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 Abstract: Two novel materials of 2-aminobenzimidiazole (AB) and 1-(o-
tolyl)biguanide (TB) modified silicas coated on the iron sand magnetic material 
(MM@SiO2/AB and MM@SiO2/TB) have been synthesized and were used to adsorb 
Au(III) from Au/Cu/Ni solution. Silica layering MM was modified with polyamino 
compounds via a sol-gel process using a sodium silicate solution, 3 chloropropyl 
trimethoxysilane (CPTS) and modifier compounds. Adsorption of Au(III) on 
MM@SiO2/AB and MM@SiO2/TB was investigated in a batch system by varying pH, 
initial concentration, contact time and the presence of other metal ions (Cu(II) and 
Ni(II)). The results showed that MM@SiO2/AB and MM@SiO2/TB were successfully 
synthesized through the sol-gel process using cross-linking agent CPTS. Adsorption of 
Au(III) on MM@SiO2/AB and MM@SiO2/TB decreased with the increase of pH and 
followed the Langmuir isotherm models with adsorption capacity of 17.15 and 9.44 mg/g, 
respectively. The adsorption kinetics fit to a pseudo-second-order model with the rate 
constants of 1.16 × 10–2 and 1.46 × 10–2 g mg–1 min–1, respectively. MM@SiO2/AB and 
MM@SiO2/TB gave a high selectivity towards Au(III) in a mixture of Cu(II) and Ni(II). 
The desorption using thiourea 1 M solution in 1 M HCl of metal ions showed that 
percentage of Au(III) desorbed was higher than that of Cu(II) and Ni(II). 
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■ INTRODUCTION 

It is well known that gold (Au) exhibits many special 
characters and high economic value. Currently, the use of 
gold is not only as jewelry but also can be used in various 
fields, such as catalysis [1] and the electronic industry as 
components of Printed Circuit Board (PCB) [2-4]. The 
growth of the electronic industry leads to the increase of  
gold used in this field and the amount of electronic waste 
in the environment. The electronic components are not 
only gold but also other metals such as copper, zinc, and 
nickel. Consequently, a simple and efficient method for 
gold separation from other metals is required. 

One of the gold separation methods as an ion, 
Au(III), is adsorption which has many advantages, 
including environmental-friendly, no hazardous waste, 
inexpensive, can be applied at a low concentration of 

metal ion [5] and the adsorbent can be used repeatedly 
[6]. Various types of adsorbents can be used in the 
process of Au(III) adsorption, such as nanoporous 
adsorbents [7], nanofiber membranes [8] and modified 
silica [5,9-11]. However, adsorption using this type of 
adsorbent is usually time-consuming in separation 
between adsorbent and filtrate. 

One attempt to improve the effectiveness of silica-
based materials as an adsorbent of Au(III) and other 
metal ions is by modifying it using organic functional 
groups [10]. The previous researcher proved that the 
functional groups of amines, monoamine, diamine or 
triamine are able to be used to modify the silica surface 
and to be used as a heavy metal adsorbent [5]. The amino 
groups can act as an electron-pair donor to the metal 
ions. As a result, the amine group is able to adsorb metal 
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ions [10-12]. The results showed that the adsorption 
capacity of Cu(II), Ni(II), Pb(II), Cd(II), and Zn(II) 
increases with increasing nitrogen atom number in the 
adsorbent [5]. However, the number of amino groups per 
molecule of modifying compound seems not significantly 
affect the adsorption capacity for Au(III). Sakti et al. [11] 
reported that the capacity of silica modified with 
aminopropyl silane to adsorb Au(III) was 134 mg/g, while 
silica modified with arginine adsorbed 53 mg/g [12]. It 
seems that the environment of active sites including the 
presence of phenyl around the amino groups influences 
the capability in binding Au(III). Thus, two compounds 
containing both phenyl and amino groups namely 2-
aminobenzimidazole (AB) and 1-(o-tolyl)biguanidine 
(TB) (Fig. 1) are investigated. 

■ EXPERIMENTAL SECTION 

Materials 

Iron sand magnetic material (MM) was separated 
from Iron sand collected from Bugel Beach, Kulonprogo, 
Yogyakarta, Indonesia referring to the procedure 
reported by Fahmiati et al. [18]. Ten grams of iron sand 
sample was separated using the external magnetic field to 
obtain MM. The attracted MM was sieved to 70 meshes 
and then washed with distilled water and dried at 80 °C. 
The MM was soaked with 10% HF solution and sonicated 
for 15 min. The soaked MM was washed with distilled 
water and was dried at 80 °C. The MM obtained was 
81.6% of iron sand treated. Chemicals used for coating 
MM were purchased from Merck including Na2SiO3 

solution (7.5–8.5% Na2O and 25.5–28.5% SiO2), 3-
chloropropyltrimetoxisilane (CPTS) and NaCl, and 2-
aminobenzimidazole (AB) and 1-(o-tolyl)-biguanidine 
(TB) were supplied from Aldrich. Metal ions used for 
adsorption experiments were originated from HAuCl4, 
NiCl2·6H2O, and CuCl2·2H2O (Merck) dissolved in 1 M 
HCl solution, and chemicals for desorption were thiourea 
solution in 1 M HCl. 

Instrumentation 

Fourier Transform Infrared (FTIR) 
Spectrophotometer (Shimadzu FTIR Prestige 21), X-ray 
Diffractometer (XRD) (Rigaku Multiflex), Vibrating Sample 

 
Fig 1. Structure of 2-aminobenzimidazole (AB) and  
1-(o-tolyl)biguanidine (TB) 

Magnetometer (VSM) (VSM Oxford 1,2 T) were used to 
identify the presence of the functional groups, 
crystallinity, and magnetism, respectively. Atomic 
Absorption Spectrophotometer (AAS) (Analytic Jena 
contrAA 300) was used for analyzing Fe dissolved 
during stability test of products and the un-adsorbed 
metal ions. 

Procedure 

Coating of MM and its characterization 
About 0.5 g of MM was activated with 1 mL of 1 M 

HCl solution and the activated MM was added with  
1 mL of sodium silicate solution to obtain Mixture 1. 
Mixture 2 was prepared by mixing 1.8 mL of CPTS, 6 mL 
of DMF and modifiers (1.28 g of AB or 1.83 g of TB). 
Mixture 2 was poured into Mixture 1 and then was 
added with 1 M HCl solution dropwise to form a gel. The 
formed gel was kept overnight and then dried in an oven 
at 80 °C for 4 h. The dried product was grounded, 
washed with distilled water, and dried at 80 °C for 4 h. 
The obtained product was characterized by FTIR 
spectrophotometer, XRD, VSM. Besides, acidic stability 
was tested at various pHs, and pHPZC was determined.  

The acidic stability was carried out by mixing  
10 mg of samples and 10 mL pH buffer solution at 
various pHs (1-6) prepared using HCl solution, 
C6H8O7·H2O, and Na3C6H5O7·2H2O. The mixture was 
shaken for 60 min and the filtrate was separated with an 
external magnetic field. The dissolved Fe ion was 
analyzed with AAS. 

The pHPZC value of coated MM sample was 
determined by adjusting pH of 0.01 M NaCl solutions 
using 0.1 M HCl or 0.1 M NaOH solution to reach pHs 
of 1–10. About 10 mg of coated MMs was put into each 
container of NaCl solution with different pH. The 
mixtures were shaken for 60 min, kept for 3 days and 
then the final pH was measured. 
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Adsorption of metal ions 
Adsorption was carried out in a batch system by 

adding 10 mg of adsorbent in 10 mL of buffer solution 
containing Au(III) 50 mg/L. The mixture was stirred for  
 
1 h and the adsorbent was separated with an external 
magnet. The amount of Au(III) not adsorbed was 
analyzed with AAS, and the adsorbed Au(III) was 
calculated using Eq. (1): 

( )0 eC C V
Q

w
−

=   (1) 

where Q represents the amount of Au(III) adsorbed (mg 
g–1); C0 and Ce are the initial and the final concentrations 
of the metal ion (mg L–1), respectively; W is the mass of 
the adsorbent (g), and V is the volume of the metal ion 
solution (L). 

The pH was adjusted and varied from 1.0 to 6.0. An 
analog work of the adsorption was performed by varying 
the Au(III) concentration, in a range of 5–75 mg/L, at 
optimum pH. The resulted data was evaluated using 
Langmuir and Freundlich isotherm models. In addition, 
adsorption in various contact times (15–240 min) at 
optimum pH and Au(III) concentration was conduct and 
the kinetics were studied using models of pseudo-first-
order and pseudo-second-order. Adsorption of Au(III) in 
the presence of other metal ions, Cu(II) and Ni(II), was 
also conducted. About 10 g coated MM was mixed with 
10 mL metal ion mixture of Au(III)/Cu(II)/Ni(II) with the 
various concentration ratios of Au(III) (20 mg/L) to other 
metal ions (20, 40, and 60 mg/L). The adsorption 
selectivity of coated MM to Au(III) was presented as a 
selectivity coefficient of Au(III) to another ion M (αAu/M) 
calculated using Eq. (2). 

Au
Au/M

M e

D Q,  D=
D C

α =   (2) 

where D represents the distribution coefficient of ion, Q 
is capacity and Ce concentration of ion at equilibrium. 

Desorption of metal ions 
Amount of 10 mg adsorbent was put into a bottle 

containing of Au(III), Cu(II), Ni(II) with various 
concentrations ratios (Au(III):Cu(II):Ni(II) = 20:0:0; 
20:20:20; 20:40:20 and 20:20:40 mg/L) and then shaken 
for 60 min. The adsorbent was separated with an external 

magnet and the filtrate was analyzed using AAS. The 
adsorbent was dried at 40 °C and then 10 mL thiourea 1 
M in 1 M HCl solution added into it and shaken for 60 
min. The adsorbent was separated with an external 
magnet and the filtrate was measured by AAS. 

■ RESULTS AND DISCUSSION 

Characteristics of MM@SiO2/AB and MM@SiO2/TB 

Functional groups 
The presence of functional groups in the products 

has been identified based on the IR spectra as presented 
in Fig. 2. From the figure seems that stretching vibration 
of M-O-M (M = Si or Ti) is observed at 1041–1057 cm–1. 
The absorption band at 3448 cm-1 appears from 
stretching of –OH bond [18]. 

Vibration band at 571 cm-1 comes from the 
absorption of Fe-O bond [15]. The intensity of this peak 
decreases after MM coating. This is due to the presence 
of layer on MM surface. The appearance of the band at 
463-471 cm–1 indicates the presence of Si-O-Si. 
Stretching vibration of Si-O-Si is observed at 787–802 
and 1039–1088 cm–1. Stretching vibration of Si-OH is 
identified at 910–941 cm–1 [19]. The absorption bands at 
1628–1636 and 3418–3449 cm–1 in coated MM spectra 
come from bending and stretching of -OH in Fe-OH and 
Si-OH. 

Using 3-chloropropyltrimetoxisilane (CPTS) as a 
cross-linking group between silica and functional 
groups causes the presence of absorption band from 
bending of -CH2- at 1442 cm–1. The absorption band at 

 
Fig 2. FTIR spectra of (a) MM after activation with HF, 
(b) MM@SiO2, (c) MM@SiO2/CPTS, (d) MM@SiO2/AB 
and (e) MM@SiO2/TB 
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Fig 3. Structural model of (a) MM@SiO2/AB and (b) 
MM@SiO2/TB 

 
Fig 4. XRD patterns of (a) MM after activation with HF, 
(b) MM@SiO2/AB and (c) MM@SiO2/TB 

 
1126 cm–1 is identified from stretching of Si-CH2. The 
presence of C-H results in absorption band at 2955 cm–1 
as asymmetric stretching vibration [19]. Therefore,  those 
peaks are not detected on MM and MM/SiO2. 

The appearance of C=C benzene aromatic ring 
stretching vibration band at MM@SiO2/AB indicates that 
AB ligand was successfully coated on MM. This is 
evidenced by the presence of C=N stretching vibration 
band of the imidazole ring at 1558 cm–1. The observed 
bands around 3300 cm–1 correspond to stretching of –OH 
and –NH [15]. 

The success of coating with TB to form 
MM@SiO2/TB was proved by the presence of C-N 
stretching vibration at 1381 cm–1. Stretching vibration of 
the C=C benzene ring is detected at 1543 cm–1. This band 
coincides with the absorption band of C=N stretching. 
The absorption band at 1628 cm–1 derived from multiple 
vibration bands; –OH, -NH and C=C aromatic. The 
presence of a band at 3426 cm–1 originates from the 
stretching of –OH and –NH [15]. The FTIR analysis 
results show the presence of Fe-O, Si-C, C-N and Si-O-Si 
bonds. This may form the structure model of 
MM@SiO2/AB and MM@SiO2/TB as presented in Fig. 3. 

Crystallinity 
The XRD patterns of uncoated and coated MMs are 

shown in Fig. 4. It describes the type of iron oxide 
containing in MM. The iron oxide dominant phase of 
MM is magnetite according to Powder Diffraction File 
(PDF) No. 19-0629. Silica iron oxide (Fe2,95Si0,05O4)  
 

 
Fig 5. The magnetization hysteresis loop of (a) MM after 
activation with HF, (b) MM@SiO2/AB and (c) 
MM@SiO2/TB 

Table 1. Magnetic properties of uncoated and coated 
MM 

Material Ms (emu/g) Mr (emu/g) Hc (× 10-2 T) 
HF treated MM 44.90 10.90 1.69 
MM@SiO2/AB 
MM@SiO2/TB 

23.30 
10.60 

5.41 
 2.23 

1.93 
1.86 

according to PDF No. 52-1140, titania iron oxide 
(((Fe2,5Ti0,5)1,04)O4) according to PDF No. 51-1587 and 
ilmenite (Fe2TiO3) according to PDF No. 29-0733 are also 
detected. The decrease of MM diffraction peaks intensity 
and the appearance of new peaks are observed after coating  
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of MM with silica hybrid. The presence of broad peaks at 6.04  
and 20.48°  on coated MM  XRD patterns indicate that MM 
has been successfully coated with silica [20]. 

Magnetism 
Magnetic properties of bare MM and coated MM 

were measured at room temperature and the results are 
shown in Fig. 5. It reveals that coating of MM reduces the 
maximum saturation magnetization (Ms) of MM from 
44.90 emu/g to 23.30 emu/g for MM@SiO2/AB and to 
10.60 for MM@SiO2/TB, as presented in Table 1. 

It is probably due to the presence of layer on MM 
surface while these silica hybrid layers have no magnetic 
property [6,14,21]. A lower Ms value of MM@SiO2/TB 
may be explained because of a higher molecular weight of 
TB that leads slower response of MM@SiO2/TB to the 
external magnetic field than that of MM@SiO2/AB. 

Stability in acidic condition 
The stability test of adsorbents at various acidic pHs 

is evaluated for detecting the amount of Fe ions dissolved 
from coated MM. The decrease of Fe content in MM may 
reduce the magnetic properties of adsorbent. Fig. 6 shows 
that dissolved Fe ions from coated MM are not more than 
2.5%. The insignificant difference of the dissolved Fe at 
various acidic pHs indicates that MM@SiO2/AB and 
MM@SiO2/TB are stable at these acidic pHs so these 
adsorbents could be used for adsorption in these pHs 
range. 

pHPZC value 
Value of pHPZC was investigated to determine the 

type of adsorbent surface charge at a certain pH. The 
increase of solution pH corresponds to the protonated 
functional groups on the adsorbent surface so that is 
charged positively. On the other hand, if the final 
solution pH is lower than initial solution pH, it indicates 
the increase of H+ ions in solution. This phenomenon 
proves the occurrence of functional groups 
deprotonation on the adsorbent surface. Fig. 7 shows 
that pHPZC of MM@SiO2/AB is obtained to be around 5.4 
while that of MM@SiO2/TB is found at 5.9. Therefore 
these adsorbents are positively charged below these pHs. 

These values are lower than pHPZC of bare 
magnetite which is found to be around 8.2 [21], 
indicating MM were covered by silica hybrid. A higher 
pHpzc value of MM@SiO2/TB than that of 
MM@SiO2/AB could be expected since the number of 
amine groups on TB ligand is more than it on AB ligand. 
Therefore the amount of H+ ions required for 
protonating active sites of the adsorbent surface on 
MM@SiO2/TB is higher than it on MM@SiO2/AB. 

Adsorption 

Effect of pH on Au(III) adsorption 
To investigate the effect of pH on Au(III) 

adsorption, the adsorption was done at various pH from 
1.0 to 6.0. The reduction tendency of adsorption capacity  

 

 
Fig 6. The effect of pHs to dissolved Fe (%) of 
MM@SiO2/AB and MM@SiO2/TB 

 
Fig 7. pHPZC of MM@SiO2/AB and MM@SiO2/TB
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Fig 8. The effect of pH to adsorbed Au(III) on 
MM@SiO2/AB and MM@SiO2/TB 

 
Fig 9. The effect of initial concentration on adsorbed 
Au(III) on MM@SiO2/AB and MM@SiO2/TB 

 
is observed with the increase of solution pH (Fig. 8). 

The highest amount of adsorbed Au(III) on both 
adsorbents is obtained at a pH of 1.0 with adsorption 
capacity of MM@SiO2/AB is 15.58 mg/g while that of 
MM@SiO2/TB is 8.88 mg/g. Those adsorbents show 
higher capacity in comparison to unmodified MM@SiO2 
2.61 mg/g at the range of pH tested. This optimum pH 
may be obtained since the amine groups on these 
adsorbents has been protonated perfectly so the amount 
of Au(III) that interact with the active sites of adsorbent 
increases. The adsorption  capacity of MM@SiO2/AB is 
greater than that of MM@SiO2/TB. It is due to the higher 
of amine groups number on TB ligand which has the near 
distance between itself leads to steric hindrance when 
Au(III) adsorbed in high amount. Au(III) exist in solution 
as [AuCl4]– when pH is below 3 [22] while coated MM 
positively charged at pH below theirs pHPZC. This 
indicates that the Au(III) adsorption on MM@SiO2/AB 
and MM@SiO2/TB could be attributed to the electrostatic 
attraction. The positive charge of adsorbents surface 
increases with the decrease of pH. Thus the maximum 
adsorption capacity is obtained at lower pH and then the 
solution pH was set at 1.0 in the following experiments. 

Adsorption isotherms 
It is known that the maximum adsorption capacity 

of MM@SiO2/AB and MM@SiO2/TB is measured at the 
initial Au(III) concentration of 20 mg/L (Fig. 9). The 
Au(III) adsorption data on MM@SiO2/AB and 
MM@SiO2/TB were analyzed with Langmuir and 

Freundlich isotherm models. Langmuir adsorption 
isotherm model can be written as Eq. (3). 

e
e

e max max L

C 1 1   C  
q q q  K

= +   (3) 

where qe (mg/g) and Ce (mg/L) are the amount adsorbed 
and concentration of Au(III) at equilibrium, 
respectively, qmax is maximum adsorption capacity 
(mg/g) and KL is Langmuir constant relating to the 
affinity of binding sites (L/mg). The values of qmax and KL 
can be determined from the slope and intercept of Ce 
versus Ce/qe plot. Freundlich adsorption isotherm 
empirically can be expressed in Eq. (4). 

e t F
1lnq   lnC lnK
n

= +   (4) 

where KF is Freundlich constant related to adsorption 
capacity of adsorbent and n is the Freundlich exponent 
related to adsorption intensity. The values of KF and n 
can be calculated from the slope and intercept of ln Ct vs 
ln qe plot. 

Langmuir and Freundlich parameters and 
regression coefficient are shown in (Table 2). The linear 
regression coefficients (R2) for the Langmuir model 
(more than 0.9823) are higher than that for Freundlich 
(less than 0.6036). Those values indicate that Au(III) 
adsorption on MM@SiO2/AB and MM@SiO2/TB fit 
with the Langmuir model and implied that the Au(III) 
adsorption on these adsorbent occurs in a single 
monolayer. Adsorption of Au(III) on these adsorbents 
have the qmax value of 17.15 mg/g for MM@SiO2/AB and 
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that of 9.44 mg/g for MM@SiO2/TB. These qmax values are 
higher than that for MM/SiO2 (2.71 mg/g) showing the 
effect of coating MM with functional groups added. It 
may be understood because of two factors: firstly, the 
steric hindrance between Au(III) adsorbed. Secondly, the 
competition between [AuCl4]- anion and Cl- ion from the 
buffer solution to interact with active sites of adsorbent. 

Adsorption kinetics 
Adsorption kinetics is evaluated by varying contact 

time of Au(III) adsorption. The result shows that the 
adsorption of Au(III) is fast and reaches equilibrium 
within 45 min for both adsorbents (Fig. 10). Pseudo-first 
order and pseudo-second-order kinetic models are 
applied to evaluate the kinetics. Pseudo-first order and 
pseudo-second-order model are shown below. 

1
e t e

k
log (q q ) log q    t

2.303
− = −   (5) 

= +
t e

t 1 1t
q q h

  (6) 

e
2 2

k h
q

=   (7) 

where qe and qt are the amounts of Au(III) adsorbed at 
equilibrium and time t, respectively; k1 and k2 are 
adsorption rate constant for pseudo-first-order and 
pseudo-second-order kinetics, respectively. The value of 
k1 and k2 can be obtained by plotting curves of t versus 
log(qe-qt) and t versus t/qt. 

Table 3 shows that Au(III) adsorption on 
MM@SiO2/AB and MM@SiO2/TB follows the kinetic 
model of pseudo-second order. The adsorption rate 

constant k2 of Au(III) on MM@SiO2/TB is higher than 
that on MM@SiO2/AB. This indicates that the amount 
of Au(III) adsorbed on a constant mass of MM@SiO2/TB 
at time unit is lower than that of MM@SiO2/AB. From k2 
value, also known that MM@SiO2/AB has a greater 
adsorption rate than MM@SiO2/TB, as a result from 
inversely proportional to k2 value. This result supported 
the kinetics models reported by previous researchers 
revealing that Au(III) adsorption on adsorbent follows 
pseudo-second-order with k2 value in the order of 10–2 
g/mg min [3,16]. 

Adsorption selectivity 
Adsorption selectivity of Au(III) on MM@SiO2/AB 

and MM@SiO2/TB in metal ions mixture was conducted 
by adsorbing metal ions at constant Au(III) concentration  

 
Fig 10. The effect of adsorption time to adsorbed Au(III) 
on MM@SiO2/AB and MM@SiO2/TB 

Table 2. Adsorption isotherm parameters of Au(III) on MM@SiO2/AB and MM@SiO2/T 

Adsorbent 
Langmuir Freundlich 

qmax (mg/g) KL (L/mg) R2 KF (mg/g) n R2 
MM@SiO2/AB 17.15 0.33 0.9935 5.78 3.48 0.4959 
MM@SiO2/TB 9.44 0.19 0.9823 2.23 2.68 0.6036 

Table 3. Adsorption kinetics parameters of Au(III) on MM@SiO2/AB and MM@SiO2/TB 

Adsorbent 
Pseudo first-order Pseudo second-order 

k1  
(min–1) 

qe  
(mg/g) 

R2 k2  
(g mg–1 min–1) 

qe 
(mg/g) 

R2 

MM@SiO2/AB 1.38×10–2 1.79 0.6503 1.16×10–2 9.52 0.9884 
MM@SiO2/TB 1.15×10–3 1.42 0.0061 1.46×10–2 6.83 0.9486 
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Table 4. Selectivity of MM@SiO2/AB and MM@SiO2/TB for Au(III) adsorption toward Cu(II) and Ni(II) 
Adsorbent Initial concentration (mg/L) D (L/g) 

αAu/Cu αAu/Ni Au(III) Cu(II) Ni(II) Au(III) Cu(II) Ni(II) 

MM@SiO2/AB 

20 20 20 53.67 1.52 2.64 35.21 20.36 
20 20 40 36.27 1.60 2.72 22.67 13.33 
20 20 60 34.65 1.52 2.87 22.73 12.07 
20 40 20 13.39 1.46 2.20 9.14 6.09 
20 60 20 13.91 1.32 2.48 10.91 5.61 

MM@SiO2/TB 

20 20 20 12.16 2.68 2.01 4.53 6.05 
20 20 40 11.36 2.68 1.98 4.23 5.74 
20 20 60 7.00 2.78 2.17 2.52 3.22 
20 40 20 13.07 2.21 1.52 5.90 8.60 
20 60 20 18.42 1.85 1.74 9.98 10.57 

 
Table 5. Percentage of metal ion desorbed in a mixture of Au(III), Cu(II) and Ni(II) 

Adsorbent 
Initial concentration 

(mg/L) 
Adsorbed metal ion 

(mg/g) 
Desorbed metal ion 

(mg/g) 
Desorbed metal ion 

(%) 
Au(III) Cu(II) Ni(II) Au(III) Cu(II) Ni(II) Au(III) Cu(II) Ni(II) Au(III) Cu(II) Ni(II) 

 20 0 0 17.00 0.00 0.00 12.37 0.00 0.00 72.76 0.00 0.00 
MM@SiO2/AB 20 20 20 14.37 13.03 13.94 9.85 0.31 0.90 68.56 2.38 6.47 

 20 40 20 17.65 12.97 17.95 9.45 0.79 0.80 53.56 6.09 4.48 
 20 20 40 17.78 16.48 11.29 9.45 0.25 0.40 53.15 1.53 3.56 
 20 0 0 9.26 0.00 0.00 6.55 0.00 0.00 70.74 0.00 0.00 

MM@SiO2/TB 20 20 20 17.67 16.88 17.23 14.25 1.11 1.96 80.61 6.58 11.37 
 20 40 20 17.90 36.52 12.71 11.93 0.45 2.16 66.63 1.24 16.99 
 20 20 40 17.66 15.35 36.62 12.58 0.54 2.25 71.25 3.53 6.15 

 
and various other metal ion concentrations. Adsorption 
selectivity is presented as a selectivity coefficient 
(coefficient distribution ratio of Au(III) to another ion) 
and calculated using Eq. (1). 

From Table 4 could be known that the selectivity of 
Au(III) on MM@SiO2/AB and MM@SiO2/TB toward 
Cu(II) and Ni(II) is higher than 1. It proves that these 
adsorbents adsorb Au(III) selectively toward other metals 
ion in the mixture. This is caused by the tendency of 
MM@SiO2/AB and MM@SiO2/TB to interact with 
[AuCl4]– anion electrostatically than with Cu(II) and 
Ni(II) resulting in electrostatic repulsion. It can be seen 
that adsorption on MM@SiO2/AB gives greater selectivity 
coefficient of Au(III) than that on MM@SiO2/TB. This 
result is agreed with the adsorption data of Au(III) in a 
single metal ion system which MM@SiO2/AB has a higher 
capability to adsorbing Au(III). 

Desorption 
Desorption of Au(III), Cu(II) and Ni(II) metal ions 

from MM@SiO2/AB and MM@SiO2/TB was 
investigated by varying the concentration of Cu(II) and 
Ni(II) adsorbed on adsorbents while Au(III) 
concentration was made constant. A solution of 1 M 
thiourea in 1 M HCl has been reported to yield the high 
percentage recovery of gold and the least dissolution of 
magnetic material particles [23]. 

Table 5 represents that desorption of Au(III) from 
MM@SiO2/AB and MM@SiO2/TB result the high 
percentage of Au(III) desorbed (more than 53.15%) and 
this value is higher than the percentage of Cu(II) and 
Ni(II) desorbed (less than 16.99%). Based on hard-soft-
acid-base (HSAB) theory, Au(III) as soft acid, could 
interact with S of thiourea as a soft base through sharing 
of electrons involving covalent forces. This covalent  
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bonding results in a stable complex between thiourea and 
Au(III) so that Au(III) tends to bind with thiourea than 
with amine groups on adsorbents surface. This 
phenomenon does not occur on Cu(III) and Ni(II) as 
intermediate acid (borderline) thus the amount of Cu(II) 
and Ni(II) desorbed is lower than that of Au(II). 

■ CONCLUSION 

It can be concluded that 2-aminobenzimidazole and 
1-(o-tolyl)biguanide modified silica have been 
successfully coated on the iron sand magnetic material 
using CPTS as a cross-linking agent. The Au(III) 
adsorption capacity of MM@SiO2/AB and that of 
MM@SiO2/TB are higher than that of MM/SiO2. The 
adsorption of Au(III) on these adsorbents in single metal 
ion system fit Langmuir isotherm model and follow 
pseudo-second-order reaction. The selectivity adsorption 
test proves that MM@SiO2/AB and MM@SiO2/TB have 
high selectivity towards Au(III) in a mixture of Au(III), 
Cu(II) and Ni(II). The desorption metal ions from 
adsorbents show that percentage of Au(III) adsorbed is 
higher than that of Cu(II) and that of Ni(II). 
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