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Abstract Silver nanoparticles (Ag NPs) were synthesized
in situ, using a one-step green methodology with Camellia
sinensis (green tea) aqueous extract as reducing agent, and
supported on a carbonaceous material (Ag-CM), originated
from the pyrolysis of sewage sludge. UV-Vis spectros-
copy, X-ray diffraction, scanning electron microscopy,
transmission electron microscopy and Brunauer—-Emmet—
Teller were used to characterize the nanocomposite. Ag-
CM composite exhibited very good catalytic activity in the
degradation process of methylene blue (MB) dye in aque-
ous solution without using sunlight or UV radiation. Batch
kinetic and isothermal experiments, using 30 mg/LL. MB
solution, showed that Ag-CM composite removed near to
91 % of MB in 9 h, whereas the carbonaceous material
alone removed only 60 % in 30 h. Experimental data were
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adjusted to different kinetic and isotherms models, where
both materials fit the second-order and Langmuir-Freund-
lich models, respectively; therefore, a chemisorption
mechanism probably occurs in these heterogeneous
materials.
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Introduction

Cross-disciplinary nanoscience research, involving chem-
ists, physicists, biologists and engineers, is concerned
about the need for developing environmentally friendly and
sustainable methods for the synthesis of nanomaterials
(Gericke and Pinches 2006). There is a current drive to
integrate all the green chemistry approaches to design
environmentally benign materials and processes.

The physicochemical and optoelectronic properties of
metallic nanoparticles are strongly dependent on the size
and size distribution; thus, numerous methodologies were
formulated in the past to synthesize noble metal nanopar-
ticles of particular shape and size depending on specific
requirements. Nevertheless, the routine physicochemical
techniques for nanoparticle production, such as photo-
chemical reduction (Eustis et al. 2005), laser ablation
(Mafune et al. 2002), electrochemistry (Rodriguez-Sanchez
et al. 2000), lithography (Zhang and Wang 2008) or high-
energy irradiation (Treguer et al. 1998), either remain
expensive or employ hazardous substances, such as organic
solvents and toxic-reducing agents like sodium borohy-
dride and N,N-dimethylformamide. In addition, due to the
high surface energy of the nanoparticles, these tend to form
aggregates; therefore, surface passivation and capping
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reagents are frequently added to the reaction systems to
avoid coalescence.

Recently, the biosynthesis of nanoparticles, as an
emerging highlight of the intersection between nanotech-
nology and biotechnology, has received increasing atten-
tion due to an ever-growing need to develop eco-friendly
nanostructure synthesis procedures, with a reasonable
control over the size and morphology (Anastas and Kir-
chhoff 2002; Mohanpuria et al. 2008). The biosynthetic
methods employ micro-organisms (Bhattacharya and
Gupta 2005) such as bacteria (He et al. 2007) and fungus
(Xie et al. 2007). The use of the plants can also be suit-
ably scaled up for large-scale synthesis of metallic nano-
particles, employing either living-inside route (Bali et al.
2006) or via plant extracts (Kumar and Yadav 2008).
Biological synthetic procedures for nanoparticles would be
more useful if nanoparticles were produced extracellularly
using plant extracts and in a controlled manner according
to their size, dispersity and shape. Thus, this biosynthetic
procedure has emerged as a simple, low-cost and eco-
friendly approach to synthesize silver nanoparticles. In
this sense, the bioreduction method, using plant extracts,
has been developed during the last years for the fabrica-
tion of noble metal nanoparticles in suspension solution.
We found (Vilchis-Nestor et al. 2008) that a simple and
efficient green nanochemistry approach is enough to pre-
pare successfully gold and silver nanoparticles with a
homogeneous size distribution in aqueous solution at room
conditions, using a renewable and low-cost biological
reducing agent, Camellia sinensis plant extract, avoiding,
thus, the presence of hazardous and toxic solvents or
residues.

Wastewater effluents from some industries, such as
textile, leather, paper and plastics, contain several kinds of
synthetic dye residues. A very small amount of dye in
water is highly visible and can be toxic to life and human
beings. Hence, the removal of colour from waste effluents
becomes of fundamental importance to the environment,
but it requires special and advanced treatments. There are
several ways in which colourants cause problems in water,
depending on exposure time and dye concentration (Slokar
and Le Marechal 1998; Vautier et al. 2001; Mittal et al.
2006). Powder activated carbon has been the most widely
used adsorbent for removing organic compounds, includ-
ing textile dye residues, from wastewater (Kargi and
Ozmihci 2004a, b; Kunwar et al. 2003; Hsieh and Teng
2000). Also, the problem of sewage sludge disposal is
proving to be one of the most complex environmental
problems nowadays. The amount of sewage sludge gen-
erated by wastewater treatment plants has been increasing
at a rapid pace in recent years and has drawn serious
attention from the society (Smith et al. 2009). The decline
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or loss of the traditional disposal routes for sewage sludge
has created a high demand for more cost-effective and
environmentally benign alternatives. One potential option
for sludge’s added value is its conversion into adsorbents,
especially activated carbon (Smith et al. 2009; Rozada
et al. 2003; Serpil and Fikret 2006; Wang et al. 2008;
Trujillo-Reyes et al. 2010). Hence, using metal nanopar-
ticles in combination with low-cost adsorbent materials
has attracted much attention over the last decade (Bokare
et al. 2007; Trujillo-Reyes et al. 2010, 2012a, b) due to
the improved catalytic properties of these types of
nanocomposites.

Methylene blue IUPAC name is 3,7-bis (dimethyl-
amino)-phenothiazin-5-ium chloride, is an aromatic het-
erocyclic compound and an antioxidant that can be easily
reduced in the presence of organic electron donators.
Because of its chemical structure, MB can self-oxidize
‘donating’ electrons to other compounds. Those properties
had allowed this dye to be the perfect drug to treat the
metahaemoglobinaemia, a medical condition characterized
for the presence of high concentrations of oxidized hae-
moglobin in blood. It is also used as a dye to paint certain
parts of the body before or during a surgery, as an anti-
septic and intern healing. Also, this dye is used in the
bacterial staining for microscopic observation (Ma et al.
2004).

Most of the previous works dealing with removing of
organic dyes from aqueous solutions or wastewater using
Ag nanoparticles make use of the photocatalysis process to
achieve this purpose (Wu et al. 2010; Wang et al. 2012;
Rodriguez-Gonzilez et al. 2012).

Herein, a novel and simple green synthetic methodology
for silver nanoparticle preparation and their support on a
carbonaceous material (CM) obtained from the pyrolysis of
sewage sludge is described. This method involves the
in situ reduction of aqueous Ag(I) ions employing C. sin-
ensis (green tea) aqueous extract as a reducing agent in the
presence of the supported material. The nanostructured
composite material (Ag-CM) showed very good perfor-
mance for removing methylene blue from aqueous
solution.

Materials and methods
Methylene blue (MB) dye

Methylene blue (C¢H;3CIN;S) was obtained from Sigma
Aldrich (95 %). MB is a synthetic, cationic, thiazine dye.
The general characteristics of this dye are as follows: molar
mass 319.87 g/mol and maximum light absorption at
Amax = 661 nm.
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Carbonaceous material from sewage sludge

Sludge was obtained from RECICLAGUA, a wastewater
treatment plant in Lerma, Estado de México, México. The
pyrolysis of sewage sludge was carried out at 500 °C for
60 min. The complete methodology has been described
elsewhere (Colin-Cruz et al. 2001). Carbonaceous material
was washed with distilled water and dried at 100 °C for
3 days, crushed and sieved (20 mesh = 0.84 mm).

Preparation of carbonaceous material-silver
nanoparticles composite

Ten millilitres of 107> M AgNO; aqueous solution and
10 mL of deionized water were added to 2 g of carbona-
ceous material in constant stirring for 1 h. Then, 4 mL of
C. sinensis (green tea) aqueous extract was poured into the
reaction mixture, with constant stirring for 12 h. The solid
material was filtered and dried for 24 h at 110 °C.

A second experiment to obtain the metallic nanoparti-
cles was carried out under identical reaction conditions;
however, prior to drying, the reaction mixture was filtered
and the solution was collected in order to perform UV-Vis
spectra of silver nanoparticles at different times.

Characterization

The UV-visible spectra were recorded on a Varian CARY
300 UV-visible spectrophotometer using quartz cuvettes.

Transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) were carried out using a
JEOL 2010 microscope operating at 200 kV accelerating
voltage. The composite was dispersed in 2-propanol at
room temperature. A drop of the suspension was placed on
a carbon-coated Cu grid. At least 10 representative images
were taken for each sample. In order to obtain statistically
consistent information on the particle size distribution, the
length of circa 300 particles was measured.

Scanning electron microscope (SEM) observations were
carried out on a JEOL 5300. The composite was attached to
the sample stub using conductive double-stick tape without
coating.

BET surface area was determined by standard multi-
point techniques of nitrogen adsorption, using a Microm-
eritics Gemini 2360 instrument.

Sorption kinetics

Kinetic removal of MB dye by carbonaceous material-silver
nanoparticles composite (Ag-CM) and by CM alone, from
sewage sludge, was as follows: 10 mL of MB solution of
30 mg/L which was added to 10 mg of each adsorbent
material. Each material and the solution entered in contact

with constant stirring using assay tubes which were put
inside plastic containers. Experiments were carried out by
batch technique without any illumination in order to avoid
photocatalysis. Each plastic container was shaken using a
platform shaker at 25 rpm for different times (0.016, 0.083,
0.25,0.5, 1, 2, 3, 5, 19 and 43 h) at room temperature and
pH data were monitored before and after the experiments;
after that the filtration was performed. MB dye concentra-
tion in liquid phase was determined using an UV/visible
spectrophotometer Perkin-Elmer Lambda 25 at A=
661 nm. All experiments were done in duplicate.

Sorption isotherms

Isotherms were carried out using 10 mL of MB dye solu-
tion at different concentrations 5, 10, 20, 30, 50, 100, 200,
300 and 500 mg/L which were added to 1 and 10 mg of
each adsorbent material using assay tubes which were put
inside plastic containers. Experiments were carried out by
batch technique without any illumination in order to avoid
photocatalysis. Each plastic container was shaken using a
platform shaker at 25 rpm for 9 h for the composite Ag-
CM, and 30 h for the CM from sewage sludge, respec-
tively, monitoring pH data before and after the experiments
at room temperature. All experiments were done in dupli-
cate. The samples were filtrated and dye concentrations
were determined in the liquid phase as described above.

Results and discussion
Ag-CM composite

Carbonaceous material was obtained successfully from the
pyrolysis of sewage sludge at 500 °C for 60 min. The Ag-
CM composite was prepared efficiently by impregnation of
Ag(l) ions on carbonaceous material in aqueous media;
followed by a bioreduction process at room conditions,
assisted by C. sinensis extract. The characteristic yellowish
colour of the solution containing silver nanoparticles pro-
vides a convenient visual signature to indicate their for-
mation (inset Fig. 1a). The nominal Ag loading in Ag-CM
composite was 0.05 wt%.

Characterization

Figure 1a shows the UV-visible spectra of the silver
nanoparticles obtained after 24 h of reaction. It is observed
that as the reaction progresses, the absorbance intensity
peak at 423 nm increases monotonically as a function of
time, without any shift in the peak wavelength. The spectra
were measured from the solutions collected after the fil-
tration of the reaction mixture. Figure 1b exhibits a plot of
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Fig. 1 a UV-Vis spectra recorded as a function of reaction time. The
time reaction is indicated next to the corresponding curve. b Plot of
the intensity of plasmon resonance at 423 nm against the reaction
time

the plasmon intensity at 423 nm against reaction time. After
8 h of reaction time, the plasmon intensities become closer
to each other, meaning completion of the reaction. As can
be observed in Fig. 1a, a band bellow 400 nm appears after
2 h of reaction. This new band around 375 nm can be
attributed to shape modifications of silver nanoparticles. It
is well established (Noguez 2007) that shape of metal
nanoparticles strongly affects their surface plasmon reso-
nance. Also, it is well known that C. sinensis contains
polyphenols; a green tea aqueous extract contains 59.8 mg
CAE/g of phenolic compounds (CAE = chlorogenic acid
equivalents in milligrams per gram of dry material) and
terpenoids, among the major biocomponents with antioxi-
dant activity. These types of compounds contribute to the
metal ion reduction processes and can also control the size
and the stability of the nanostructures formed (Vilchis-
Nestor et al. 2008). In the case of silver, there are indica-
tions that the presence of polyhedral shapes can generate
absorption bands bellow 400 nm (Kelly et al. 2003). Fig-
ures 2 and 3 show TEM micrographs of silver nanoparticles
which confirm the presence of non-spherical particles.
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Figure 2a shows typical TEM micrographs of the Ag
nanoparticles obtained after 24 h of reduction using C.
sinensis aqueous extract. It can be observed that the overall
morphology of the sample is composed mainly of isotropic
silver nanoparticles. Figure 2b shows the SAED pattern,
which reveals that the diffraction rings can be indexed as
(111), (200), (220) and (311) reflections, corresponding to
an FCC silver structure.

A lower-magnification TEM micrograph and a histogram
of the size distribution of silver nanoparticles are shown in
Fig. 3a, b, respectively. TEM analysis reveals that nano-
structures are predominately ellipsoidal, and polyhedral but
also a few spherical nanoparticles are formed (Fig. 3a).
Thus, size distribution of silver nanoparticles is not narrow,
and the average size was estimated to be 26 nm.

SEM micrographs of Ag-CM composite are shown in
Fig. 4a, b and were recorded with secondary electron
detector and backscattered electron detector in composition
mode, respectively. From the SEM image in Fig. 4a, a por-
ous material with heterogeneous surface morphology can be
observed. After MB removal, the composite keeps its pre-
vious typical morphology (Fig. 4b), but with apparently less
compact granules, having these smaller sizes. According to
Smith et al. (2009), the main constituents of sewage sludge
are proteins, fats (soap, oil and grease), silica, nitrogen,
phosphoric acid, iron, calcium oxide, alumina, magnesium
oxide and potash. Heavy metals and a wide variety of min-
erals are also present. Similar results were obtained by ele-
mental analysis before and after dye removal for the Ag-CM
composite, as shown in Table 1. As expected, carbon is the
principal element counting for 50 % of Ag-CM composite,
in addition to nitrogen, oxygen, calcium, iron, phosphorus
and silicon, among other elements. Differences in chemical
composition of carbon material samples obtained from
sewage sludge are common, due mainly to the different kinds
of pollutants present in the diverse sources of treated water.
In addition, it is important to point out that EDS is a punctual
and a semi-quantitative technique; therefore, it is very dif-
ficult to reproduce results. Nevertheless, it gives a good idea
of the almost unchanged conditions in the carbonaceous
material before and after contact with MB aqueous solution.

The BET surface areas for Ag-CM composite and CM
were 18 and 23 m?%/g, respectively. This result is probably
due to Ag nanoparticles occupying the pores or active sites
in the CM, resulting in a lower surface area for the com-
posite. Although specific surface area of both materials is
similar, the results described in the following section show
that Ag-CM composite has removed MB more efficiently
than the carbonaceous material. Thus, sorption capacity
increases when Ag nanoparticles are supported on the car-
bonaceous material, which can be mainly attributed to the
capacity of Ag particles to catalyse the reduction reaction
process occurring during degradation of the MB dye.
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Fig. 2 a Representative TEM
images of Ag NPs synthesized
in aqueous solution after 24 h of
reaction. b Electron diffraction
pattern of the Ag NPs

Fig. 3 a Transmission electron

micrograph of Ag NPs formed 4
after 24 h of bioreduction.

b Histogram of size distribution

of the Ag NPs synthesized by

g
R
the experiment using 4 mL of - o>
C. sinensis aqueous extract as ’ 5 »
. 2 ’ - :
reducing agent. The average 3 * .
size distribution is 26.3 nm .

Fig. 4 Representative SEM
micrographs of Ag-CM
composites in (a) secondary
electrons mode

(b) backscattered electrons
mode

Sorption kinetics

Sorption studies were performed in duplicate by batch
technique to obtain equilibrium data.

Figure 5a shows the kinetic sorption behaviour of the MB
dye by Ag-CM composite and CM from pyrolysis of sewage
sludge. It can be observed that the CM removes about 60 %
of the MB in an equilibrium time of approximately 30 h.

[
Particle number

0 10 20 30 40 50 60 70

However, when silver nanoparticles were added to the car-
bonaceous material, the removal capacity of MB increases.
The equilibrium was reached in 9 h and eliminating near to
91 % of MB dye. pH data were monitored before experi-
ments with values of 5.2 and 6.1 for Ag-CM and CM,
respectively, and after the experiments were 6.95 and 6.75
for Ag-CM composite and CM, respectively. It seems that
the combination of sewage sludge and Ag NPs can increase
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the adsorption properties of the composite in the removal of
methylene blue from aqueous solution. This can be a
promising material in the elimination of some other dyestuffs
or organic compounds in real wastewater.

At the equilibrium, the amount of MB dye onto the
corresponding material, g. (mg/g), was found by a mass
balance relationship:

qC:<C0_CC)V/W (1)

where C, (mg/L) and C. (mg/L) are the initial and the
equilibrium liquid-phase concentration of metal, respec-
tively, V(L) the volume of the solution and W (g) the
weight of the corresponding material, Ag-CM and CM.
Numerous kinetic models and mathematical correlations
have been derived to determine the various sorption rate
parameters. Experimental data were fitted to different kinetic
models like pseudo-first-order or Lagergren model and sec-
ond-order or Elovich model using the Statistica 6.0 software.

Table 1 EDS analysis before and after dye elimination by Ag-CM
composite

Pseudo-first-order model (Lagergren)

This model is used for homogeneous materials and physi-
cal sorption where sorption velocity is proportional to the
solute concentration. If the adsorption process follows a
pseudo-first-order kinetics, the sorption constants are
obtained by the following equation.

g =qe(1—e ™) (2)

This model is based on the evolution of the charge with
respect to the time, where g. and ¢, denote the amounts
adsorbed in the equilibrium and at time ¢, respectively, in
mg/g, and K is the Lagergren adsorption constant (h™").

Table 2 shows the kinetic parameters of dye sorption by
Ag-CM composite and CM. It can be observed that the
amount of dye removed in the equilibrium (g.) is 23.34 and
16.19 mg/g for Ag-CM composite and CM, respectively.
Both values are lower than those obtained experimentally.
The Lagergren constant is similar for both materials; it
means that the removal velocity is almost the same.
However, this model is not the best to fit the experimental

Element Weight percentage data of the Ag-CM composite and CM because of the lower
Ag-CM correlation coefficient values.
Before sorption After sorption
p 578 &+ 0.65 52.0 % 071 Second-order model (Elovich)
o 9.6 £0.72 240 £4.92 . . . .
Elovich’s equation is another rate equation based on the
P 1.1 £0.24 23 £ 143 . . .
. adsorption capacity. If the adsorption process follows a
Si 7.8 £ 0.87 9.3 £ 0.55 . .
second-order model, the sorption constants can be obtained
Na 0.5 £ 0.19 0.5 £ 0.03 . .
by the following equation:
Mg 0.2 + 0.01 04 +0.10
Al 1.6 £ 0.17 324136 1
g = (= | In(1 4 (abt)) (3)
S 0.9 £ 0.02 0.8 £0.21 b
Cl 0.6 £ 0.47 0.09 £ 0.01 . .
where a and b are the sorption and desorption constants of
K 0.5 +0.14 0.5 +0.03 . . .1, .
the dye, respectively. This Elovich’s equation is commonly
Ca 1.8 £ 0.68 2.7 £ 1.18 . L . .
- 04 4 0.03 04 £ 0,001 used to determine the kinetics of chemisorption onto het-
Cl 0'3 N 0'01 0'3 N 0.16 erogeneous solids (Yuh-Shan 2006).

r ) ) ) ) Table 2 also shows the kinetic parameters of the MB
Fe 1.4 £007 20£091 sorption by the two materials for the Elovich model. The
Fig. 5 a Kinetic studies of Ag- A B
CM composite and CM. 301 S
b Elovich kinetic model for B & = GO e e o
adsorption of MB by Ag-CM 251 259
composite and CM &

20 - 20
2 Y T @ =~ 1° 0
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Table 2 Kinetic parameters of the dye sorption by Ag-CM composite
and CM

Material ~ Kinetic models

Lagergren Elovich

ge (mglg) K (hhH a(mg/g) b(mglg) -
Ag-CM 2334 0.318 0.867 548.76 0.453 0.985
CM 16.19 0.343 0.907  31.611 0.350 0.964

desorption constant had similar values for both materials. It
is unlikely that adsorption constant for the Ag-CM com-
posite is 548.76 mg/g and CM has 31.61 mg/g. It means
that the composite is, effectively, a better material for the
removal of MB from aqueous solution than the carbona-
ceous material. Nevertheless, correlation factor values were
higher for both materials (over 0.9) than those founded with
pseudo-first-order model. Then it can be elucidated that
both materials may follow a chemical sorption of MB since
carbonaceous material from sewage sludge and the com-
posite with Ag NPs are highly heterogeneous materials.
Figure 5b shows the Elovich kinetic model fitting of the
experimental adsorption of MB by Ag-CM and CM.

Sorption isotherms

Figure 6 shows the plots of equilibrium concentrations of
MB dyestuff in the solid and liquid phases, which is g (mg/
g) versus C, (mg/L) for Ag-CM composite and CM using
different amount of mass (1 and 10 mg). It can be noticed
that when the solid material dosage increases, the removal
of MB increases too. Moreover, there is no difference in this
behaviour due to the sorbent material amount used.

Mathematical models were fitted to the experimental
data when a mass of 1 mg was used. It should be noted that
the CM curves follow a common or normal behaviour, but
the Ag-CM graphs do not exhibit a common behaviour of
an isotherm. Then some constant values of each model will
be out of context.

Different models have been developed for describing the
behaviour of the materials fitting to different adsorption iso-
therms like linear model, Langmuir, Freundlich and Lang-
muir-Freundlich models in order to correlate the equilibrium
adsorption data. pH data monitored before the experiment
were 5.5 & 0.1 for both materials, and after the experiment
were 6.7 and 6.2 for Ag-CM composite and CM, respectively.

Linear model

When an isotherm behaves linearly, the pendant represents
the distribution coefficient, K3 (Fall et al. 2001), which is
defined as the relation between the amount of MB in the solid
phase and the concentration of MB in the aqueous phase.

983
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Fig. 6 Isotherm studies of Ag-CM composite and CM

A low value of Ky represents that the MB is in the
solution, while a high value of K; indicates that the dye-
stuff has affinity for the solid material (Alemayehu and
Lennartz 2009). The linear isotherm is represented by the
following equation:

ge = KqCe (4)

where the sorption capacity is g. (mg/g), Ky is the distri-
bution coefficient (L/g), and C. is the amount and the
concentration of MB at equilibrium (mg/L).

Figure 7a presents the linear model for adsorption of MB
by Ag-CM composite and CM. It can be seen that the car-
bonaceous material had a higher pendant value (0.981)
compared with the value of 0.454 obtained for the Ag-CM
composite, which means that the CM has a better affinity for
the dye molecule, but does not mean that removes it more.

Therefore, effective removal of the dyestuff by the two
materials was performed. However, the materials do not
follow the same removal mechanism. Carbonaceous
material may remove the MB dye through a sorption
mechanism, while the Ag-CM composite may remove MB
by an oxidation—reduction reaction.

Langmuir model

Langmuir isotherm was theoretically derived supposing
that the adsorption takes place on fixed homogeneous
absorption sites of equal energy, forming a monolayer
surface coverage. Langmuir model can be described by the
following equation:

o qobC.

=17 bC, )

where g is the maximum adsorption capacity of MB in the
solid material, C, is the liquid-phase equilibrium concen-
tration of the dyestuff, g. is the amount of MB dye
adsorbed, and b is the constant related to the energy or net
enthalpy of adsorption.
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Table 3 Sorption isotherm parameters of MB by Ag-CM composite and CM
Material Sorption isotherms
(10 mg) : . : :
Langmuir Freundlich Langmuir-Freundlich
qo (mg/g) b P Kr (mg/g) 1/n r K 1/n r
Ag-CM 11,787 0.00003 0.841 0.0012 3.401 0.966 0.471 0.574 0.991
CM 418.03 0.0054 0.960 8.04 0.620 0.970 10.05 0.522 0.971

Table 3 shows the isotherm parameters of MB treated
with Ag-CM composite and CM. With this mathematical
model the maximum adsorption capacity (go) of any material
can be known. So, this value was really lower for CM in
comparison with the adsorption capacity value of the com-
posite. Also, correlation coefficient values were good for
both materials. Therefore, adding silver nanoparticles to the
carbonaceous material makes the removal of MB more
efficient. The Ag-CM composite has a very good capacity for
the removal of the dyestuff from aqueous solution. Accord-
ing to Albuquerque et al. (2008), the typical kinetics of MB
adsorption onto SiO,/Bi,S; surface can be considered as
Langmuir type. Also, Al-Qodah et al. (2007) demonstrated
that the adsorption of methylene blue by acid-treated diato-
mite is characterized by monolayer coverage of the adsorbate
molecules on the adsorbent surface. Table 4 shows different
materials used in the removal of methylene blue dye. It can
be noticed that both materials used in this work have pretty
good sorption capacities compared with those materials
found in the literature according to Langmuir model.

Freundlich model

The Freundlich isotherm has the following form:
qe = KFCel/n (6)

where ¢. is the amount of dye adsorbed, C. is the equi-
librium concentration of dye in solution, K can be taken as
a relative indicator of adsorption capacity, and 1/n is
indicative of energy or intensity of the reaction.

The Freundlich and n constants for both materials have
very different values. It can be observed, in Table 3, that the
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Table 4 Comparison of sorption capacities by different adsorbent
materials for methylene blue dye

Material Sorption capacity Reference
(mg/g)

Rice husk 312 McKay et al. (1999)
Tea waste 86.16 Uddin et al. (2009)
Garlic peel 82.64-142.86 Hameed et al. (2009)
Spent tea leaves 300.05 Hameed (2009)
Coconut bunch waste 70.92 Hameed et al. (2008)
Banana peel 15.9 Annadurai et al. (2002)
Tanned solid wastes 84 Tahiri et al. (2002)
Coconut husk activated 434.78 Tan et al. (2008)

carbon
Carbonaceous material  418.03 This work

from sewage sludge
Ag-CM composite 11,787 This work

Reference: Bhatnagar and Sillanpad (2010)

CM has a better adsorption capacity in comparison with the
Ag-CM composite but experimentally it is the opposite.
Also, the reciprocal of n value is the adsorption intensity; if
1/n < 1, the adsorption is favourable, but if 1/n > 1, the
adsorption is unfavourable (Slejko 1985). Then, the CM had
a 1/n value of 0.620; this indicates that adsorption intensity
is favourable while the composite had a 1/n value of 3.401,
which indicates that adsorption intensity is unfavourable.
Correlation coefficient values were higher for two materi-
als. However, it is important to notice that the mathematical
models only help to elucidate the mechanism by which the
two materials used perform the removal of MB.
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Fig. 8 Oxidation and reduction
structural forms of methylene
blue molecule

CH,
Langmuir—Freundlich model

The Langmuir—Freundlich isotherm is a combination of the
Langmuir and Freundlich models, indicating that the removal of
MB is carried out by combined mechanisms on heterogeneous
materials. This model is expressed by the following equation:

kc"
bl 7
where ¢, is the amount of dye adsorbed in mg/g, C, is the
equilibrium concentration of dye in solution (mg/L), K and
b are empirical constants of Langmuir model, and 1/n is the
Freundlich coefficient.

Table 3 shows the isotherm parameters of MB by the two
materials. The Langmuir—Freundlich constant also had very
different values for each material. The carbonaceous material
showed the highest value of g., which means that this material
has a better sorption capacity than the Ag-CM composite.
Nevertheless, the reciprocal values of the n constant were
similar, having 0.574 and 0.522 for Ag-CM and CM, respec-
tively, which means that both materials exhibit a favourable
adsorption (Slejko 1985). Correlation factor values were also
higher for both materials to those found with Langmuir and
Freundlich models; these values were over 0.9.

Figure 7b shows the Langmuir—Freundlich isotherm
model for the adsorption of MB by Ag-CM and CM using
Statistics 6.0 software. Similar results were obtained by Al-
Ghouti et al. (2003); the experimental data were fitted to
the Langmuir and Freundlich equations to describe the
adsorption of MB using diatomaceous earth.

Finally, Fig. 8 shows the chemical molecule of MB in the
oxidation and reduction forms. It has been observed that some
of the values obtained by fitting the Ag-CM experimental data
to the isotherm models were not common because of the high
sorption capacities and speed. Assuming that Ag NPs are
placed as a catalyst on the surface and inside the pores of the
carbonaceous material, the contact of Ag-CM composite with
the MB in the aqueous solution may provoke the oxidation of
silver and, at the same time, the reduction of the dye molecule
producing the leucomethylene form.

Conclusion
Ag-CM nanocomposite has been successfully prepared with a

novel, one-step green method, using C. sinensis aqueous
extract as a reducing agent. This bioreduction method has

PO
Hac\h/©is+/ N— CH3
| cor |

985
|
N
reduction :@\
# H 3C N s N— CH 3
oxidation ‘ ‘
CH 3 CH 3 CH 3

proved to be uncomplicated, cost-effective and environmen-
tally friendly to obtain nanostructured Ag-carbonaceous
material composite, which exhibited very good performance
for the removal of MB from aqueous solution than the CM
alone. This new material can solve two problems: the disposal
of sewage sludge and the removal of a dyestuff from water.
Removal of 10 mL of aqueous solution of MB (C; = 30 mg/
L) using 10 mg of the CM and Ag-CM composite were 60 and
91 % after 30 and 9 h of contact time, respectively. Experi-
mental data were adjusted to different kinetic and isotherm
models, where both materials fit the second-order and Lang-
muir—Freundlich models, respectively. Thus, both materials
have heterogeneous surfaces; nevertheless, the removal of MB
in the carbonaceous material seems to be occurring only by
sorption, and in the Ag-CM composite, sorption and a redox
reaction may be responsible for elimination of MB.
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