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a b s t r a c t

We report the synthesis and activation of colloidal carbon nanospheres (CNS) for adsorption of Ag(I)
ions from aqueous solutions. CNS (400–500 nm in diameter) was synthesized via simple hydrothermal
treatment of glucose solution. The surface of nonporous CNS after being activated by NaOH was enriched
with –OH and –COO− functional groups. Despite the low surface area (<15 m2/g), the activated CNS
exhibited a high adsorption capacity of 152 mg silver/g. Under batch conditions, all Ag(I) ions can be
completely adsorbed in less than 6 min with the initial Ag(I) concentrations lower than 2 ppm. This can
be attributed to the minimum mass transfer resistance as Ag(I) ions were all deposited and reduced as

0

ilver
dsorption
odium hydroxide
urface activation

Ag nanoparticles on the external surface of CNS. The kinetic data can be well fitted to the pseudo-second-
order kinetics model. The adsorbed silver can be easily recovered by dilute acid solutions and the CNS
can be reactivated by the same treatment with NaOH solution. The excellent adsorption performance
and reusability have also been demonstrated in a continuous mode. The NaOH activated CNS reported
here could represent a new type of low-cost and efficient adsorbent nanomaterials for removal of trace

ter p
Ag(I) ions for drinking wa

. Introduction

Silver as one of the precious metals is in high demand since it
lays important roles in many aspects of human life. For example,
ilver and its compounds are often used as disinfectants in wastew-
ter treatment, food/beverages/drugs processing, and drugs, etc.
1]. On the other hand, the monovalent ionic silver, Ag(I), is of
articular environmental concern, due to its potential impact on
uman health and ecosystems. It has been reported that when

ngested by humans, silver is metabolized and deposited in the
ubcutaneous fat. The greyish-blue color of silver gives rise to the
osmetic disorder of argyria, in which the affected person’s skin
s discolored [2]. It was also found that ion regulatory failure of
he human body due to an inhibition of uptake of active Na+ and
l− can be caused by Ag(I) exposure. The World Health Organi-
ation (WHO) and the US Environmental Protection Agency (EPA)
lassified soluble silver ions as hazardous substances in water sys-
ems and limited the level of silver in drinking water to be 100 ppb
100 �g/L) [3]. Therefore, with the increasing concerns on the toxi-
ity of soluble silver ions in water and the scarcity of silver sources,

t is necessary to remove and recover silver from water. In particu-
ar, it remains a challenging task to recover silver from wastewater
f low silver concentrations efficiently and economically.

∗ Corresponding author. Tel.: +65 6790 6713; fax: +65 6794 7553.
E-mail address: rxu@ntu.edu.sg (R. Xu).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.07.076
roduction.
© 2011 Elsevier B.V. All rights reserved.

Adsorption has been widely used as an effective separation
technology in water treatment owing to its simplicity in process
design and operation [4]. Activated carbons are currently the most
commercially used adsorbents in treating pollutants in aqueous
solutions [5]. The further development of low cost and environ-
mental benign adsorbents is of paramount importance for practical
applications [6,7]. In particular, low cost adsorbent materials with
fast kinetics and high adsorption capacity for heavy metals like
silver ions are expected to be in high demand.

Recently, a “green” synthesis approach has been developed
involving transformation of readily available precursors, such as
sugars (glucose) [8–10] and cyclodextrins [11] to carbon spheres
under mild conditions (hydrothermal reaction at 160–180 ◦C). The
advantage of this synthetic approach is obvious because neither
toxic reagents, organic solvents and other additives nor compli-
cated procedures are involved. The surface of the resulting carbon
spheres contains rich hydrophilic functional groups such as C–OH,
C O and C–OOH. Up to date, the carbon spheres have been mainly
utilized as support materials to deposit metal/metal oxide nanopar-
ticles [9,10,12], and template to synthesis hollow metal/metal
oxide nanospheres [13,14]. There have been only a few studies
on exploration of carbon spheres in water treatment [15,16]. It is
expected that because of the surface active functional groups, the

carbon spheres could present promising adsorption performance
towards metal ions.

The surface composition and property of the adsorbent materi-
als can be modulated by chemical treatment using various reagents

dx.doi.org/10.1016/j.jhazmat.2011.07.076
http://www.sciencedirect.com/science/journal/03043894
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uch as acids, bases, oxidants, polymers, etc. [17–20]. For acti-
ated carbon and other types of carbon materials, it has been
idely reported that the adsorption capacities towards metal ions

an be enhanced by chemical treatment with acids and bases
17,18,21–24]. Although the surface of native carbon spheres
lready contains C–OH and C O groups, the density of such func-
ional groups can be increased by similar treatment in acids or
ases to improve the adsorption properties. To the best of our
nowledge, there is no literature reporting the post treatment
f carbon spheres by acids and bases for adsorption applica-
ions, although carboxylate-rich carbon spheres were prepared
y adding acrylic acid monomer during the synthesis of carbon
pheres [15].

Herein, the potential application of carbon spheres in removal
nd recovery of Ag(I) ions from water, especially from water with
ilute Ag(I) ion concentrations (<1 ppm) was explored. Colloidal
arbon nanospheres (400–500 nm in diameter) were synthesized
nd activated by a simple treatment with aqueous solutions of
aOH. The effect of alkaline treatment on the surface functional
roups and adsorption properties of carbon nanospheres was sys-
ematically investigated in batch studies. In addition, a fixed-bed
dsorption column was used to investigate the efficiency of Ag(I)
on removal and recovery under the continuous operational mode
or potential large-scale applications.

. Experimental

.1. Preparation of native carbon nanospheres (CNS)

The fabrication method of the native CNS was based on that
eported in the literature [9]. Briefly, 40 mL of an aqueous solution
f 0.5 M glucose (alpha-d(+)-glucose, Acros Organics, 99+%, anhy-
rous) was first ultrasonicated for 30 min. The solution was added

nto a Teflon-lined autoclave (maximum capacity: 45 mL) which
as then subjected to heating at 160 ◦C for 12 h. The as-prepared

olloidal carbon nanospheres were washed with deionized water
nd ethanol for three times each via centrifugation, then dried in
n oven at 60 ◦C for 12 h.

.2. Activation of CNS with aqueous solutions of NaOH

To activate the surface of CNS for Ag(I) ion removal, the as-
repared CNS were soaked in the aqueous solutions of sodium
ydroxide. Briefly, 0.12 g of dry powder was dispersed in 100 mL
f NaOH (Fisher Scientific, 98.95%) aqueous solution of a certain
oncentration. The mixture was stirred at 300 rpm for 1 h at room
emperature. The product was collected by filtration and washed
ith a copious amount of deionized water (about 1 L) to remove the

esidual NaOH until the pH of the filtrate reached near neutral. The
ctivated CNS samples were dried in an oven at 60 ◦C for 12 h. The
ffect of NaOH concentration was studied. The CNS samples acti-
ated with 0.01 M, 0.05 M, 0.1 M, 0.5 M and 1.0 M of NaOH solutions
ere denoted as CNS/OH0.01, CNS/OH0.05, CNS/OH0.1, CNS/OH0.5

nd CNS/OH1.0, respectively. The native sample without activation
as named as CNS.

.3. Materials characterization

The surface functional groups of the samples was analyzed
sing Fourier transmission infrared spectroscopy (FTIR, Spectrum
, Perkin-Elmer) using a standard KBr disk technique. The powder
-ray diffraction (XRD) patterns were recorded on a Bruker AXS D8

-ray diffractometer with Cu K� (� = 1.5406 Å) radiation at 40 kV
nd 20 mA. The morphology was obtained using field emission
canning electron microscopy (FESEM, JEOL 6700F), transmission
lectron microscopy (TEM) and high resolution TEM (HRTEM) on a
aterials 194 (2011) 162–168 163

JEOL 3010. The surface area and pore volume were obtained from
the adsorption isotherms of nitrogen at −196 ◦C in a Quantachrome
Autosorb-6B apparatus. Zeta potential of the samples in deionized
water was determined using a zeta meter (BIC PALS zeta poten-
tial Analyser) by dispersing 12.5 mg of the samples in 25 mL of
deionized water.

2.4. Adsorption capacities

The adsorption capacities of both native and activated car-
bon nanospheres were studied in a batch mode. Freshly prepared
Ag(I) aqueous solutions (25 mL) from AgNO3 (Sigma Aldrich, 99+%)
with their concentrations ranged 7–320 ppm (ppm: mg silver/L)
were dispensed into conical flasks, which contained accurately
weighed 25 mg of carbon nanosphere samples. The mixtures were
shaken at 200 rpm at room temperature for 12 h. The solutions
were then withdrawn and filtered through PTFE syringe filters
(pore size: 0.45 �m). The clear filtrates obtained were diluted in
2% HNO3 for determination of Ag(I) concentration by inductively
coupled plasma atomic emission spectroscopy (ICP-AES, Perkin
Elmer ICP Optima 2000DV). Prior to this, the effect of the PTFE
filter on the measured Ag(I) concentration was found negligible
by comparing the concentration difference with and without fil-
tration using the standard Ag(I) solutions in the range of 20 ppb
to 100 ppm.

2.5. Adsorption kinetics and mechanism

The adsorption kinetics of Ag(I) with CNS/OH0.5 was carried out
at various initial Ag(I) concentrations (98 ppb, 952 ppb, 1.94 ppm
and 202 ppm). Briefly, 240 mg of CNS/OH0.5 powder was dispersed
in 240 mL of Ag(I) solution and the mixture was stirred at 200 rpm
at room temperature. At different time interval, 5 mL of the solu-
tion was withdrawn, filtered and diluted in 2% HNO3 for ICP-AES
measurement. The adsorption mechanism of Ag(I) ions on acti-
vated carbon nanospheres was investigated by mixing 25 mg of
CNS/OH0.5 in 25 mL of 0.01 M (1080 ppm) Ag(I) aqueous solution.
The mixture was shaken at 200 rpm for 6 h. The solids after adsorp-
tion of Ag(I) ions were collected by centrifugation and dried in oven
at 60 ◦C before characterization by XRD and TEM methods.

2.6. Recovery and reusability

To recover the adsorbed silver and reuse the carbon nanospheres
after adsorption, aqueous solutions of 0.2 M and 1.0 M HNO3 were
used to dissolve silver from the surface of carbon nanospheres.
The adsorption was first conducted by adding 15 mg of CNS/OH0.5
in 25 mL of Ag(I) solution of 2 ppm. The mixture was shaken at
200 rpm at room temperature for 12 h. The resulting silver adsorbed
carbon nanospheres were separated from the solution by centrifu-
gation and dispersed in 25 mL of HNO3 solution for desorption.
The mixture was then shaken at 200 rpm. After a certain period
of time, 10 mL of the solution was withdrawn and filtered to get
clear solution for ICP-AES analysis. After recovery of silver, the car-
bon nanospheres were regenerated by soaking in 50 mL of 0.5 M
NaOH solution for 1 h at room temperature, followed by washing
with deionized water until the pH of the filtrate reached near neu-
tral. The adsorption capacity of the regenerated CNS/OH0.5 was
obtained under the same conditions as those used for the fresh
CNS/OH0.5 for comparison.

2.7. Continuous study using a fixed-bed adsorption column
The efficiency of sample CNS/OH0.5 in removing Ag(I) ions from
solutions of low concentrations (100 ppb and 1 ppm) was studied
in a fixed-bed packed column with a filter layer at both ends to
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res (CNS) and (B) N2 adsorption–desorption isotherm of CNS.

p
s
b
o
o
C
T
a
o
w
i
s
t
t
3
w
0
t
o
d
d
0
w
t
m
c

3

3

W
a
[
p
o
F
p
0
s
(
o
m

Fig. 1. (A) FESEM image of as-prepared carbon nanosphe

revent the entrainment of particles by water flow. To avoid exces-
ive pressure drop, CNS/OH0.5 powder was mixed well with silica
eads (Acros Organics, particle size: 0.2–0.5 mm) at a mass ratio
f 1:50 before packing the column. The inner diameter and length
f the column were 1.5 cm and 20 cm, respectively. The amount of
NS/OH0.5 required to fully pack the column was around 240 mg.
he continuous adsorption study was carried out at room temper-
ture, during which the Ag(I) solution was fed into the vertically
riented column by a peristaltic pump. The flow mode was down-
ard and the flow rate was fixed at 6 mL/min. At certain time

nterval, 15 mL of the effluent was collected and diluted in 2% HNO3
olution for ICP-AES analysis. Breakthrough and exhaustion in con-
inuous adsorption were usually defined as the phenomenon when
he concentration of the adsorbate in the effluent reached about
–5% and 90% of that in the feed, respectively [25]. After saturation
as reached, the column was eluted with an aqueous solution of

.5 M HNO3 at 5 mL/min with an upward flow mode in the ini-
ial 15 min followed a downward flow mode for another 2 h in
rder to keep the distribution of CNS/OH0.5 particles more evenly
istributed in the column. Then column was then washed with
eionized water at 5 mL/min for 3 h followed by regeneration with
.01 M NaOH solution at 5 mL/min for 3 h. Finally, the column was
ashed with deionized water overnight at 2 mL/min until pH of

he effluent water reached around 8.5–9.0. The adsorption perfor-
ance of the regenerated column was evaluated under the same

onditions as those of the fresh column.

. Results and discussions

.1. Properties of activated carbon nanospheres

Fig. 1A displays the FESEM image of the as-prepared CNS sample.
ell dispersed nanospheres with relatively uniform diameters of

round 400–500 nm were formed. Similar to the literature results
8–10], the hydrothermally formed CNS in this work has a non-
orous structure as indicated by its low specific surface area
f 12.7 m2/g. The N2 adsorption–desorption isotherm shown in
ig. 1B consistently indicates a Type II isotherm typically for non-
orous materials [26]. The measured pore volume was as low as
.02 mL/g which should be mainly contributed by the inter-particle

pace. Activation of CNS by NaOH of all the concentrations used
0.01–1.0 M) did not cause any noticeable changes in the morphol-
gy, surface area and pore volume. Hence NaOH activation only
odified the surface of CNS without affecting the bulk carbon core.
Fig. 2. FTIR spectra of (A) CNS, (B) CNS/OH0.1, and (C) CNS/OH0.5.

The FTIR spectra of CNS, CNS/OH0.1 and CNS/OH0.5 are shown
in Fig. 2. The main characteristic absorption peaks of CNS can be
assigned accordingly as shown in Fig. 2A: 3100–3400 cm−1 to O–H
stretching vibration, 1700 cm−1 to the stretching vibration of C O
in carboxyl group [15,27–30] or lactone group [31], 1615 cm−1

to C C stretching, 2923 cm−1 to aliphatic hydrocarbon–CH,
1023 cm−1 and 1302 cm−1 to C–OH stretching and OH bending
vibrations in C–OH, respectively [9,15], and 1361 cm−1 to symmet-
ric stretching vibration of deprotonated carboxyl group, –COO−

[9,32,33]. FTIR spectra of CNS/OH0.1 and CNS/OH0.5 are shown
in Fig. 2B and C, respectively. In comparison with that of CNS,
the intensity of absorption band in the range of 3100–3400 cm−1

was significantly increased especially for CNS/OH0.5, which indi-
cates an enrichment of hydroxyl groups after NaOH activation.
The deprotonated carboxylate groups (–COO−) centered at around
1360 cm−1 was also noticeably increased [32,33]. Correspondingly,
the peak due to C O stretching in carboxyl and lactone groups
at 1700 cm−1 was greatly decreased. The above observations sug-

gested that NaOH reacted with the carboxyl and lactone groups
present on the surface of CNS according to the following reactions
[21,24,34].
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Fig. 4. The adsorption isotherm and the corresponding Ag(I) ion removal efficiency
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NaOH +
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Zeta potential of CNS and CNS/OH0.5 dispersed in deionized
ater was measured to be −28.7 mV and −42.7 mV, respec-

ively. The more negative zeta potential of NaOH activated carbon
anospheres can be consistently interpreted by the occurrence of
he above two reactions which generated the negatively charged
COO− functional group on the surface [35,36]. The increase in
urface densities of the functional groups like –OH and –COO−

s expected to be beneficial for adsorption of Ag(I) ions from
ater.

.2. Adsorption capacities

The effect of NaOH concentration for activation of CNS
n their adsorption capacities is shown in Fig. 3. At a lower
nitial Ag(I) concentration (C0) of 9 or 38 ppm, the adsorp-
ion capacities of various CNS/OH samples were similar. At
igher C0 of 96 ppm, the adsorption capacity was in the order of
NS/OH1.0 ≈ CNS/OH0.5 > CNS/OH0.1 ≈ CNS/OH0.05 > CNS/OH0.01

t can be seen that the adsorption capacity of sample CNS at higher
0 was much lower than those of activated carbon nanospheres
ven when the concentration of NaOH was as low as 0.01 M. The
icher surface hydroxyl and deprotonated carboxylic groups on
NS/OH as evidenced in FTIR spectra contributed to the higher
dsorption capacities.

The maximum adsorption capacity of CNS/OH0.5 was obtained
rom the adsorption isotherm with C0 ranged from 7 ppm to
20 ppm at room temperature (Fig. 4). At relatively lower C0 of
ppm and 40 ppm, Ce measured was almost zero, indicating its high
fficiency (>99.9%) in removal of Ag(I) ions from solutions of low
oncentrations. The removal percentage at C0 of 100 ppm was still
s high as 98.3%. The maximum adsorption capacity was around
52.1 mg/g when C0 reached 320 ppm. Although the adsorption

apacity of our sample is lower than those of polymeric adsorbents,
.g., poly(aniline-co-5-sulfo-2-anisidine), with functional groups in
very unit of the polymer chains [37–40], the NaOH activated CNS
btained in this work is much more efficient than those traditional

ig. 3. The effect of NaOH concentration for activation of CNS on their adsorption
apacities for Ag(I) ions.
of CNS/OH0.5; inset: fittings to linearized Langmuir and Freundlich adsorption mod-
els.

adsorbents such as activated carbon, coke [41], brewery waste
biomass [42], peat [41], etc. Linearized Langmuir and Freundlich
adsorption models were used to analyze the adsorption equilib-
rium of Ag(I) on CNS/OH0.5. As shown in Fig. 4 inset, Langmuir
model can well describe the adsorption of Ag(I) on CNS/OH0.5 with
a correlation coefficient of 0.9990, whereas Freundlich model is
not suitable as a low correlation coefficient of 0.8838 was resulted.
Langmuir isotherm is based on the assumption of a monolayer
adsorption on a homogeneous surface. It can be generally applied
to chemisorption and with some restrictions to physical adsorption
[43]. The good fitting of our equilibrium data to Langmuir isotherm
may indicate the chemisorption mechanism of Ag(I) onto CNS/OH
in aqueous solutions. The maximum adsorption capacity obtained
from Langmuir model, Qm, is 144.9 mg/g, which is very close to the
maximum experimental adsorption capacity of 152.1 mg/g. In con-
trast, the native CNS offered a much lower maximum adsorption
capacity of less than 20 mg/g under the same experimental adsorp-
tion conditions. Furthermore, the adsorption equilibrium data of
native CNS can neither be fitted to Langmuir nor Freundlich model
(data not shown).

3.3. Adsorption kinetics and mechanism

The adsorption of metal ions on materials surface can generally
be classified to three processes: physical adsorption, ion exchange
and complex/redox adsorption. Physical adsorption occurs through
the weak van der Waals interaction and hence is not stable. Adsorp-
tion via ion exchange is mainly through the exchange of metal
ions with the active protons in the adsorbent. The complex/redox
adsorption has been often reported when the adsorbents were
polymers containing functional groups such as –NH2, –CN, –SH,
–SO3H, etc. Such groups have strong chelating ability with metal
cations [37,39,40]. Furthermore, if the metal ions belong to the
heavy metal group like Ag+ with a high standard reduction poten-
tial, the functional groups are capable to reduce them to metals
[37]. Although less well studied, –OH and –COOH groups have
also been reported capable of reducing Ag+ to metallic silver
[44,45].

To investigate the mechanism of adsorption, adsorption rate
was studied and kinetics models were used to describe the adsorp-

tion process. As shown in Fig. 5, it was remarkable that Ag(I)
sorption onto the CNS/OH0.5 was very fast at a wide range of C0
from trace 98 ppb to 202 ppm. The adsorption was completed in less
than 6 min with 100% of removal efficiency when C0 was lower than
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Fig. 5. The amount of Ag(I) ions adsorbed on CNS/OH0.5 at different time, (A)
C0 = 98 ppb, 952 ppb and 1940 ppb and (B) C0 = 202 ppm; inset: fittings to the second
order kinetics model.

Fig. 6. (A) XRD patterns of CNS/OH0.5 (curve a) and CNS/OH0.5 after adsorption of Ag(I)
on CNS/OH0.5 after adsorption of Ag(I) ions; inset: TEM image of the same sample.
aterials 194 (2011) 162–168

2 ppm (Fig. 5A). With a much higher C0 of 202 ppm, the adsorption
was also completed within a short duration of 20 min and the corre-
sponding removal efficiency was 74% (Fig. 5B). Such fast adsorption
kinetics should be attributed to the nonporous structure of the car-
bon nanospheres. The adsorption mainly took place on the external
surface of the colloidal nanospheres with minimum mass trans-
fer resistance. In addition, the surface of our carbon nanospheres
was enriched with the functional groups for catching the Ag(I)
ions efficiently from even dilute solutions. In contrast, other adsor-
bents with micro- or mesoporous structures like polymer, activated
carbon, chitosan, etc., often take long time (typically a few hours
to days) to reach the adsorption equilibrium [37,39–42,46]. Our
Ag(I) sorption kinetic data can be well fitted to the pseudo-second-
order kinetics model with almost perfect correlation coefficient
of 0.9999–1.0 (Fig. 5 inset), while poor fittings were generated if
the pseudo-first-order model was used (results not shown). As the
pseudo-second-order model is based on the assumption that chem-
ical sorption is the rate-determining step [42], the above results
obtained consistently suggested that the Ag(I) ions were chemically
adsorbed.

To provide further evidences for the redox adsorption mecha-
nism, CNS/OH0.5 after adsorption of Ag(I) ions from the solution
with a high C0 of 1080 ppm (0.01 M) was analyzed with XRD and
TEM techniques. The XRD pattern of this sample (Fig. 6A-a) can
be indexed to face-centered cubic (FCC) metallic Ag0 crystals (PDF
no. 001-1167) as indicated by the presence of (1 1 1), (2 0 0) and
(2 2 0) planes. The XRD pattern of CNS/OH0.5 before Ag(I) adsorp-
tion (Fig. 6A-b) only exhibits a broad and weak band at around 20o

which can be assigned to the amorphous phase of CNS [47]. The
TEM image (Fig. 6B inset) indicated that nanoparticles of around
5–30 nm were deposited on the surface of carbon nanospheres. The
high resolution TEM image of an individual nanoparticle (Fig. 6B)
shows a lattice distance of 0.224 nm which is in good agreement
with that of the (1 1 1) plane of FCC metallic Ag0. The above results
provide direct evidences for the redox adsorption of Ag(I) ions to
Ag0 nanoparticles on NaOH activated carbon nanospheres due to
their rich surface functional groups of –COO− and –CH2OH groups.
The chelating ability of carboxylate group towards heavy metals

ions like Ag(I) has been reported [48–50]. On the other hand, it has
been shown that the hydroxyl group of poly(ethylene glycol) can
reduce Ag(I) to Ag0 accompanied by oxidation of hydroxyl to alde-
hyde group [44]. Hence the chelation/redox mechanism in which

ions (curve b) and (B) HRTEM image of a representative silver nanoparticle formed
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ig. 7. The percentage recovery of Ag(I) ions from CNS/OH0.5 adsorbed with Ag(I)
ons with aqueous solutions of HNO3 at 0.2 M and 1.0 M.

COO− acts as a chelating group and –CH2OH acts as a reducing
gent is proposed for our process.

COO− + Ag+ → –COO· · ·Ag

COO· · ·Ag + –CH2OH → –COO− + –CH2O + Ag0

.4. Recovery of silver after adsorption and regeneration of
NS/OH0.5

Aqueous solutions of HNO3 were used to recover silver from
NS/OH0.5 after adsorption with C0 at 1920 ppb. The eluted Ag(I)

on concentration and recovery percentage at different time dura-
ion are shown in Fig. 7. It can be seen that desorption (or rather
issolution) was also very fast since silver nanoparticles were only
resent on the external surface of carbon nanospheres. More than
6% and 99% of Ag(I) can be recovered in 5 min and 2 h, respec-
ively, even when a lower HNO3 concentration of 0.2 M was used.
fter desorption of Ag(I) ions in the acidic soluiton, the carbon
anospheres were reactivated with 0.5 M NaOH. The adsorption
apacity of the regnearted CNS/OH0.5 sample was almost the same
s that of the original CNS/OH0.5. Hence it was demonstrated that
he functional groups for Ag(I) adsorption can be easily regenerated
y treatment with NaOH again.

.5. Removal of Ag(I) ions in a continuous mode

Owing to the fast adsorption rate, the activated carbon
anospheres could be potentially used in a continuous mode for

arge-scale applications. The removal of Ag(I) ions (C0 at 1 ppm)
n a continuous mode with CNS/OH0.5 packed in a fix-bed col-
mn was studied. The breakthrough curves, i.e., the plot of the
ffluent Ag(I) concentration versus the contact time, are shown
n Fig. 8. The column can remove almost all Ag(I) ions with the
ffluent Ag(I) concentrations lower than 10 ppb in the initial 35 h.
fter saturation, the column was regenerated in the same column
nd reused for adsorption. The regenerated column exhibited the
imilar adsorption performance for Ag(I) removal with the break-
hrough time slightly reduced to 32 h. In addition, the removal of
he trace amount of Ag(I) ions (C0 at 100 ppb) with the packed col-

mn was studied. The curve in Fig. 8 shows that the effluent Ag(I)
oncentration reached breakthrough point only after 46 h. Thus the
aOH activated carbon nanospheres developed in this work could
e potentially applied for large-scale water treatment.
Fig. 8. The effluent Ag(I) concentration versus the contact time in a continuous mode
using a fixed-bed packed with a mixture of CNS/OH0.5 and silica beads, C0 = 1 ppm
(fresh and regenerated column) and 100 ppb (fresh column).

4. Conclusions

Colloidal carbon nanospheres (CNS) obtained by a “green” syn-
thesis method can be easily activated with aqueous solutions
of NaOH. The surface of the activated carbon nanospheres was
enriched with functional groups of –COO− and –OH which induced
chelation and redox adsorption of Ag(I) ions to metallic silver
nanoparticles. The maximum adsorption capacity obtained with
carbon nanospheres activated with 0.5 M NaOH was 152 mg/g.
With the initial Ag(I) concentration lower than 2 ppm and the
adsorbent dosage of 1 g/L, all Ag(I) ions can be adsorbed within the
first 6 min. Such fast adsorption kinetics can be attributed to the
nonporous structure and rich surface functional groups of the acti-
vated carbon nanospheres. The adsorption kinetic data can be well
fitted to the pseudo-second-order kinetics model. The adsorbed
silver can be easily recovered by a dilute HNO3 solution and the
carbon nanospheres after silver recovery can be reactivated by the
same treatment with NaOH solution. Continuous studies employ-
ing a packed column indicated the potential applications of such
adsorbents in practical applications for removal of trace amount of
Ag(I) ions for drinking water production.
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