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AbstractPure silica nanocapsules (SiNC-P) and elemental sulfur-encapsulated silica nanocapsules (SiNC-ES) as
Ag(I) adsorbents were successfully synthesized by a one-step water-in-oil microemulsion polymerization process. The
characterization of the synthesized materials, such as surface morphology, surface area, porosity, functional groups and
thermal characteristics, was carried out using various analytical techniques. The SiNC-P and SiNC-ES have nearly sim-
ilar morphology, but the surface area and pore size of the SiNC-ES are higher than SiNC-P. The Ag(I) adsorption study
showed that it increased with increasing elemental sulfur (ES) amount in the SiNC-ES. The SiNC-ES shows high
adsorption capacity, independent of pH, and higher adsorption rate as compared to SiNC-P. The maximum Ag(I)
adsorption capacity of SiNC-P and SiNC-ES was 50.49 mg g1 and 98.51 mg g1, respectively. The adsorption isotherm
data were best described by the Langmuir model. The diffusion modeling analysis of the kinetic data indicated that
film diffusion is the controlling step, while chemical reaction modeling obeys the pseudo-second-order kinetic model.
The SiNC-ES was reusable and good adsorption performance up to four adsorption cycles was observed. The practical
capability of the SiNC-ES to adsorb Ag(I) was successfully demonstrated using an industrial waste solution in which a
high removal efficiency was observed (>90%). This demonstrates that the SiNC-ES can be a potential adsorbent for
Ag(I) recovery from industrial wastes.
Keywords: Silica, Elemental Sulfur, Nanocapsules, Ag(I) Ions, Adsorption

INTRODUCTION

Silver contamination has increased due to increasing demand
for electric and electronic product, photographic, coinage, and metal
alloy industries [1,2]. Consequently, the availability of silver from
natural sources is also continuously decreasing accordingly. Silver
recovery and reutilization from waste water/solid as secondary sil-
ver sources has therefore gained considerable attention. An adsorp-
tion process is relatively effective and efficient for metal recovery
compared to other processes due to their operational complexity,
high operational cost and incomplete removal, and toxic wastes [3].
Materials such as activated carbons/chars [4-7], resins [8-15], bio-
materials [16-18], clays and zeolites [3,19-21], metal oxides [22], and
silicas [1,23-25] have been explored for Ag(I) adsorption in aque-
ous solution.

With the rapid development of nanotechnology, silica nanocap-
sules (SiNC) have attracted significant interest as a superior nano-

carrier for loading and delivering functional compounds. Various
functional compounds have been encapsulated into the silica nano-
capsules and used in many potential applications such as drugs and
gene delivery vehicles [26-29], imaging agents for imaging probes
[27,30-32], catalysts [33,34], sensing coatings [35-38], energy stor-
ages [39], and environmental remedies [2,40-43].

As adsorbents, in order to improve the affinity of the SiNC to-
wards selected metal ions, specific modifications by introducing the
function groups into SiNC are inevitable. It is well known that the
sulfur functional groups have a soft Lewis base property that offers a
strong affinity towards soft Lewis acid metals such as Hg(II), Ag(I),
and Au(III)) [44,45]. The modification of silica materials using ES
has been hardly reported. Most of modifications using ES were per-
formed using a dry impregnation method where the mixture of
ES and support materials (e.g., silicas, activated carbons, and syn-
thetic polymers) was heated in a controlled environment [44-46].
The elemental sulfur (ES) encapsulated SiNC (SiNC-ES) synthe-
sized via one-step oil-in-water microemulsion polymerization pro-
cess in which the hydrophobic phase containing ES molecules was
first homogeneously emulsified in water soluble micelle template,
followed by the formation of silica wall around the micelles being
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introduced [2,38]. Our previous study shows that the SiNC-ES syn-
thesized using this method offers a good potential to be an adsor-
bent for treating Hg(II) in aqueous solution [2]. So far, to the best
of our knowledge, the application of SiNC-ES as an adsorbent for
Ag(I) has not been reported.

Thus, this study was carried out to synthesize and characterize
of the pure SiNC (SiNC-P) and elemental sulfur-encapsulated SiNC
(SiNC-ES), and finally to investigate the adsorption characteristics
of the SiNC-ES towards Ag(I) in aqueous solution at various con-
ditions such as pH, Ag(I) concentration and contact time as com-
pared for some cases to the SiNC-P. The selectivity and regenerability
of the SiNC-ES was also studied to demonstrate its industrial poten-
tial application for Ag(I) recovery. A selectivity study was carried
out using liquid photographic waste.

EXPERIMENTAL

1. Chemicals
The chemicals used in the present study, namely toluene (99%),

elemental sulfur (ES) (99%), cetyltrimethylammonium bromide
(CTAB, 99%) and tetraethylorthosilicate (TEOS, 99%), ammonium
solution (NH4OH, 25-28%) and silver nitrate salt (AgNO3, 99%),
were purchased from Merck (Germany). All chemicals were of ana-
lytical reagent grade and used without further purification. All aque-
ous solutions were prepared using freshly prepared double-distilled
water.
2. Preparation of Silica Nanocapsules (SiNC)

Pure silica nanocapsules (SiNC-P) were prepared via microemul-
sion oil-in-water process, according to the modified procedure re-
ported by Maia et al. [38]. First, aqueous CTAB solution was pre-
pared by dissolving 0.25 g of CTAB in 35 mL of distilled water,
and subsequently 0.25 mL of NH4OH catalyst was added into the
solution. 10 mL of toluene (oil phase) was then added into the water
phase and the mixture was stirred vigorously until a microemulsion
was obtained, followed by dropwise addition of 2.0 mL of TEOS.
The flask was kept closed and the mixture was continuously stirred
at room condition for 24 h. The white precipitate obtained was fil-
tered, washed with water and left to dry in an oven at 60 oC. This
sample was denoted as SiNC-P. The calcination of SiNC-P was car-
ried out at 500 oC for 5 h and denoted as SiNC-C. The ES-encap-
sulated silica nanocapsules (SiNC-ES) were prepared by dissolving
ES powder in a toluene solution (0.03 M, 0.15 M, 0.3 M and 0.5 M).
The preparation procedure was as previously described for the
SiNC-P. The sample was denoted as SiNC-ES(X), where X corre-
sponds to the concentration of sulfur dissolved in 10 mL of toluene.
3. Adsorbent Characterizations

The surface morphology was acquired using field emission scan-
ning electron microscopy (FESEM) model JEOL JSM-6701F. A
small portion of adsorbent samples was mounted on the copper
stub and putter-coated with a thin layer of gold to avoid electro-
static charging during examination using an accelerating voltage of
0.5-2 kV. The thermogravimetric analysis (TGA) measurement was
carried out under nitrogen atmosphere, with a heating rate of 10 oC
min1 from 30 oC up to 900 oC using a TGA instrument (Perkin-
Elmer model Pyris TGA7, USA). The Fourier transform infra-red
(FTIR) spectroscopy was used to identify the functional groups pres-

ent in the adsorbents. The FTIR spectra were taken from FTIR Spec-
trometer (PerkinElmer), using a KBr disk pellets method. All the
spectra are plotted as transmittances (%) against wavenumber (cm1)
range from 400 cm1 to 4,000 cm1. The nitrogen adsorption-de-
sorption (NAD) analysis was conducted at a temperature of 196 oC
using the Micromeritics apparatus (ASAP 2000). The surface area
and porosity characteristics were obtained by the Brunauer-Emmett-
Teller (BET) and Barret-Joyner-Halenda (BJH) methods, respectively.
4. Batch Adsorption Experiments

The adsorption performance was carried out in a batch experi-
ment in a 125 mL polycarbonate flask containing 50 mg of adsor-
bent and 50 mL of Ag(I) solution. The pH of the solution was ad-
justed using a series of HNO3 and NaOH solutions. The flask was
placed on a rotary shaker and shaken overnight at 200 rpm. After
adsorption, the mixture of adsorbent and adsorbate was filtered
through 0.45m nylon membrane filters, and the filtrate solution
was collected for Ag(I) concentration measurement using an induc-
tively coupled plasma optical emission spectroscopy, ICP-OES (Agi-
lent Technologies 700 Series ICP-OES). The adsorption performance
was expressed by calculating the adsorption capacity (Qt) and re-
moval efficiency () as described by the following equations:

 (%)=((CoCe)100)/Co (1)

Qt=(CoCt)V/m (2)

where Co and Ct (mg L1) are the initial Ag concentration and Ag
concentration at time t, respectively. Qt (mg g1) is the Ag(I) ad-
sorption capacity at time t, V (L) is the solution volume, and m (g)
is the adsorbent mass. Equilibrium adsorption capacity (Qe) was
also calculated using Eq. (2) at Ct=Ce. All adsorption data pre-
sented in this study were the result of concentration measurement
of triplicate analyses with relative standard deviation of less than
3%.

RESULTS AND DISCUSSION

1. Characterization of SiNC Adsorbents
SiNC adsorbents were prepared via an oil-in-water (o/w) micro-

emulsion single-step polymerization process using TEOS as silica
precursor, toluene as co-solvent and NH4OH as catalyst. In this
approach, CTAB surfactant micelles serve as both a structure di-
recting agent and a suitable environment for the entrapment of
sulfur molecule in a hydrophobic solvent. When TEOS was added
into the o/w microemulsion, the cationic surfactant CTAB that served
as micelles self-assembled with the hydrolyzed TEOS through elec-
trostatic interaction and co-condensed on the surface of micro-
emulsion forming CTAB/silica particles [34,47]. The resulting SiNC-
P appeared as a white powder, while the SiNC-ES was a yellowish
powder with higher sulfur loading; the yellowish color becomes
more intense.

The FESEM image of SiNC-P and SiNC-ES shows a cauliflower-
like morphology (Fig. 1). The encapsulation of ES promotes mod-
ification of morphological structure as can be seen in Fig. 1(b).
The cauliflower-like particles of SiNC-ES show clear boundaries
among them with almost similar size of smaller grain colonies.
The average size of the grains/agglomerated particles was 11 nm.
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The consistent size of fine agglomerated particles seems to be
related to the increase of BET surface area of SiNC-ES (211.33 m2

g1) as compared to that of the SiNC-P (157.01 m2 g1). The NAD
isotherm of SiNC-P (Fig. 1(c)) and SiNC-ES (Fig. 1(d)) shows a typ-
ical case for multilayer adsorption in mesoporous materials [48].
The BJH pore size distribution, Figs. 1(e) and 1(f), shows that both
samples have a combination of macroporous (Dp>50 nm) and
mesoporous (2 nm<Dp<50 nm) size. However, the pore size dis-
tribution of silica with the ES encapsulation is decreasing to more
mesoporous size, and thus increasing the total pore volume from
0.97 cm3 g1 for SiNC-P to 1.21 cm3 g1 for SiNC-ES. This poros-
ity analysis demonstrated that the ES encapsulated silica has meso-
porosity and high surface area for the adsorption application. The
surface area and pore volume of the ES encapsulated SiNC (SiNC-
ES) found in this study were higher than other similar adsorbents
reported by Palaniappan et al. [2], although an almost similar syn-

thesis procedure was used. This result indicates that small changes
in chemical formulation during the synthesis procedure can sig-
nificantly affect the properties of the produced adsorbents.

A thermogravimetric experiment was conducted to verify the
thermal stability of the materials and to determine the amount of
ES encapsulated in the SiNC samples. Fig. 2(a) shows the TG
curves of SiNC-P and SiNC-ES(X). The TG curve of calcined SiNC-
P (denoted as SiNC-C) was added as a reference. The weight loss
at temperature below 150 oC was caused by the volatization of
water molecules in the SiNC materials. The weight loss (approxi-
mately 13%) of SiNC-P was mainly due to the corresponding de-
composition of CTAB. The SiNC-ES(0.15) shows an almost simi-
lar weight loss profile as SiNC-P. On the derivative weight loss plot,
DTG (Fig. 2(b)), two peaks were observed, where the first peak,
between 150 oC to 320 oC, was due to CTAB decomposition and
an additional peak spotted between 330 oC to 390 oC was related

Fig. 1. FESEM images of (a) SiNC-P and (b) SiNC-ES, NAD isotherm of (c) SiNC-P and (d) SiNC-ES, and pore size distribution of (e) SiNC-
P and (f) SiNC-ES.
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to the sulfur decomposition. The DTG plot of SiNC-ES(0.3), shows
three decomposition stages. The first peak at a about 174 oC was
the conversion of S8 rings of ES into a linear polymeric bi-radical
molecule (-S-S6-S-) [49]. The second peaks between 190 oC to 290 oC
are related to the CTAB decomposition, and the third weight loss
ranging from 290 oC to 390 oC is due to complete sublimation of
sulfur. The amount of sulfur estimated from the TG plot of SiNC-
ES(0.3) and SiNC-ES(0.15) was 9.5% wt and 6.0% wt, respectively.

The structural information of the prepared adsorbents was ana-
lyzed using FTIR. A comparison of FTIR spectra of the SiNC-P
and SiNC-ES is shown in Fig. 2(c). The broad peaks at 3,410 cm1

and 1,650cm1 are attributed to the O-H stretching and O-H bend-
ing vibrations of -OH groups from silanol groups and adsorbed
water. Two peaks at 2,923 cm1 and 2,849 cm1 correspond to the
C-H stretching of CH2 and CH3 from the entrapped CTAB. The
Si-O-Si symmetric and anti-symmetric stretching vibrations are
observed at wavenumber of around 1,060cm1 and 802cm1, respec-
tively. The peaks at 962 cm1 and 460 cm1 correspond to the vibra-
tion of Si-OH and Si-O respectively. In general, both SiNC-P and
SiNC-ES show similar spectrum patterns, but some of the peaks
were shifted to slightly higher values with the addition of sulfur.
For example, the peak related to Si-O-Si symmetric vibration and
Si-OH shifted to 1,100 cm1 and 975 cm1, respectively. The peak
related to sulfur was not detected in the FTIR spectra.

2. Equilibrium of Ag(I) Adsorption
2-1. Effect on amount of ES Encapsulated Towards Ag(I) Adsorption

The encapsulation of ES in SiNC resulted in a higher adsorp-
tion capacity compared to SiNC-P (Fig. 3). The higher the amount

Fig. 2. (a) Thermogravimetric weight loss (TG), (b) derivative thermogravimetric weight loss (DTG), and (c) FTIR spectra of the SiNC
adsorbents.

Fig. 3. Effect of sulfur loadings in SiNC adsorbents towards Ag(I)
adsorption. Experimental conditions: initial concentration, 30
mg L1; initial pH, 4; adsorbent loading, 1 g L1; and contact
time, 24 h.
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of ES encapsulated in the SiNC materials, the higher the Ag(I)
adsorption capacity. A small addition of ES can significantly enhance
the Ag(I) adsorption. The effect of ES encapsulated in the SiNC
towards the Ag(I) adsorption was investigated by varying the molar-
ity of ES dissolved in toluene. The Qe of SiNC-ES(0.03) enhanced
38.3% as compared to the SiNC-P. The Qe and removal efficiency of
SiNC-ES linearly increased with ES from 0.03 M to 0.3 M. There-
after, the Qe and removal efficiency slightly increased with ES con-
centration. A concentration of ES higher than 0.5 M could not be
performed due to the ES solubility problem. According to the TGA
analysis, a higher ES loading was obtained by increasing ES con-
centration used in encapsulation. For instance, the amount of ES
encapsulated in SiNC-ES(0.3) was 9.5 wt (%), which was higher
than SiNC-ES(0.15) of 6.0 wt (%). Hence, in the proceeding ad-
sorption studies, the SiNC-ES sample was performed using SiNC-
ES(0.3).
2-2. Effect of pH Towards Ag(I) Adsorption

The effect of pH values was studied by varying the pH of 30
mg L1 Ag(I) solution ranged from pH 2 to pH 10. The Ag(I) ad-
sorption performance onto SiNC-P and SiNC-ES is shown in Fig.
4. The Ag(I) adsorption capacity onto SiNC-P was highly depen-
dent on pH values. The Qe was low at pHi of 2 (11.28 mg g1), in-
creased to a maximum Qe (21.51 mg g1) at pHi of 4 and thereaf-
ter, the Qe keep decreasing with increasing pHi. On the other hand,
less effect of pHi was observed towards the Ag(I) adsorption onto
SiNC-ES.

The variation of Ag(I) adsorption capacity may be related to a
factor such as surface charge of adsorbents and speciation of metal
ions at various pH values. At very acidic or basic conditions, the
presence of H3O+ or OH ions can increase the competitiveness
with positively or negatively charged Ag(I) ions to form an inter-
action with surface active sites. The acidic or basic conditions also
promoted protonation or deprotonation of O-H from silanol groups,
increased the repulsion effect with positively or negatively charged
Ag(I) ions, hence decreasing the Ag(I) adsorption performance.
This electrostatic interaction mechanism is only appropriate to
describe the Ag(I) adsorbed onto SiNC-P. The SiNC-ES performed

better adsorption as compared to the SiNC-P observed at various
pH values. This result is ultimately due to the existence of sulfur
functional groups that can form a complexation with Ag(I) ions,
therefore increasing the Ag(I) adsorption performance of the adsor-
bent materials.
2-3. Effect of Concentration and Adsorption Isotherm

The experiments on the effect of concentration towards Ag(I)
adsorption onto synthesized SiNC adsorbents were carried out by
varying the initial Ag(I) concentration, Co from 5 mg L1 to 220
mg L1. The results in Fig. 5(a) show that the SiNC-ES exhibited a
strong adsorption affinity towards Ag(I). The Qe of Ag(I) increased
while the Ag(I) removal efficiency,  decreased with the increas-
ing Co. For a fixed adsorbent dosage, the total available sites are
limited for Ag(I) in the solution to be adsorbed at higher concen-
tration, thus leading to a decrease of the . The increase of con-
centration also could increase the mass transfer due to the in-
creasing driving force to counter all mass transfer resistance between
aqueous and solid phase, therefore increasing the Qe.

The Ag(I) adsorption isotherm is shown in Fig. 5(b). The maxi-
mum adsorption capacity (Qe.max) of SiNC-ES was 98.51 mg g1,
which is higher than SiNC-P (50.49 mg g1). Table 1 shows the
comparison of maximum Ag(I) adsorption capacity, Qe, max of SiNC
adsorbents with other adsorbents reported by the previous research-
ers. The modified polymeric materials showed higher adsorption
capacity compared to other adsorbents. Comparing the Qe.max of

Fig. 4. Effect of initial pH solution towards Ag(I) adsorption. Exper-
imental conditions: adsorbent loading, 1.0 g L1; initial con-
centration, 30 mg L1; contact time, 24 h; and temperature,
30 oC.

Fig. 5. (a) Effect of initial concentration of Ag solution and (b) Ag(I)
adsorption isotherm. Experimental conditions: initial pH, 4,
adsorbent loading, 1.0 g L1; contact time, 24 h; and tempera-
ture, 30 oC.
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SiNCs with other silica materials, the ATT-SNP has higher Qe.max

than the SiNC-ES, but the synthesis of ATT-SNP is relatively com-
plicated as compared to the SiNC-ES.

The adsorption isotherm data were analyzed using common
isotherm models, namely the Langmuir, Freundlich, Dubinin-
Raduskevich (D-R) and Temkin models. The mathematical rela-
tionship and calculated constant parameters of each model are
shown in Table 2. The isotherm constants were determined from
the isotherm linear plot. The Langmuir model assumes monolayer
adsorption capacity (QL) is equivalent to the number of active sites
present in the adsorbents. The QL values are slightly higher than
the experimental values. The essential feature of the Langmuir
model, which is the dimensionless separation factor, RL indicates
that the adsorption is favorable. The magnitude of n from the Fre-
undlich models was in the range of 1 to 10, also indicating a favor-
able adsorption system. The D-R and Temkin isotherms are tem-

perature-dependent models that provide additional information
about the binding energy of the adsorbate-adsorbent interaction.
The mean free energies from the D-R isotherm (ED-R) of Ag(I)
adsorption onto SiNC-P and SiNC-ES were 9.618 kJ mol1 and
11.493 kJ mol1, respectively. The values fall in the region of ion-
exchange interaction (8 kJ mol1<Ea<16 kJ mol1) [50]. An analy-
sis of the Temkin model shows that the constant related to the
binding energy (bT) indicates the adsorption was governed by
chemisorption interaction. The calculated constants then were
used to plot the predicted isotherm curves (Fig. 5(b)). By consid-
ering the regression coefficient value (R2) and isotherm fitting (Fig.
5(b)) of each isotherm model, the Langmuir model was chosen as
the best model to describe the adsorption isotherm of Ag(I) ad-
sorption onto both SiNC-P and SiNC-ES. Previous studies also
found that the Langmuir model to be the best fitted model to
describe the isotherm data of Ag(I) onto various adsorbents such

Table 1. Ag(I) adsorption capacity for various adsorbents
Adsorbents Active groups Qe.max (mg g1) References
Silica materials

SiNC-P - 050.5 This study
SiNC-ES Elemental sulfur 098.5
MPTMS-silica bead (SSB) Thiol 075.8 Quang et al. [23]
ATT-SNP Amino, thiol, triazol 124.5 Fu et al. [25]

Carbon/char
Chitosan/bamboo charcoal - 052.9 Nitayaphat and Jintakosol [4]
Magnetic carbon - 056.0 Condomitti et al. [5]
Activated carbon (almond shell) - 059.5 Omri and Benzina [6]
Ni0.5Zn0.5Fe2O4/ASA2 Ni0.5Zn0.5Fe2O4 243.9 Beigzadeh and Moeinpour [7]

Polymers/resins
Dedoped Fe3O4/PPy Amino 143.3 Peng et al. [12]
Penta3MP4/PEG-DA/HEMA Thiol-ene 102.0 Fırlak [13]
AmbersepTM GT74 Thiol 328.0 Nawaz and Sengupta [11]
PSGA resin Amidoxime-guanidine 212.0 Wang et al. [10]
Polystyrene-trimercaptotriazine Thiol 187.1 Wang et al. [9]
Thioureas-modified chitosan Thiourea 403.3 Wang et al. [8]

Biomaterials
Coffee ground/PVA beads - 035.0 Jeon [16]
Coconut fiber, CF (Pure) - 054.1 Saman et al. [17]
CF-NaOH - 066.0
Coconut pith, CP-Pure - 053.9 Saman et al. [18]
CP-NaOH - 051.8
CP-BTESPT Tetrasulfide 066.9

Clays/zeolites/soils
Verdelodo bentonite1 - 100.3 Freitas et al. [3]
Holloysite nanotubes 109.8 Kiani [19]
Raw vermiculite - 046.2 Sarı and Tüzen [20]
MnO-vermiculite MnO 069.2 Sarı and Tüzen [20]
Clinoptilolites (Çankırı-Çorum) - 031.4 Çoruh et al. [21]
Clinoptilolites (Manisa-Gördes) - 022.6 Çoruh et al. [21]

Metal oxides
MBI-Nano-TiO2 Mercapto 128.2 Pourreza et al. [22]
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as MPTMS-silica bead [23], ATT-SNP [25], trithiocryanuric acid
modified poly(glycidyl methacrylate) microspheres [14], penta3MP4/
PEG-DA/HEMA [13], Fe3O4@polydopamine core-shell micro-
spheres [15], and PSGA resin [10].
3. Adsorption Kinetics and Mechanisms

The adsorption behavior of Ag(I) as a function of contact time

is shown in Fig. 6. For the first 20 min of contact time, the adsorp-
tion rate was rapid, then it proceeded at a slower rate until it achieved
equilibrium. The rapid initial adsorption rate was due to large avail-
ability of active sites at the initial stage that increased the concen-
tration gradient between adsorbate in solution and adsorbate at
the adsorbent surface. The SiNC-ES shows a higher adsorption rate
as compared to SiNC-P. This could be expected because SiNC-ES
has a high surface area and additional sulfur active groups that are
attracted towards Ag(I) ions.

A typical adsorption process first involves the transfer process
of Ag(I) ions to the adsorbent surface through three stages of dif-
fusion steps: (i) migration of Ag(I) ions from bulk solution to the
adsorbent surface (bulk diffusion); (ii) migration pass through the
boundary layer of adsorbent (film diffusion); and (iii) migration at
adsorbent pores and surfaces (intra-particle diffusion). This is sub-
sequently followed by chemical interactions between Ag(I) ions
with active sites. These adsorption steps are well described and
various models have been developed to analyze the steps [51-54].

The diffusion steps are easily interpreted using the Weber-Morris
plot (Fig. 7(a)). The plot shows three linear portions which indi-
cate three diffusion stages of the adsorption process. The first, sec-
ond and third stages represent film diffusion, intra-particle diffusion
and final equilibrium stage, respectively. The rate constant (kd) val-
ues obtained from the Weber-Morris plot for each adsorption stage
are given in Table 3. It was found that the kd1>kd2>kd3 indicating
the first stage was faster compared to other two stages. The faster
rate at the beginning of adsorption is due to the vast transfer of

Table 2. Adsorption isotherm parameters of Ag(I) adsorption
Isotherm models Parameters SiNC-P SiNC-ES
Experimental values Qe.max (mg g1) 50.49 98.51
Langmuir: Ce/Qe=(1/QLb)+(Ce/QL)

QL (mg g1) 57.844 104.594
b (L mg1) 0.038 0.132
RL for Co of (5-220) mg L1 0.840<RL<0.107 0.602<RL<0.033
R2 0.9943 0.9980

Freundlich: lnQe=lnkf +1/n lnCe

kf (Lnmg1n g1) 1.844 15.641
n 1.330 2.130
R2 0.9762 0.9211

Dubinin-Radushkevich (D-R): lnQe=lnQD-R2D-R
2

Dubinin-Radushkevich (D-R): where =RT ln(11/Ce)
QD-R (mg g1) 254.898 392.708
D-R×109 (mol J1) 5.405 3.786
E (kJ mol1) 9.618 11.493
R2 0.9968 0.9656

Temkin: Qe=(RT/bT)lnAT +(RT/bT)lnCe

bT (kJ mol1)×104 4.899 1.692
AT (L mmol1) 782.467 357.655
R2 0.7668 0.9275

Qe.max is maximum adsorption capacity from isotherm plot; QL is monolayer adsorption capacity; bL is Langmuir constant related to adsorp-
tion affinity; kf related to adsorption capacity; n Freundlich constant. QD-R adsorption capacity calculated from D-R model; D-R is D-R con-
stant; ED-R is activation energy from D-R; AT is Temkin isotherm constant; and T is heat of adsorption energy.

Fig. 6. Effect of contact time on the Ag(I) adsorption onto SiNC
adsorbents. Experimental conditions: adsorbent loading, 1.0
g L1; initial concentration, 28 mg L1; initial pH, 4; and tem-
perature, 30 oC.
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adsorbate at the external adsorbent surfaces. As time progresses,
the external surfaces become saturated and the adsorbate then will
diffuse into the adsorbate pores until it reached saturation [55].

The overall mass transfer stage is controlled by either film of
intra-particle diffusion, because the bulk diffusion step was neglected
since the adsorption experiment was performed at rapid stirring.
The Weber-Morris plot clearly shows the first line did not pass
through the origin, thereby film diffusion and intra-particle diffu-
sion could be the controlling steps [56]. To determine the con-
trolling step between these two steps, the Boyd kinetic expression
was employed [54,57,58]. The Boyd plot of Bt versus time of the
initial Ag(I) adsorption period is shown in Fig. 7(b). Bt can be
expressed by the following equations [55]:

Bt=0.4977 ln (1F), F value>0.85 (3)

Bt=(√√[ -(2F/3)])2, F value<0.85 (4)

where F is equal to Qt/Qe. The plot shows a straight line and crosses
the Y-axis, which indicates that film diffusion is the rate controlling
step. The quantitative analysis was further demonstrated by com-
paring the film (Df) and intra-particle (Deff) diffusion coefficient
values. The Df was calculated from the slope of Qt/Qe versus t0.5,
according to the following equation:

(Qt/Qe)=6(Df/RP
2))0.5t0.5 (5)

RP is the radius of adsorbent particles (cm). The value of Df found
for Ag(I) adsorption onto SiNC-P and SiNC-ES was 4.59×1012

cm2/min and 5.32×1012 cm2/min, respectively. The intra-particle
diffusion coefficient (Deff) was calculated according to Eq. (6) using
the slope (s) of the Boyd plot.

s=2Deff/Rp
2 (6)

The Deff values of Ag(I) adsorption onto SiNC-P and SiNC-ES were
4.75×1010 cm2/min and 7.69×1010 cm2/min, respectively. The value
of Df was smaller than Deff; thus, film diffusion is slower than intra-
particle diffusion, confirming film diffusion as the rate-limiting step.

The kinetic data also were analyzed using the chemical reac-
tion-kinetic based model: namely, the pseudo-first order (PFO),
pseudo-second order (PSO), and Elovich model. The kinetic model
equations and calculated model constants are tabulated in Table 3.
The results suggest that the Ag(I) adsorption by SiNCs can be well
described by the PSO kinetic model. This conclusion is based on
the fact that the R2 values of the PSO were the highest and the non-
linear fitting (Fig. 7(c) and 7(d)) was also closer to the experimen-
tal data compared to the PFO and Elovich models. The PSO also
fitted well to the kinetic data of Ag(I) adsorption onto ATT-SNP
[25], trithiocryanuric acid modified poly(glycidyl methacrylate)
microspheres [14], Fe3O4@polydopamine core-shell microspheres
[15], and PSGA resin [10]. The predicted adsorption capacity from
the PSO (Qe2) of both Ag(I) adsorption onto SiNC-P and SiNC-ES
is close to the experimental Qe. The chemical interaction at SiNC
adsorbents surfaces was attributed to the presence of oxygen from
siloxane structure of silicas, nitrogen from CTAB and sulfur from
ES encapsulation. These groups can interact chemically with Ag(I)

Fig. 7. Kinetic models plots of Ag(I) adsorption onto SiNC adsorbents: (a) Weber-Morris plot; (b) Boyd plot; and (c), (d) comparison of
chemical reaction kinetic model fitting.
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ions in various ways which can be weak chemical interaction (phy-
sisorption due to attraction forces) and/or strong chemical interac-
tion (e.g. complexation).
4. Recyclability Studies

Besides high efficiency and selectivity, recyclability of the adsor-
bent is an important factor to be considered for the practical appli-
cation of adsorbent in the precious metals recovery [42]. In this
work, the recyclability of SiNC-ES was evaluated through several
adsorption-desorption cycle experiments. The Ag(I) adsorption ex-
periments were performed under the respective batch experimental
conditions with 30 mg L1 of initial Ag(I) concentration. After ad-
sorption, the Ag-loaded adsorbent was collected and the batch de-
sorption experiments were conducted using 1% acidic thiourea solu-
tion (in 1 M HCl) as eluting agent and agitated at 200 rpm for 12 h.

The Ag(I) removal efficiency for recyclable SiNC-ES is shown
in Fig. 8. The Ag(I) adsorption capacity of the first two cycles of
reused adsorbent was maintained around 30.20 mg g1. The Qe

dropped to 26.07 mg g1 and 22.23 mg g1 in the third and fourth
adsorption cycles, respectively. After that, the adsorption capacity
slightly dropped to about 21.40mg g1. During the desorption exper-
iment, the pre-adsorbed Ag(I) ions were not totally eluted; there-
fore, less active sites were available for further adsorption experiment
cycles, thus reducing the adsorption performance of the regener-
ated SiNC-ES. However, the recyclability efficiency (RE) for all regen-
erated adsorbent was all above 70%, suggesting good recyclability
of the SiNC-ES. The recyclability efficiency is defined as the per-
centage adsorption capacity of n-cycle of regenerated adsorbent to
the fresh adsorbent.
5. Selectivity of SiNC-ES Towards Ag(I) in Industrial Waste
Solution

From the equilibrium adsorption of SiNC-ES towards Ag(I) using
a synthetic test solution, a highly encouraging result was obtained.
Thus, the applicability of adsorbent to adsorb Ag(I) in a real indus-
trial waste was conducted. In this study, a photographic waste solu-
tion (PWS) was used as a medium and the adsorption was con-
ducted under the same procedure described earlier. The concen-
tration of Ag(I) ions in the PWS was relatively low; therefore, 3.0
mmol L1 of Ag(I) solution was spiked into the PWS medium.
The initial pH of PWS was 1.85 and increased to 4.01 by the addi-
tion of Ag(I) solution.

The PWS consists of many anions and cations that could sig-
nificantly affect the adsorption performance towards the specific
metal ions. Table 4 shows the adsorption performance of selected
cations in PWS using SiNC-ES adsorbent. Initial concentrations of
Fe, K and N were relatively higher compared to the Ag and Pb,
while Zn existed at very low concentration. The Qe of cations in-
creased in the following order: Zn>Ag>Pb>Fe>K>Na, a similar
order with the increasing Co except for K and Na. The Ag(I) re-
moval efficiency, however, was the highest among other cations,
although the Co of Ag(I) was relatively low compared to the other
cations. The quantitative selectivity analysis of Ag(I) adsorption
was evaluated by the distribution coefficient value (Kdc) and was
calculated using Eq. (7).

Table 3. Kinetic modeling parameters of Ag(I) adsorption
Kinetic
models Parameters SiNC-P SiNC-ES

Experimental values
Qe (mg g1) 15.20 32.05
Initial adsorption rate (mg min1) 0.305 0.501

Mass transfer process
Weber-Morris: Qt=kdnt0.5

kd1 (mg min0.5) 1.959 4.447
R2 0.8955 0.8687
kd2 (mg min0.5) 0.420 0.904
R2 0.9739 0.9582
kd3×102 (mg min0.5) 1.569 0.319
R2 0.9999 0.9999
Chemical interaction models

Pseudo-first order (PFO): ln(QeQt)=lnQe1k1t
Qe1 (mg g1) 9.710 17.802
k1×102 (min1) 0.855 1.467
ho1 (mg g1 min1) 0.083 0.261
R2 0.9187 0.9671

Pseudo-second order (PFO): t/Qt=(1/k2Q2
e2)+(t/Qe2)

Qe2 (mg g1) 14.819 32.575
k2×103 (mg min1) 3.745 2.909
ho2 (mg g1 min1) 0.823 3.087
R2 0.9893 0.9989

Elovich: Qt=ln()+lnt
 (g mg1) 0.463 0.220
 (mg g1 min1) 4.506 19.906
R2 0.9762 0.9627

Kdn is the adsorption rate calculated from the Weber-Morris plot,
Qe1 and Qe2 is adsorption capacity calculated from PFO and PSO
kinetic models, respectively. k1 and k2 is adsorption rate constant
from PFO and PSO kinetic models, respectively. ho1 and ho2 is ini-
tial adsorption rate constant from PFO and PSO kinetic models,
respectively.  is Elovich model constant depicts the extent of sur-
face coverage, while  is a constant related to chemisorption rate.

Fig. 8. Adsorption performance of recyclable SiNC-ES.
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Kdc=((CoCe)/Ce)×(V/m) (7)

The higher Kdc value suggests a higher selectivity of adsorbent
towards metal ions; thus, the SiNC-ES has a high selectivity towards
Ag(I), followed with Pb and Zn. High selectivity of sulfur-contain-
ing adsorbent towards Ag(I) was expected, in conformity with the
hard and soft acids and bases (HSAB) theory, where hard acids
prefer to interact with hard bases and soft acids prefer soft bases
[59]. Besides sulfur functional groups, the SiNC-ES is also loaded
with oxygen from silanol groups that provided additional active
sites for chemical interactions with other cations like Pb, Zn and
Fe. However, the removal efficiency and Qe of Fe was too low com-
pared to Zn and Pb, although all three ions are classified under the
same category (intermediate region between hard and soft acids).
This result is due to extremely higher concentration of Fe ions in
the PWS compared to the concentration of Pb and Zn ions.

CONCLUSIONS

Elemental sulfur (ES) encapsulated silica nanocapsules (SiNC-
ES) were successfully prepared using a facile synthesis method of
the one-step water in oil microemulsion polymerization process
which was confirmed by FTIR and TGA analyses. The encapsula-
tion of ES increased the surface area and porosity of the SiNC-P.
The SiNC-ES shows a better Ag(I) adsorption performance hav-
ing a maximum adsorption capacity of 98.51 mg g1 than SiNC-P
(50.49mg g1), adsorption increased with ES loading and pH inde-
pendence, and the isotherm data follow the Langmuir model. The
kinetics of Ag(I) adsorption onto SiNC-ES obeyed the pseudo-
second-order (PSO) model having film diffusion as the controlling
step. The SiNC-ES shows high selectivity and can be regenerated.
Thus, it offers a great potential as an adsorbent for Ag(I) recovery
from industrial wastewater such as a photographic waste solution.
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