × 10–9 8.36 0.9930
25 Y = –6.57 × 10–9x–0.20 0.81 6.57 × 10–9 8.73 0.9867

35 Y = –5.80 × 10–9x–0.09 0.92 5.80 × 10–9 9.28 0.9918

HO-SG-GPTS-TS 15 Y = –6.29 × 10–9x–0.31 0.74 6.29 × 10–9 8.92 0.9757

25 Y = –6.34 × 10–9x+0.44 1.55 6.34 × 10–9 8.88 0.9981

35 Y = –6.56 × 10–9x+0.79 2.20 6.56 × 10–9 8.73 0.9947

Table 6 
Thermodynamic parameters for Ag(I) at different temperatures 
for HO-SG-GPTS-TS and HE-SG-GPTS-TS

Adsorbents T 
(°C)

∆G 
(kJ·mol–1)

∆H 
(kJ·mol–1)

∆S 
(J·mol–1·K–1)

HE-SG-GPTS-TS 15 –14.27 6.63 72.18
25 –14.89
35 –15.60

HO-SG-GPTS-TS 15 –12.69 35.23 166.30
25 –14.35
35 –16.02
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4. Conclusion 

In this study, thiourea-functionalized silica gel (HO-SG-
GPTS-TS and HE-SG-GPTS-TS) were synthesized and used 
for the removal of Ag(I) from aqueous solution. The effects 
of solution pH, contact time, temperature, and initial Ag(I) 
concentration on the adsorption were determined. Results 
show that the optimum adsorption pH is 6. Adsorption 
kinetic follows pseudo-second order model and is controlled 
by film diffusion process. The adsorption isotherm can be 
well described by monolayer Langmuir model and proceeds 
by chemical mechanism. Thermodynamic parameters sug-
gest that the adsorption is a spontaneous, endothermic, and 
entropy increased process. DFT calculation reveals that the 
formation of chelates with Ag(I) by S and hydroxyl O atoms 
dominate the adsorption, and S is the main contributor. The 
charge transfer from functional group to Ag(I) takes place 
during the adsorption.
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