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Abstract This study developed a new adsorbent, spe-
cifically activated carbon-loaded silver nanoparticles
(AgNPs-AC) by coating the silver nanoparticles
(AgNPs) onto activated carbon (AC). The obtained
AgNPs-AC were characterized by scanning electron
microscopy (SEM), energy-dispersive spectrometry
(EDS), Fourier transform infrared spectroscopy (FTIR),
and Brunauer-Emmett-Teller (BET). The ability of
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AgNPs-AC to remove methylene blue (MB) was eval-
uated using different experimental factors, these being
pH solution, contact time, adsorbent dose, and initial
MB concentration. Results indicated that the highest
adsorption capacity of MB onto AgNPs-AC was obtain-
ed when the AC was loaded onto AgNPs at the impreg-
nation ratio of 0.5% w/w for AC and AgNPs. The best
conditions in which AgNPs-AC could remove MB were
as follows: pH 10, contact time lasting 120 min, and
adsorbent dose being 250 mg/25 mL solution. In this
scenario, the maximum adsorption capacity of MB onto
AgNPs-AC was 172.22 mg/g. The adsorption isother-
mal equilibrium was well described by the Langmuir,
Freundlich and Sips models. The Sips equations had the
highest correlation coefficient value (R*=0.935). The
pseudo-first-order and pseudo-second-order kinetic
models agree well with the dynamic behavior of the
adsorption of dye MB on AgNPs-AC.

Keywords Silver nanoparticle - Activated carbon -
AgNPs-AC - Methylene blue - Adsorption

1 Introduction

Discharging levels of organic compounds originating
from human activities into water bodies generally does
great harm to living organisms. Dyes exist in these
organic compounds and they constitute one of the most
serious environmental problems due to their high toxic-
ity and color. The dyes are used widely in various
industries such as textiles, rubber, carpets, paper,
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printing, and plastics (Sara and Tushar 2014; Shu et al.
2015). The discharge of dyes into water sources leads to
many serious environmental and health problems
(Hamadi et al. 2017). Most of the dye causes water
colorization at very low concentrations which conse-
quently result in serious ecological problems, destroy
aquatic organisms, and harm human health (Chen et al.
2018; Stoyanova and Christoskova 2011). The most
widely used dye is methylene blue (MB) which serves
as a chemical agent for dying cotton, wood, and silk
(Rafatullah et al. 2010). It can stimulate and permanent-
ly injure the eyes of human and animals (Rafatullah
et al. 2010). Also, eating foods contaminated with MB
leads to nausea, vomiting, profuse sweating, mental
confusion, and methemoglobinemia (Ghosh and
Bhattacharyya 2002; Tan et al. 2008a, b). For these
reasons, it is vital to remove MB from wastewater
effluents before discharging them into water bodies so
that its harmful impacts on receiving waters can be
minimized as much as possible.

In the past decades, to treat wastewater contaminated
by MB, numerous conventional treatment techniques
including oxidation, electrochemical oxidation, biolog-
ical treatment, coagulation, and adsorption have been
applied (De Castro et al. 2018). Of the existing tech-
niques, adsorption has been acknowledged as the most
economical, with its simple operation and high efficient
method in removing organic compounds from wastewa-
ter. Commercial high-quality activated carbon (AC) can
be used to remove MB from wastewater effluents due to
its high-adsorption capacity. However, it has not been
used widespread due to its relatively high cost. Thus,
recent studies tend to advocate the development of low-
cost adsorbents for MB removal. These include agricul-
tural wastes, industrial solid wastes, biomass, clay min-
erals and zeolites, and their modified materials to im-
prove adsorption capacity (Tran et al. 2015; Vu et al.
2017). Hence, cost-effective commercial activated car-
bon can also be produced from agricultural wastes such
as coconut shells (Benaouda et al. 2008; El Qada et al.
2008; Raposo et al. 2009).

Recent advances in nanotechnology have not only
created a breakthrough in electronics (Kritika et al.
2010), informatics, and biomedical technology (Ganau
et al. 2018), but are now widely applied in other aspects
of life. Nanomaterials have excellent motorized and
physical properties due to their extremely fine grain size
and high grain boundary volume fraction (Krishnananda
et al. 2017). Among these nanomaterials, silver
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nanoparticles (AgNPs) have been used extensively in
therapeutic applications as catheters, surgical devices
and wound dressings (Tang et al. 2017), and environ-
mental applications, for example, antibacterial character
by interacting with cell membranes of pathogens in
water (Sharma and Sharma 2010). Nonetheless, the
production of AgNPs is an expensive exercise and has
discouraged its application in wastewater treatment.

To improve the adsorption capacity of commercial
activated carbon, many studies concentrated on modi-
fying cost-effective AC with various chemicals, such as
H;PO, (Fierro et al. 2006), H,SO,4 (Singh et al. 2008),
ZnCl, (Yorgun et al. 2009), HNO; (Lopes et al. 2015),
and NaOH (Vu et al. 2017). However, to the best of our
knowledge, no study has yet been done on combining
activated carbon and silver nanoparticles to produce a
new modified material for removing dyes from aqueous
solution. With a huge surface area and proper micro-
spore, activated carbon is an ideal supporting material
for loading AgNPs (Abe et al. 2000; Chingombe et al.
2006; Tang et al. 2017). This study, therefore, investi-
gated the coating of AgNPs on the AC and evaluated the
new adsorbent’s capacity to remove MB from aqueous
solution. To attain this objective, the silver nanoparticles
were directly loaded onto the activated carbon derived
from coconut shell to produce AgNPs-AC. The physi-
cochemical properties and adsorption mechanisms of
MB on AgNPs-AC were studied through analyses com-
prising scanning electron microscopy (SEM), energy-
dispersive spectrometry (EDS), Fourier transform infra-
red spectroscopy (FTIR), Brunauer-Emmett-Teller
(BET), and batch experiments.

2 Materials and Methods
2.1 Materials

MB with the chemical formula of C,¢H;3C;N5S.3H,0
was purchased from Merck. The stock MB solution
(1000 mg/L) was prepared by dissolving 1.0 g MB in
1000 mL of distilled water. All working solutions were
obtained by diluting the stock solution with distilled
water to the desired concentrations.

2.2 Synthesis of Silver Nanoparticles

Silver nitrate (AgNO3) was used as the precursor to
create silver nanoparticles. Silver nanoparticles
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(AgNPs) were prepared by the hydrothermal method
(Tang et al. 2017). Firstly, 100 mL of AgNOj; solu-
tion (0.001 M) was mixed with 0.2 g of starch to
generate starch solutions containing Ag* ions. Then,
the solution was stirred vigorously on a magnetic
stirrer at 70 °C to ensure the homogeneous nature of
the mixture. The temperature of the solution was
continuously maintained at 70 °C and 25 ml of
sodium borohydrides (0.001 M) was gradually
added (drop by drop) into the mixture. Finally, the
resultant solution was cooled to room temperature
for further usage (Mulfinger et al. 2007).

2.3 Preparation of the AgNPs-Loaded Activated Carbon

Commercial granular activated carbon (AC) with parti-
cle size from 1 to 2 cm was purchased from Tra Bac
Company, Vietnam. The AC was ground and sieved to
obtain particle size less than 0.5 mm. The AC was then
washed and dried at 105 °C for 2 h in an oven.

The impregnation method was used to load AgNPs
on AC. The mixture of AC with AgNPs was carried out
at various mass ratio (0.5-1.5% w/w of AC and AgNPs)
by using the incipient wet-impregnation technique in
flasks. The flasks were then shaken at 120 rpm orbital
for 24 h in the dark (AbdEl-Salam et al. 2017). After
impregnation, the wet samples were filtered and dried
for 2 h at 105 °C to obtain modified AC (AgNPs-AC).
The AgNPs-AC with average particle size less than
0.5 mm was used in the batch-mode adsorption exper-
iments to remove MB from aqueous solution.

2.4 Characterization of AgNPs-AC

The morphologies of AC and AgNPs-AC were deter-
mined by energy dispersive X-ray spectroscopy (Hitachi
S-4800) with EDS and SEM systems. The crystalline
structures of AgNPs-AC were examined by X-ray dif-
fraction pattern using XRD-D§8 ADVANCE, with the
Cu Karadiation (A = 1.5417 A). The scan angle covered
15°<26 < 70° at a scan speed of 3°/min. The presence
of surface functional groups of AgNPs-AC was detected
using Fourier transform infrared spectroscopy (FT/IR-
6300) in the 4000-500 cm ™' range. The pH at the point
of zero charge (pHpyc) was determined by the drift
method (Tran et al. 2015). BET surface area of AC
before and after AgNPs loading was measured by a pore
size and specific surface area analyzer (BET, Builder,
SSA-4300).

2.5 Batch Adsorption Experiments

Adsorption experiments of MB onto AgNPs-AC were
conducted utilizing the batch mode. The experiments
were conducted in batch flasks containing desired
weights of adsorbent (AgNPs-AC) and 25 mL of MB
solution. The mixture was gently stirred at a speed of
120 rpm in 100-mL conical flasks. The experimental
conditions for investigating the effects of impregnation
ratio, pH medium, adsorbent dosage, contact time, and
initial concentrations of MB on adsorption capacity of
AgNPs-AC are presented in Table 1. Here, the pH of
solution was adjusted employing 0.1 M NaOH and
0.1 M HCI solutions.

2.6 Measurements

The suspensions from batch experiments were filtered
(through Whatman No. 1 filter paper, pore size
0.22 um). The concentration of MB in the filtrates was
measured through COD value via the bicromate stan-
dard methods (Rice et al. 2012). pH of solution was
measured by Hanna HI 9025 pH meter.

The MB removal efficiency (%) was calculated using
the following equation:

(C—C)"

t

Y%removal = 100 (1)
where C; is the initial concentration (mg/L) and C; is the
concentration (mg/L) at any time .

Adsorption capacity at time ¢, ¢, (mg/g) was obtained
as follows:

_ Ci—C,*V
m

(2)

where V(L) is the volume of the solution and m (g) is the
mass of AgNPs-AC.

Adsorption capacity at equilibrium, ¢, (mg/g) was
calculated using

4q;

o Ci_Ce*

—y (3)

qe
where C, (mg/L) is the equilibrium concentration.

2.7 Data Analysis

All experiments were done in triplicate. All data statis-
tics, comprising means, standard deviations, relative
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Table 1 Summary of experimental conditions of adsorption of MB onto AgNPs-AC

Investigated parameter ~Temperature pH  AgNPs-AC dosage  Contact time Initial conc. of MB Impregnation ratio
o) (mg) (min) (mg/L) (%)

Impregnation ratio (%) 25 5 50 60 500 0-1.5

pH 25 2-12 50 60 500 0.5

Contact time (min) 25 10 50 0-180 500 0.5

AgNPs-AC dose (mg) 25 10 50-500 120 500 0.5

Initial conc. of MB 25 10 250 120 100-1000 0.5

(mg/L)

standard deviations, and regressions (linear) were com-
puted on SPSS software version 19.0. Wherever possi-
ble, the error bars indicating the standard deviation are
illustrated in all figures.

2.8 Adsorption Isotherm Models

The equilibrium adsorption isotherms need to be built to
describe the relationship between adsorbate and adsor-
bent so that the adsorption mechanism can be identified.
In this study, adsorption isothermal equilibrium of meth-
ylene blue on AgNPs-AC was described by the Lang-
muir, Freundlich, and Sips models. The Langmuir sorp-
tion isotherm is applied to equilibrium sorption assum-
ing monolayer sorption onto a surface with a finite
number of identical sites (Pathania et al. 2017). The
Langmuir model can be expressed as the following
equation:

q,.,0C.
9de = TbCe (4)
where C, is the equilibrium concentration in liquid
phase (mg/L), g,, is the monolayer adsorption capacity
(mg/g), and b is the Langmuir constant related to the free
adsorption energy (L/mg).

Heterogeneous surface energy systems can be de-
scribed by the Freundlich model (Dada et al. 2012).
The following equation represented the Freundlich
method:

. =KrCot (5)

where K- is a constant, indicating the adsorption capac-
ity of the adsorbent (mg/g) while constant 1/n is the
intensity of the adsorption.
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The Sips model is a combination of the Langmuir
and Freundlich isotherm models. The equation de-
scribes Sips isotherm model as follows:

_ qm(bce)l/n

14 (bC)Y ©)

e

2.9 Adsorption Kinetics

Pseudo-first-order, pseudo-second-order, and Elovich
models were used to investigate the MB adsorption
kinetics on AgNPs-AC. The linear forms of pseudo-
first-order, pseudo-second-order, and Elovich equations
are presented as follows, respectively:

In(q,—q,) = Ing,~k;t (7)
t 1 1

= ¢ 8
4, ke q, (®)
q, = B.In(afr) )

where the adsorption rate (k) is calculated by linear
regression analysis of the pseudo-first-order model from
the slope of linear plot of experimental data; k, is the
constant of pseudo-second-order rate; g, is the sorption
capacity at equilibrium; ¢, is the adsorption capacity at
time #; « is the initial adsorption rate (mg/g min); and /3
is the adsorption constant (g/mg).

3 Results and Discussion

3.1 Characterization of Activated Carbon-Loaded Silver
Nanoparticles

The porous surface structure is one of the features af-
fecting the adsorption capacity of AC. Analysis results
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of nitrogen adsorption/desorption isotherm (data not
showed) showed that AC has a porous surface structure
(Fig. 1a) with high Brunauer—Emmett-Teller (BET)
specific surface area of 691.64 m?/g and total pore
volume of 0.062 cm*/g. After the AC was impregnated
with silver nanoparticles (AgNPs-AC) at the ratio of
0.5% w/w of AC and AgNPs, the surface morphology
of AgNPs-AC was observed to clearly change in terms
of SEM (Fig. 1b). More specifically, it contained a
porous structure with a small difference in surface area
(SgeT of 705.32 mz/g) and total pore volume
(0.065 cm*/g). Figure 1b indicates that silver nanoparti-
cles were successfully loaded onto activated carbon.
The EDS analysis (Fig. 1c) revealed that AC is
mainly composed of C (91.87%) and O (8.13%) cle-
ments. However, a AgNP was recognized in the EDS
analysis of AgNPs-AC (Fig. 1d) where the proportions
of elements for C, O, and Ag were 80.51%, 19.42%, and
0.07%, respectively. In this case, the silver nanoparticles
were successfully attached to the AC surface leading to
improved methylene blue adsorption capacity of AC.

Element Weight Atomic
(%) (%)
C 89.45 91.87

(0] 10.55 8.13
Totals 100.00

| R

P —
0 1 2 3 4 5 L] 7 8 9 0 1 12 13 14 15 16 17 18 199D
keV] Ful Scale 279 cts Cursor: 11,621 keV (0 cts) ke!

ull Scale 309 cts Cursor: 4.832keV (1 cfs)

Additionally, the XRD spectra of AC (Fig. 2a) and
AgNPs-AC (Fig. 2b) indicated that almost all character-
istic peaks were well indexed to amorphous with a
highly graphite crystal structure. The graph showed that
the broad peak occurred at 30.09° and 61.93° with the
AC (Fig. 2a) and at 22.63° with AgNPs-AC (Fig. 2b).
The results revealed that the activated carbon is carbon
graphite. The presence of Ag on the AC’s surface at the
peak of 43.86° in the case AgNPs-AC (Fig. 2b) con-
firmed that AgNPs were loaded onto the AC. Similar
results were obtained recently by Altintig et al. (2016)
when notable peaks in mixtures of activated carbon and
silver nanoparticles were evident at the peak of 44° in
XRD spectra. Similarly, AbdEl-Salam et al. (2017) dis-
covered that in their work on the adsorption of crystal
violet, AgNPs appeared at the peak of 37.9° when
loading AgNPs onto AC.

Quantitative information regarding the dominant
functional groups on the AC, AgNPs-AC surface
were provided by FTIR spectra and presented in
Fig. 3. The broad peaks at 3822, 3720, and

Element Weight Atomic

(%) (%)
(C 71.54 80.51

(0) 27.81 19.42
Ag 0.65 0.07
Totals 100.00

Fig. 1 SEM image of a AC and b activated carbon-loaded AgNPs (AgNPs-AC), EDS spectra of ¢ AC and d activated carbon-loaded

AgNPs (AgNPs-AC)
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Fig. 2 XRD graph of a activated
carbon from coconut shells (AC)
and b activated carbon-loaded
AgNPs (AgNPs-AC)

Intensity (au)

C graphite

22.63°

30.09°

C graphite
i 43.86° 61.93°
Ag Silver

: C graphite

10

3406 cm ' and two peak appeared at 3681 and
3193 cm ' on AgNPs-AC, confirming the presence
of O—H stretch bonded group. A peak at around
3200-3800 cm ' suggested the existence of O-H
group (Anisuzzaman et al. 2015; De Castro et al.
2018). For AC-loaded AgNPs (AgNPs-AC), the peak
became narrower at 3406 cm ™' and had a new peak in
comparison to AC. This shows that Ag* ions joined
the activated carbon surfaces (Altintig et al. 2016). A
small peak at around 1669 cm ™' highlighted the ex-
istence of C=0 stretching vibration in carbonyls,

40
2-Theta (degree)

70

these being ketones, aldehydes, lactones, and carbox-
ylic groups (Altintig et al. 2016; Anisuzzaman et al.
2015). The peak of 1514 cm ! (for AC) and its shift
to 1491 cm™' (for AgNPs-AC) demonstrated the C=C
stretching vibration in aromatic rings (Foo and
Hameed 2009) with a broader band due to the pres-
ence of AgNPs. A strong peak of 1050 cm™' frequen-
cy indicated C-O stretching of carboxylic acids or
lactone groups. Similar results have been document-
ed elsewhere (Altintig et al. 2016; Lazim et al. 2015).
The presence of aromatic —C—H out-of-plane bending

Fig. 3 FTIR graph of AC and
AgNPs-AC
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3406
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4000
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in benzene derivatives was evident at 581-841 ¢cm !

(Anisuzzaman et al. 2015).

3.2 Effect of Impregnation Ratio of AgNPs and AC
(AgNPs/AC) on Methylene Blue Adsorption

Initial experiments were carried out to compare adsorp-
tion capacity of AC with AgNPs-AC. AgNPs-AC was
prepared by soaking AC in the above silver nanoparti-
cles with different impregnation ratios, from 0 to 1.5%
w/w of AgNPs and AC.

From Fig. 4, it is clear that the adsorption capacity (g)
of AgNPs-AC for MB was much higher than that of AC.
The adsorption capacity was 38.89 mg/g for AC while it
was 61.11-84.81 mg/g for AgNPs-AC with impregna-
tion ratio of silver nanoparticles and activated carbon w/
w decreasing from 1.5 to 0.5%. The highest capacity
reached 84.81 mg/g (with MB removal percentage be-
ing 33.93%) at the impregnation ratio of 0.5%. This
improvement can be explained by the silver nanoparti-
cles loaded on AC increasing their active functional
groups (peak of 3681 cm ' and 3193 cm™' in Fig. 3)
compared to the original AC. However, the adsorption
capacity declined remarkably when the impregnation
ratio of AC in AgNPs rose from 1 to 1.5%. The expla-
nation for this may be that the active sites on AgNP
surfaces were saturated and there were not enough ac-
tive sites for MB attachment onto AgNPs-AC (Nguyen
et al. 2015). Based on the above results, the adsorption
capacity of AgNPs-AC reached its maximum at the
impregnation ratio between AC and AgNPs (w/w) of
0.5%. Consequently, the impregnation ratio of 0.5%

emerged as the most suitable for subsequent
experiments.

3.3 Effect of pH

The pH of the dye solution plays an important role in
adsorption capacity because it affects both the degree of
ionization of the dye as well as the surface properties of
the adsorbent (Ozbay et al. 2013). To investigate the
effects of pH solution on the sorption of MB, an exper-
iment was conducted at various pH levels, ranging from
2.0 to 12.0. The initial MB concentration, contact time,
and dose of AgNPs-AC were fixed at 500 mg/L, 60 min,
and 50 mg/25 mL, respectively.

Figure 5 shows that the adsorption capacities of
AgNPs-AC and efficiency in removing MB were pH-
dependent. An increase in pHggugion from 2 to 10 led to a
significant increase in adsorbed amount of MB onto
AgNPs-AC as well as removal efficiency of MB. The
adsorption capacity and MB removal efficiency reached
the maximum values of 149.64 mg/g and 60% at
PHsomtion 10, respectively. When pH ranged between
11 and 12, adsorption capacity and removal efficiency
of MB decreased slightly, reaching 120 mg/g and 56%,
respectively. The pH,,,. of AC and AgNPs-AC before
the adsorption process were found to be 4.13 and 5.03,
respectively, and was 4.91 for AgNPs-AC following the
adsorption process. These results indicated that pHpyc
of AgNPs-AC was similar. At pHopution < pHpzc, the
surface of AgNPs-AC became positively charged. Com-
petition between H* and positively charged MB cations
for vacant adsorption sites triggered a reduction in MB

: ; ; 100
Flg' 4 Effect. oflAmpEt}?)gn atl(;)];‘ C i Adsorption capacity | | 40
ratio concerning AgNPs an 90 @ % removal
on MB adsorption at initial | a 135
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adsorbent dose, 50 mg AgNPs- 1 ‘§ 30
AC/25 mL solution; and 704 0o 1 _
J %S ©
temperature, 25 °C — X0 Q 425 >
29 S B 2
> 09303 I 0o%e%eteSototototet 1 E
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Fig. 7 Effect of AgNPs-AC 180 T - - 100
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concentration of MB, 500 mg/L; 150 4
temperature, 25 °C 190
9—9—090—9- 99
120 0/
rd 480 ®©
g > :
E %1 [ 3
o o
Q 470 =
60
460
30 |—‘
0 —" 50
0 50 100 150 200 250 300 350 400 450 500 550

Figure 6 shows that a rapid adsorption can be seen at
the initial stage of the contact periods (1030 min). The
adsorption capacity and removal efficiency of MB from
32.22 mg/g, and 12.89%, respectively, for the first 5 min
increased quickly to 127.78 mg/g and 51%, respectively,
for the next 30 min. This can be explained by the large
number of available surface sites of the AgNPs-AC for
adsorption of MB during the initial stage. However, the
adsorption process continued slowly until it reached
equilibrium at 120 min (adsorption capacity and removal
efficiency of 172.22 mg/g and 69%, respectively). From

Adsorbent dose (mg/25mL)

120 to 180 min, the adsorption process remained con-
stant. It is clear that initially the capillary site of AgNPs-
AC is large and the adsorption process began quickly.
Over a period of time, the adsorption process reached
saturation due to the lack of available active sites required
for further uptake (Pathania et al. 2017) and unavailabil-
ity or limited availability of active sites on the adsorbent
(AbdEl-Salam et al. 2017). As a result, the adsorption
efficiency became stable. This trend was similar to that
reported by other researchers (El Alouani et al. 2018;
Pathania et al. 2017; Salem et al. 2018).

Fig. 8 Effect of initial MB 70 ——— 100
concentrations on the adsorption B % P | pacity
of MB by AgNPs-AC at pH 10, 60 9 % remova —=— [T
contact time, 60 min; adsorbent 90
dose, 250 mg/25 mL; and o N 4
temperature, 25 °C 50 4 o/ o
/ | @ =
D 40+ 0/0 ] 80 3
> K =
E BEE g
o . Qo
30 \° 170 &
20 4 >
- 60
10 H
O T T T T T T 50
0 200 400 600 800 1000
Co (mg/L)
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3.5 Effect of Absorbent Dose

Adsorbent dosage is an important parameter which af-
fects adsorption capacity at a certain initial concentra-
tion of adsorbate (Tan et al. 2012). The effects of various
AgNP-AC doses from 50 to 500 mg in 25 mL MB
solution at optimum pH of 10 and the initial MB con-
centration of 500 mg/L on MB adsorption were investi-
gated. The results are depicted in Fig. 7.

From Fig. 7, it can be seen that the adsorbent dosage
can influence MB removal efficiency at a certain initial
concentration of adsorbate. The results indicate that the
removal efficiency of MB increased from 69.5 to 87.0%
while adsorption capacity decreased, respectively, from
173.70 to 43.48 mg/g when increasing the dose of
AgNPs-AC from 50 to 250 mg/25 mL solution. The
maximum removal efficiency of MB was achieved at
87.0% at a dose of AgNPs-AC of 250 mg/25 mL solu-
tion. The adsorption efficiency of MB did not increase

T X I . T X T L T ¥ T i
100 150 200 250 300 350 400
C (mg/L)
9

and the adsorption capacity tended to decline slightly
when the AgNPs-AC dose was more than 250 mg/
25 mL solution. Based on this, it can be seen the adsor-
bent amount plays a significant role in the adsorption
process of MB by AgNPs-AC. The removal percentage
of MB increased when elevating the quantity of AgNPs-
AC, which can be explained by the existence of a greater
number of available active sites on the AgNP-AC sur-
face. This eventuated in an increase in the active linkage
sites participating in the adsorption (Salem et al. 2018).
Our findings in this study indicated that AgNPs en-
hanced MB uptake onto AC and resulted in more effi-
cient MB removal from aqueous solution. This was
because AgNPs have a high surface area and unique
structure characteristics; thus, the activated carbon-
loaded AgNP active sites increased in number on the
AC surface (Syu et al. 2014). This same trend has been
documented in other recent analyses (Jia et al. 2017,
Ma’mun et al. 2018; Yu et al. 2018).

Table 2 Adsorption isothermal parameters and correlation coefficients of Langmuir, Freundlich, and Sips models for MB adsorption onto

AgNPs-AC

Langmuir model Freundich model Sips model

G K; R? Ky 1/n R? 1/n G B R?
71.29 0.011 0.895 4.424 0.445 0.808 2.123 53.06 2.241 0.935
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Table 3 Calculated kinetic parameters of models for adsorption of MB onto AgNPs-AC

Pseudo-first order Pseudo-second order Elovich Geexp (Mg/L)
Gm.cal (mg/g) Kl Rz Gm.cal (mg/g) KZ R2 « ﬂ R2
173.63 0.039 0.9889 205.25 2.084 0.9741 13.52 0.02 0.9441 172.22

3.6 Effect of Initial MB Concentration

The effects of various initial MB concentrations (C,) on
the adsorption of MB onto AgNPs-AC are shown in
Fig. 8. Experiments were conducted by fixing the
AgNP-AC amount at 250 mg with a change of initial
MB concentrations from 100 to 1000 mg/L at optimum
pH of 10. All experiments were done in flasks shaken at
120 rpm for 180 min at room temperature (25 +2 °C).
From Fig. 8, adsorption capacity of MB onto AgNPs-
AC increased from 7.78 to 64.63 mg/g, which
corresponded with an increase in initial MB concentra-
tions from 100 to 1000 mg/L. However, removal effi-
ciency of MB increased from 78 to 90% with low initial
MB concentrations, these ranging from 100 to 400 mg/
L. Here, the active sites on the adsorbent surface will not
be unoccupied at low concentration due to an increase in
the driving force for mass transfer (Barka et al. 2011).
The percentage of MB removal fell from 88 to 65% by
increasing the MB concentration from 500 to 1000 mg/
L. This can be explained by the amount of MB increas-
ing while that of absorbent did not change and active
adsorption sites on the AgNP-AC surface were limited.

Thus, there were not enough active sites for MB to
attach to the AgNP-AC surface (AbdEIl-Salam et al.
2017). Similar results have been obtained in other stud-
ies (AbdEl-Salam et al. 2017; Shu et al. 2015).

3.7 Adsorption Isotherm

Figure 9 provides a typical adsorption isotherm plot of
q. against C.. In this study, we applied several common-
ly adsorption isotherm models to describe the MB ad-
sorption onto AgNPs-AC. They are the Langmuir (Eq.
4), Freundlich (Eq. 5), and Sips (Eq. 6) models. The
corresponding parameters of those models are summa-
rized in Table 2.

The adsorption data of MB onto AgNPs-AC were
found to fit well to the Langmuir, Freundich, and Sips
models with R? values of 0.895, 0.808, and 0.935,
respectively. However, the Sips model could better de-
scribe the adsorption behaviors of MB onto AgNPs-AC
when compared with the Langmuir and Freundich
models. The maximum adsorption capacities (g,,) of
AgNPs-AC from the Langmuir and Sips models were
calculated to be approximately 71.29 mg/g and

Fig. 10 Kinetic models of MB 200
adsorption onto AgNPs-AC il
(initial concentration MB, 180 e P —
500 mg/L; adsorbent dosage, 160 */’___ :, ===
50 mg/25 mL; solution pH, 10; - e
temperature, 25 °C 140 4 , d e
V4 s
*/ ' %
120 A 1452
) ot
= 100
é /4
= 80 -
604 /
] ; % Experimental data
40 H e - - - Preudo-first order model
1 ---=- Elovich model
20 4 —— Preudo-second order model
o777 T T T T T
0 20 40 60 80 100 120 140 160 180 200
Time (min)
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53.05 mg/g, respectively. Moreover, the values of the
Freundlich exponent (1/n) < 1 indicated that the systems
were favorable.

3.8 Adsorption Kinetics of MB onto AgNPs-AC

In this study, three common kinetic models were applied
to describe the MB adsorption process onto AgNPs-AC,
including the pseudo-first-order (PFO; Eq. 7), pseudo-
second-order (PSO Eq. 8), and Elovich (Eq. 9) models.
The correct application of such selective models was
discussed in detail by Vu et al. (2017).

The calculated kinetic parameters in the pseudo-first-
order, pseudo-second-order, and Elovich models are
shown in Table 3. According to the linear regression
coefficient (R?), the dynamics of MB adsorption fit well
to all three models. As shown in Table 3, the pseudo-
first-order and pseudo-second-order models provided
excellent correlation coefficients (R? =0.9889 and
0.9741, respectively) with the experimental data com-
pared to the Elovich model. The calculated ¢g,, value
from the pseudo-first-order and pseudo-second-order
model was very close to the experimental data (173.63
and 205.25 mg/g). These results proved that the exper-
imental data followed well the pseudo-first-order and
pseudo-second-order models and both models could
describe the adsorption kinetics of MB onto AgNPs-
AC (Fig. 10). The fitting of experimental data using
pseudo-first-order and pseudo-second-order models
suggest that adsorption of MB onto AgNPs-AC is con-
trolled by chemisorption, which involves valence forces
through sharing or exchange of electrons (Pathania et al.
2017). Thus, the kinetics of MB adsorption on AgNPs-
AC were well described by the pseudo-first-order and
pseudo-second-order models.

4 Conclusions

In this study, we developed a new and cost-effective
adsorbent through loading silver nanoparticles (AgNPs)
onto commercial activated carbon (AC) to produce
AgNPs-AC for methylene blue (MB) removal from
aqueous solution. The characteristics of AgNPs-AC
were analyzed by SEM, XRD, and FTIR. Adsorption
isotherm and kinetics of MB onto AgNPs-AC were
studied using various models, and the findings indicated
that coating of AgNPs onto AC increased MB adsorp-
tion. The new AgNPs-AC had higher adsorption

@ Springer

capacity for MB than that of commercial-activated car-
bon because the number active sites increased on the
surface of new adsorbent through impregnation of AC
by AgNPs. The impregnation ratio of 0.5% proved to be
the most suitable scenario. The operating parameters
when adsorption capacity reached the highest value
were as follows: (i) adsorbent dose of 250 mg/25 mL,
(i1) contact time of 120 min at initial MB concentration
of 500 mg/L, and (iii) pH of 10. The adsorption isother-
mal equilibrium is best described by the Sips model. The
adsorption kinetic data were found to fit well with the
pseudo-first and second-order models with very high
correlation coefficients. Finally, the mechanism of ad-
sorption was chemisorption. The material (AgNPs-AC)
with the high adsorption capacity (172.22 mg/g) for
methylene blue will be the potential sorbent for treat-
ment of persistent organic compounds from wastewater
such as textile wastewater and other industrial wastewa-
ter. The adsorption method with activated carbon-
loaded silver nanoparticles developed in this study can
be used to replace the popular method to remove color
and the amount of persistent organic compounds in
industrial wastewaters with lower cost.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.
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