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a  b  s  t  r  a  c  t

Silver  nanoparticles  colloid  has  been  prepared  by  a modified  sonoelectrodeposition  technique  in which  a
silver plate  was  used  as  the  source  of silver  ions.  This  technique  allows  producing  Ag  nanoparticles  with
the  size  of 4–30 nm  dispersed  in  a non-toxic  solution.  The  Ag  nanoparticles  were  loaded  in a high  sur-
face  activated  carbon  produced  from  coconut  husk,  a popular  agricultural  waste  in  Vietnam  by  thermal
activation.  The  surface  area  of the  best  activated  carbon  is  890 m2/g.  The  presence  of  Ag nanoparticles
eywords:
ilver nanoparticles
onoelectrochemistry
ntibacterial materials
ctivated carbon
ethylene blue

does  not  change  significantly  properties  of  the activated  carbon  in  terms  of morphology  and  methy-
lene  blue  adsorption  ability.  The  Ag nanoparticle-loaded  activated  carbon  shows  a  good  antibacterial
activity  against  Escherichia  coli with  very  low  minimal  inhibitory  concentration  of  16  �g/ml  and  strong
As(V)  adsorption.  The  materials  are  potential  for prevention  and  treatment  of microbial  infection  and
contamination  for environmental  applications.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

General sanitation especially disease transmission via air or
ater is a serious problem in a developing country like Vietnam

1,2]. Hazards can be either physical, chemical, or microbiological
gents of disease. Activated carbon, a product of popularly agricul-
ural waste such as coconut husk [3],  bamboo tree [4] is widely
sed for solving physical and chemical problems due to the fact
hat activated carbon (AC) possesses a large surface, so that high
dsorption ability. However, to obtain a material which can solve
ot only physical, chemical but also microbiological problems as
ell is an interesting issue. Carbon materials are biocompatible
ith bacteria and good supports for their development [5].  An acti-

ated carbon material with antibacterial property can be obtained
y impregnated with silver or metallic oxides. There are several
ays to produce silver nanoparticles (AgNP) supported on acti-

ated carbon matrix. We  applied a technique in which AgNP are
irectly loaded in AC. This is a simple way to produce a material

ith a highly antibacterial property [6].

Silver nanoparticles are commonly utilized nanomaterials due
o their antibacterial properties, high electrical conductivity, and

∗ Corresponding author. Tel.: +84 4 3558 2216; fax: +84 4 3858 9496.
E-mail address: nhhai@vnu.edu.vn (N.H. Hai).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.06.044
unique optical properties that could be used in various applica-
tions [7].  The interaction of light with metallic nanostructures
excites plasmon resonance on their surfaces, which causes many
interesting optical features [8].  At nanometer scale, AgNP have
high surface area therefore they are highly reactive species. So
that, silver has been a subject for many antibacterial applications
[9,7]. It is believed that the high affinity of Ag towards sulfur
or phosphorous is the key element of its antibacterial property.
As sulfur and phosphorous are found in abundance throughout
cell membrane, AgNP react with sulfur-containing proteins inside
or outside the cell membrane, which in turn affects cell viabil-
ity [10,11]. Another theory proposed that Ag+ ions released from
AgNP can interact with phosphorous moieties in DNA resulting in
inactivation of DNA replication, or can react with sulfur-containing
proteins to inhibit enzyme functions [12]. These properties allow
the incorporation of AgNP into various matrix such as activated
carbon, polymer networks, textiles, and wound dressing materials
[13].

Many approaches have been developed to obtain AgNP of var-
ious shapes and sizes, including chemical reduction [14], laser
ablation [15], gamma  irradiation [16], electron irradiation [17],

chemical reduction by inorganic and organic reducing agents [18],
photochemical method [19], microwave processing [20], thermal
decomposition of Ag oxalate in water and in ethylene glycol [21],
and sonoelectrochemical method [22]. One of main disadvantages

dx.doi.org/10.1016/j.jhazmat.2011.06.044
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:nhhai@vnu.edu.vn
dx.doi.org/10.1016/j.jhazmat.2011.06.044
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f those methods is the presence of unexpected toxic ions in the
nal products. The toxic ions in the product mostly are the ions of
he silver precursor such as nitrate and thiolsulfate. A good silver
recursor is silver acetate can be used [23]. But this chemical is
xpensive and the manipulation is difficult under ambient condi-
ions.

Thus, this article reports a modified sonoelectrochemical tech-
ique to obtain AgNP in a non-toxic solution. The silver particles
re then directly loaded on activated carbon produced by ther-
al  activation of coconut husk. Testing on methylene blue (MB)

dsorption of the activated carbon and the silver particle-loaded
ctivated carbon shows that the presence of AgNP does not change
he adsorption ability. In addition, AgNP brings an antibacterial
roperty for the activated carbon and improves As(V) adsorption
bility of AgAC.

. Experimental

.1. Preparation of silver nanoparticles

Silver nanoparticles have been prepared by a modified sono-
lectrochemical method. The modification is that a silver plate was
sed as the cathode instead of silver salts to avoid unexpected ions
rom the salts. The cathode was made from a platinum plate. In a
ypical synthesis, the dimensions of both anode and cathode were
0 mm × 10 mm × 8 mm.  A gap between the two electrodes was

 mm.  The electrolyte contained 600 mg  of trisodium citrate (TSC)
issolved in 200 ml  of doubly distilled water in a 250 ml  beaker.
he ultrasound emitter was a professional sonicator (Sonics VCX
50). The horn of the sonicator was placed at a position 2 cm far
way from the cathode and the anode in the electrolyte, near the
urface of the solution. The sonicator produced sonic pulses that
mmediately followed by current pulses. One pulse driver was  used
o control a galvanostat and the ultrasonic processor, which was
dapted to work in pulsed mode. The ultrasound power was 200 W.
he duration of the current pulse was 0.5 s then the current was
urned off for a fixed duration of 0.5 s. When the current presented,
g+ ions were created from the anode and dissolved to the solu-

ion and AgNP were deposited on the surface of the electrode. Once
he current was switched off, a 0.2 s ultrasonic pulse was  used to
islodge the nanoparticles from the electrode. Total time of elec-
rodeposition was 2 h. The current intensity was adjusted from 10
o 50 mA/cm2. The concentration of TSC was changed from 0.5 to

 g/l.

.2. Preparation of activated carbon and silver-loaded activated
arbon

A common agricultural residue-coconut husk was collected
rom the middle of Vietnam to make activated carbon by ther-

al  activation [24]. The husk was washed and dried. Char was
btained by pyrolysis of the husk at 450 ◦C for 40 min. After being
rushed and selected, 400 g of char with particle size of about

 mm was loaded into a 300 ml  stainless steel tube reactor. The
ube was rotated at a rate of 4 rpm. A mixture of nitrogen and
team was passed through the char bed with the rate of 3 ml/min
t 900 ◦C/1 atm for a period of time from 1 to 7 h. Activated car-
on was obtained after removing ash by a solution 0.1 HCl and
eing dried at 100 ◦C. Ag nanoparticles (J = 50 mA/cm2, c = 1.5 g/l)
ere loaded in AC (activation time of 5 h) by mixing AgNP solu-

ion with AC under vigorous stirring and ultrasound radiating for

 h. The product of AgNP-loaded activated carbon (AgAC) powder
as obtained by drying in air at 75 ◦C. The preparation factors were

djusted to have 1 wt.% of AgNP in AgAC. This AgAC was  used in
dsorption and antibacterial tests.
aterials 192 (2011) 1321– 1329

2.3. Adsorption experiments

The batch adsorption experiments of AC or AgAC were car-
ried out in 250 ml  Erlenmeyer flasks where 0.2 g of the AC or
AgAC and 200 ml  of methylene blue (MB) solutions (100–500 mg/l)
were added and a magnetic stirring bar was  placed in flask.
The solutions were stirred at 120 rpm and 30 ◦C for 360 min  to
achieve equilibration. During the process, 2 ml  of sample was
taken and then centrifuged to remove AC or AgAC. The super-
natant was  subjected to measure the concentration of remained
MB by studying the adsorption peak at 660 nm of the UV–vis spec-
tra.

An As(V) solution was  prepared by dissolving 1.0 mg of As2O5
into 1 l of doubly distilled water. The adsorption process was car-
ried out by stirring 100 mg  of AC or AgAC in 50 ml  of arsenic solution
for 3 h. Then adsorbent were collected by centrifugation. As(V) con-
centration in the remaining solution was determined by an atomic
absorption spectroscopy.

2.4. Antibacterial experiments

We  have conducted a qualitatively and a quantitatively antibac-
terial test. The antibacterial property of AgAC was examined by
inhibition growth of Escherichia coli (E. coli) DH5� on Luria–Bertani
(LB) agar 1.5% medium for the qualitative test whereas the antibac-
terial effect of AgNP was tested in LB broth (recipient: tryptone
10 g, yeast extract 5 g, NaCl 10 g, H2O to 1 l) for the quantitative
test.

For the qualitatively antibacterial assay of AgAC on LB agar
medium, the composition of three Petri dishes was prepared as
follows: only LB agar medium (disk (a)), LB agar medium mixed
with 0.15 g AC (disk (b)), and 0.15 g AgAC (dish (c)). After solid-
ification of the medium, E. coli was  streaked uniformly on the
three dishes and then incubated at 37 ◦C for 24 h. The growth
of the bacteria was  observed by white colonies appeared on the
medium.

For the quantitatively antibacterial assay of AgNP in LB broth,
the composition of 2 ml  medium contained in several tubes was
prepared as follows: only LB broth (negative control), LB broth
supplemented with 120 �l TSC solution (TSC control), and LB
broth supplemented with AgNP (AgNP antibacterial tests). The
amount of AgNP was adjusted to have the concentration from 2 to
200 �g/ml. A single colony of E. coli DH5� was  picked up and cul-
tured overnight to grow until a concentration of 1.7 × 109 cells/ml
(1 optical density at 595 nm,  OD595, equals to the concentration of
1.7 × 109 cells/ml). 1 �l of that overnight culture was transferred to
those tubes so that the final concentration of E. coli DH5� obtained
was 8.5 × 105 cells/ml. The tubes were then incubated in a shaker
at 37 ◦C. Growth rate and bacteria concentration was  determined
by measuring the optical density at 595 nm OD595 after 4, 8, 24 and
30 h.

2.5. Equipments

The structure of materials was examined by X-ray diffractome-
ter (XRD) D5005, Bruker, using Cu K� radiation. Transmission
electron microscope (TEM) measurements were carried out
using a JEM-1200EX TEM instrument working at an accelerat-
ing voltage of 80 kV. AC and AgAC morphology was observed by
using a Hitachi S-4700 field emission-scanning electron micro-
scope (FE-SEM). Specific surface areas were measured by the
Brunaur–Emmett–Teller (BET) method at 77 K using N2 gas as an

absorbent after heating the sample at 120 ◦C for 1 h. The chemical
composition of the AgAC was studied by using an energy dispersion
spectroscopy (EDS) in a JEOL 5410 LV scanning electron microscopy
(SEM). UV–vis spectra of the samples were acquired in a UV-Vis
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Table 1
The dependence of the particle size d and the size distribution � on the current
intensity J and the concentration of TSC c. Other preparation factors are fixed (see
text for more detailed).

J (mA/cm2) c (g/l) d (nm) � (nm)

15 0.5 12.8 4.8
15  1.5 6.0 2.6
15  3.5 4.0 1.2
30  1.5 18.9 7.5
ig. 1. XRD patterns of AgNP (a), AC (b) and AgAC (c). For silver preparation, the
urrent intensity is 50 mA/cm2; the TSC concentration is 1.5 g/l. The solid squares
resent for the powder diffraction file (PDF) of the fcc silver metal.

pecord 200 spectrophotometer (Analytik Jena, Germany) between
00 and 900 nm in a quartz cell of 5 mm path length. As(V) concen-
ration was determined by a Shimadu AA-6800F atomic absorption
pectroscopy (AAS). Centrifugation was carried out by a Hettich
niversal 320, 9000 rpm, 20 min. Zeta potential was  recorded by
sing a Zeta phoremeter IV-CAD Instrumentation at 40 ◦C.

. Results and discussion

.1. Structure, morphology and optical properties of AgNP, AC
nd AgAC

XRD patterns of the AgNP (J = 50 mA/cm2, c = 1.5 g/l), AC (activa-
ion time of 5 h) and AgAC are shown in Fig. 1. The XRD patterns of
gNP show a face centered cubic structure presented by the diffrac-

ion peaks at 38.11◦, 44.29◦ and 64.41◦, which match well with
he diffraction from the (1 1 1), (2 0 0) and (2 2 0) planes, respec-
ively. From the full width at half-maximum (FWHM) of the (1 1 1)
eak, a mean size of 23 ± 2 nm was estimated from the Scherrer
ormula: d = 0.9�/(  ̌ cos �), where d is the mean size of particles, �
s the diffraction angle,  ̌ is the FWHM of the peak, and � is the

avelength of the X-ray. Broad peaks of AC around 22◦ and 44◦

resent for the amorphous nature of AC. The broad peaks of AC and
he sharp peaks of silver appeared in the results of the AgAC display
he coexistence of both AgNP and AC. The FWHM of the (1 1 1) peak
f AgNP before and after being loaded onto AC are almost the same,
hich reveals that the size of AgNP did not change.

Morphology of AgNP can be controlled by many factors such
s the current intensity, the concentration of TSC, the temperature
f the electrolyte, the power of the ultrasonic waves, the area and

istance between electrodes. In this study, we have fixed the area
1 cm2), the distance (5 mm)  between electrodes, the time of depo-
ition (2 h), the preparation temperature (room temperature) and
hanged the concentration, c (g/l) of TSC and the current inten-
50  1.5 22.9 9.8

sity, J (mA/cm2) to obtain nanoparticles with different sizes. Fig. 2
presents the TEM images and size distribution of AgNP as a function
of c and J. For the samples with J = 15 mA/cm2, as the concentration
of TSC increased from 0.5 g/l to 3.5 g/l, the mean size of particles d
decreased from 12.8 nm to 4.0 nm and the size distribution varied
from 4.8 nm to 1.2 nm (Table 1). TSC played a role as a conduct-
ing factor in the electrodeposition process. A high concentration of
TSC should help the mass-transfer of silver ions in the electrolyte
and, as the result, big particles would be expected. However, our
results show that d was inversely proportional to c. This fact can
be understood by the fact that TSC was not only a reduction agent
but also a surfactant which supported particles dispersing in the
solution. The Ag+→ Ag0 reduction ability of TSC was  high at about
90 ◦C however that ability was low at room temperature [25]. The
temperature of the deposition was room temperature therefore the
role of TSC in the preparation process is more a surfactant than a
reduction agent. The surfactant molecules limits the growth of par-
ticles which resulted to small size when the concentration of TSC
increased.

We  have fixed the TSC concentration of 1.5 g/l and changed
J from 15 mA/cm2 to 50 mA/cm2 and the particle size cor-
respondingly increased from 6.0 nm to 22.9 nm.  The particle
diameter of 22.9 nm corresponding to the preparation conditions
J = 50 mA/cm2, c = 1.5 g/l is close to that obtained from the XRD pat-
terns (23 ± 2 nm). The particle size determined from the XRD data
is the crystalline size whereas the size obtained from TEM is the
morphological size. The fact that those two  values are the same
suggests that the silver particles were well crystallized. The for-
mation rate of the silver at J = 50 mA/cm2 was faster than that at
J = 15 mA/cm2. To obtain the same amount of silver particles, typ-
ically about 400 �g/ml, the preparation time was about 40 min  in
the former case where it was 120 min  in the later case. Therefore
we applied J = 50 mA/cm2 and c = 1.5 g/l for making AgNP in later
research, including the XRD results which is shown in Fig. 1. The
dependence of the particle size on J can be understood by the fact
that high current intensity fostered the mass-transfer of ions from
the electrolyte to the cathode. For a same time of deposition, high
current caused bigger particles and a higher formation rate than a
low current did.

The UV–vis spectra of AgNP are presented in Fig. 3. There was
an absorption band at around 400 nm which is ascribed to the
surface plasmon absorption in metallic nanoparticles [26]. This
value is commonly observed for AgNP prepared by other methods
[17,27–29].  From Fig. 3, the surface plasmon resonance red-shifts
with decreasing TSC concentration. As the particle size linearly
reduced with the TSC concentration, the absorption peak moved
to a longer wavelength with the particle size. The value of adsorp-
tion maximum, �max decreased almost linearly with increasing of
the concentration of TSC from 406 nm for c = 4 g/l to 415 nm for
c = 0.5 g/l. The dependence of the absorption peak on the size of
nanoparticles when the size is very small compared to the wave-

length of the incident light can be described by Mie theory for
spherical objects [30–32].  Mie  theory based on the Maxwell equa-
tion predicts a red-shift with increasing particle size.
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ig. 2. TEM images of silver nanoparticles: J = 15 mA/cm2, c = 3.5 g/l (a); J = 15 mA/cm
g  nanoparticles (d).

SEM and TEM images of the carbon activated for 5 h are pre-
ented in Fig. 4(a) and (b). Activated carbon sample consists of many
articles with random form and size. The size of AC particles varies
rom hundred of nm to few �m.  There were many holes of few ten
m in the material. The existence of AgNP in AgAC sample may  be
ecognized by the dark dots appeared in the TEM image (Fig. 4(c))
nd the EDS spectra of this material (Fig. 4(d)). The average size of
ilver nanoparticles loaded to AC is 23 nm which is much bigger
han the pore size of the activated carbon (about 1.8–2.2 nm)  so
hat silver nanoparticles could not be loaded in those small pores.
nstead, silver nanoparticles attached on the surface of AC or they
an be loaded in bigger pores and spaces between particles.
The BET total surface area and pore volume depended on the
ctivation time (Fig. 5(a)). Value of the BET surface area increased
lmost linearly with the activation time to a maximal value of
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ig. 3. UV–vis spectra of the silver nanoparticles produced by sonoelectrochemistry with J
max in the UV–vis spectra on the TSC concentration c (b).
 0.5 g/l (b); J = 50 mA/cm2, c = 1.5 g/l (c); and the corresponding size distributions of

890 m2/g for the sample annealed for 5 h and then declined at
longer time. Similarly, the pore volume of AC got a maximal value of
0.45 cm3/g for the sample with the activation time of 5 h. It required
a period of time for material in the char being reacted completely
but if the activation time was too long the fragile structure gener-
ated could block the pores inside the material. Therefore, the time
of 5 h is optimal for the activation process. We  use the carbon acti-
vated for 5 h for making AgAC and the MB  adsorption studies and
As(V) removal experiments.

Difference in adsorption–desorption isotherms from the BET
results of carbon activated for 5 h and its AgNP-loaded material
(Fig. 5(b)) is hardly recognized which confirms that the surface of

AC did not changed with the presence of the AgNP. The BET surface
area (890 m2/g) of AC is almost the same as that of AgAC (880 m2/g).
The adsorption–desorption isotherms of the AC and AgAC shows
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Fig. 4. SEM (a) and TEM (b) images of AC, TEM ima

hat the hysteresis occurred at relative pressure P/P0 = 0.45 which
s slightly higher than the common value of 0.42 (the boiling point
f nitrogen, independent of the nature of the porous adsorbent
33]). The higher closure point in AC between the adsorption and
esorption branches may  be due to the collapse of AC structure.
his leads to pore blocking and eventually to the closure at higher
ressures of nitrogen. The shape of the curve does not exhibit a

imiting adsorption at relatively high pressure. This implies that
he materials contain aggregates of platelike particles giving rise to
arrow splitlike pores. We  have observed a very similar behaviour

or porous silicon in another study [34].

.2. Adsorption study

Adsorption ability of the carbon activated for 5 h has been tested
y studying MB  adsorption. From UV–vis spectra, the intensity of

he strongest adsorption peak at 660 nm was linearly proportional
o the concentration of MB  so that this peak was chosen to deter-

ine the concentration of MB  in the solution. The amount of MB q
mg/g) adsorbed on a unit mass of AC depends on the initial con-
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ig. 5. The dependence of the total surface area and the pore volume determined from BE
or  AC and AgAC with activation time of 5 h (b).
gAC (c) and the EDS analysis on a part of AgAC (d).

centration of MB  c0 (mg/l), the concentration of MB  c (mg/l) at the
time t, the volume of the solution v (l), the mass of the AC used m
(g), as follows: q = (c0 − c)v/m.  The value of q and c is a function
of time. As the time of interaction is large enough, the adsorption
of MB molecules on AC surface balances with the desorption pro-
cess – the equilibrium is formed and q → qe and c → ce. The removal
capacity at equilibrium state depends strongly on the surface area
of AC, the pH of the solution, the temperature T, and the mecha-
nism of the adsorption process. To elucidate the mechanism, study
kinetic and isotherm models are required.

For the kinetic study, there are three kinetic models which
are normally applied, which are pseudo-first-order [37], pseudo-
second-order [38] and Elovich model [39]. The corresponding
equations that describe those models respectively are:

q = q (1 − e−k1t) (1)
e

q = q2
e k2t

1 + qek2t
(2)
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There was an improvement in the reduce ability of As(V) ion con-
centration when the silver nanoparticles were loaded into AC. This
behaviour has also been observed in studying of arsenate adsorp-

Table 2
Fitting parameters to the pseudo-second-order kinetic model.

c0 qexp.
e qcal.

e k2 (×10−3) R2 (×10−2)

100 89.8 89.4 2.4 100.0
ig. 6. Comparison between experimental data (dots) to the pseudo-second-order ki
arbon  and zeta potential on the solution pH (b).

 = ln(1 + abt)
b

(3)

here k1 is the rate constant of the pseudo-first-order adsorption,
2 is the rate constant of the pseudo-second-order adsorption, a is
he initial adsorption rate, and b is the desorption constant. Fitting
he experimental data with those equations corresponding to the

odels reveals the mechanism of the adsorption process [40,41].
For the isotherm study, there are some isotherm models can

e used but two models, i.e., the Langmuir and the Freundlich
nes have been widely used. The Langmuir model which assumes
hat equilibrium is attained when a monolayer of the adsorbate

olecules saturates the adsorbent [35]. The Freundlich model
ssumes heterogeneous surface energies, in which the energy term
n the Langmuir equation varies as a function of the surface cov-
rage [36]. The corresponding isotherm equations for those two
odels respectively are:

e = qmkace

1 + kace
(4)

e = kF (ce)1/n (5)

here qm is qe for complete monolayer adsorption capacity; ka is
he equilibrium adsorption constant (l/mg); kF is the Freundlich
dsorption constant and 1/n  is a measure of the adsorption inten-
ity.

Fig. 6(a) shows the MB  removal of AC as time changing. The con-
itions of these tests were the initial concentration c0 = 100–500 mg
B/l, the amount of AC m = 0.2 g/200 ml,  room temperature. All

urves show an initial rapid development of adsorption which is
ue to large number of vacant sites available for adsorption at initial
tages, so that, there existed an increased concentration gradient
etween adsorbate in solution and adsorbate in adsorbent [49,50].
n the first 20 min, about 70% of MB  molecules were adsorbed. Later
n, the number of available vacant sites reduced then the adsorp-
ion process reached the saturation process. The fittings with the
hree kinetic models show that the pseudo-second-order adsorp-
ion was the best model for describing adsorption mechanism of
he AC (Fig. 6(a)). The correlation coefficients R2 are higher than
.998, the calculated qe values are close to the experimental qe val-
es for all the cases (Table 2). Fittings with the other models are so
oor with R2 smaller than 0.8 (data not shown). Similar behaviour
as observed for AC produced by other techniques [40,42,41].  The
seudo-second-order kinetic equation for adsorption is in line with
he universal rate law for a chemical reaction [48]. Applying for our
tudy, the rate of MB  adsorption was determined by the availability

f adsorption sites on the surface of AC rather than MB  concentra-
ion. The ability for removing MB  depends strongly on the surface
roperty of AC. The presence of AgNP on AC may  cause a change
n its adsorption process. We  have tested the MB  adsorption prop-
 (solid curves) (a) and the dependence of methylene blue adsorption of the activated

erty of AC and AgAC with the initial concentration c0 = 200 mg MB/l
and found no significant difference between the two  materials. This
is confirmed by the similarity of the BET isotherms of these two
materials (Fig. 5(b)).

The pH of the solution is important for the adsorption process
and particularly for the adsorption capacity. It is commonly known
that at high pH values, cations are favourably adsorbed due to the
negatively charged surface sites [47]. When dissolved in water, MB
are cations because the MB  molecules lose anions Cl−. We  expect
an increase in adsorption capacity as increasing pH. It is shown in
the dependence of MB  adsorption on the solution pH of 1–7 with
the initial MB concentration of 500 mg/l (Fig. 6(b)). The MB up-take
qe increased from 170 (at pH = 1)–240 mg/g (at pH = 5). Then qe does
not change significantly at higher pH. Zeta potential reveals that the
surface charge of AC changed at pH = 3.2 (Fig. 6(b)). It means that at
pH < 3.2, the surface charge of AC was positive which caused the low
value of qe. At pH > 3.2, the surface charge of AC was  negative so that
large number of MB  molecules could be adsorbed on AC surface. The
saturation of qe at high pH depends on other factors such as surface
area, adsorption mechanism and so on. This behaviour is commonly
observed in MB [40] and malachite green [42] adsorption on AC.

Fig. 7(a) shows the comparison of the experimental data with
two theoretical isotherm models at neutral pH. The fitting corre-
lation coefficient R2 deduced for the Langmuir and the Freudlich
are 0.98 and 0.79, respectively. It is clear that the Langmuir model
is suitable to describe the adsorption mechanism of AC than the
Freundlich model. A value of 240 mg/g is obtained for the com-
plete monolayer adsorption capacity qm in the Langmuir model.
The value of qm is a high value compared to the range from few to
about 200 mg/g in other reports [42–46].

The adsorption ability of AC and AgAC are different when the
adsorbate is As(V). At equilibrium state, the As(V) adsorption ability
of AC and AgAC was  studied with same conditions of stirring time
(3 h) and concentration of As(V) ions (1.0 mg/l). The results show
that with 2 g of AC and AgAC per liter at neutral pH, the AC reduced
the As(V) concentration by 5.5% while the AgAC reduced by 17.1%.
200 171.5 174.8 0.4 99.8
300 190.6 198.4 0.4 99.9
400 201.8 207.5 0.4 99.8
500 237.5 245.1 0.5 99.9
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Fig. 7. The Langmuir (a) and the Freudlich (b) isotherm models applied for MB  adsorption of the activated carbon. The fitting correlation coefficient for the Langmuir is better
than  that for the Freudlich.

Fig. 8. Test samples for strains of E. coli in the agar dish for negative control (a), presence of AC (b) and presence of AgAC (c). The white colonies on figure (a) and (b) (see the
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E. coli is 16 �g/ml which is close to the MIC, normally ranging from
1 to 16 �g/ml, of antibiotics used for the treatment of E. coli [53].
The fact that no E. coli colony was  observed in disk (c) of Fig. 8 is
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nsets  for more detailed) show that the negative control allowed normal growth an
nhibition against the growth of AgAC on E. coli.

ion by carbonized silver containing yeast cells and carbonized
ontrol yeast cells [50].

.3. Antibacterial study

The qualitatively antibacterial study of AgAC on LB agar medium
s shown in Fig. 8. Fig. 8(a) is the result in disk (a) for the negative
ontrol (Section 2.4) showing a normal growth of E. coli by the pres-
nce of white colonies on the agar plate (see the inset of the figure).
ig. 8(b) is the result for disk (b) presenting a normal growth of E.
oli as well. This reveals that AC itself did not inhibit the growth of
. coli. Meanwhile in a parallel test, no E. coli colony can be observed
n the agar plate in disk (c) (Fig. 8(c)). This result indicates that 0.15 g
gAC – equivalent to 1.5 mg  AgNP provided a strong antibacterial
ctivity against E. coli. The volume of LB agar medium in a Petri disk
as 15 ml  so that the concentration of AgNP in the Petri disk was

50 �g/ml. Our AgAC is a potential material for applications against
icrobial infection and contamination.
The quantitatively antibacterial study of AgNP in LB broth is

hown in Fig. 9 which presents the dynamics of E. coli growth in
B broth for the negative control, TSC control and AgNP tests (AgNP
oncentration of 2—200 �g/ml). The initial number of E. coli inoc-
lated in to 2 ml  LB medium of the tested tube was 1.7 × 106 cells,
roviding the final bacterial concentration of 8.5 × 105 cells/ml. For
he negative control and the TSC control, E. coli bacteria grew nor-

ally. The concentration of E. coli after 30 h in the TSC control
OD595 = 2.5) is higher than that in the negative control (OD595 = 1.5)
hich suggests that TSC was not toxic to E. coli and may  be even

nabled for the bacterial growth. The situation is different with the
resence of AgNP because of the well-known antibacterial prop-

rty of this metal [51]. When AgNP concentration was 2 �g/ml, the
esult is similar to the result of the negative control because the
ow value of AgNP could not inhibit bacteria growth. With higher
gNP concentration, the inhibitory effect occurred within 8 h even
did not inhibit the growth. No colony is observed in figure (c) confirming a strong

at low AgNP concentration of 4 �g/ml. This value is about 2-fold
lower than the threshold concentration of 8 �g/ml reported for
AgAC in another research [6] and slightly higher than a value of
2–3 �g/ml reported for the complicated Tollens process [52]. The
minimal inhibitory concentration (MIC) is defined as the lowest
concentration of a drug that will inhibit the visible growth of E.
coli after a period of time long enough for the growth of single
colony to a turbid bacteria culture observable by nake-eyes. Com-
monly it is overnight incubation. For longer incubation time, i.e., 24
and 30 h, E. coli grew in the broth tubes with AgNP concentration
≤12 �g/ml and inhibited in the broth tubes with AgNP concentra-
tion ≥16 �g/ml. Therefore the MIC  of AgNP against the growth of
Fig. 9. Bar chart of OD595 reflecting E. coli concentration in LB in the presence of
different concentrations of AgNP nanoparticles (�g/ml) as increasing time (h). Each
test  was conducted after 4, 8, 24 and 30 h. It is obvious that, with the concentration
of  AgNP ≥ 16 �g/ml, the E. coli growth was inhibited.
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ecause the concentration of AgNP in AgAC (150 �g/ml) in the LB
gar was nearly 10-fold higher than the MIC  value of AgNP.

. Conclusions

This paper presents a modified sonoelectrochemical technique
hich brings a versatile in choosing chemicals to obtain non-toxic
anosilver colloids. The principle of this technique can be applied
o make other metallic nanoparticles. The antimicrobial activity of
gNP against E. coli was obtained at very low concentration with
IC  value of 16 �g/ml. Silver nanoparticles were loaded in coconut-

ased AC prepared by thermal activation with water steam. The
resence of AgNP did not change the surface property of the AC but

mproved As(V) adsorption. The significant inhibitory effect against
acteria of the material is expected to provide the end-user cer-
ain advantage in the prevention of foodborne illness, which is an
larming problem in developing and developed countries.
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