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Abstract Chromium (Cr(VI)) causes serious im-
pacts on the environment and human. In this
study, the commercial activated carbon-loaded sil-
ver nanoparticle (AgNPs-AC) was used as a new
adsorbent to remove Cr(VI) from the aqueous so-
lution. Batch adsorption experiments were conduct-
ed to evaluate the effects of pH, the initial con-
centration of Cr(VI), contact time, and dose of
AgNPs-AC upon removal of Cr(VI) from the
aqueous solution. The results showed that at pH
of 4, the contact time of 150 min, 40 mg/L of
initial Cr(VI), and dosage of 20 mg AgNPs-AC/
25 mL were the most suitable condition for ab-
sorption of Cr(VI) onto AgNPs-AC from the

aqueous solution. The maximum adsorption capac-
ity achieved at abovementioned conditions was
27.70 mg/g. Meanwhile, the adsorption capacity
of commercial activated carbon from a coconut
shell obtained only 7.61 mg/g in the case where
the initial Cr(VI) concentration is 10 mg/L and the
contact time is 60 min. The adsorption kinetic data
were found to fit best to the pseudo-second-order
model with a high correlation coefficient (R2 =
0.9597). The adsorption process was controlled
by chemisorption due to the appearance of new
chemical species on the adsorbent surface. The
positively charged functional groups rapidly re-
duced Cr(VI) to Cr(II I ) , and Cr(II I ) was
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subsequently adsorbed by the carboxyl group on
the adsorbent’s surface. From this study, it can be
concluded that AgNPs-AC is a fully promising,
low-cost adsorbent in the removal of Cr(VI) from
the aqueous solution.

Keywords AgNPs-AC .Adsorption .Activatedcarbon .

Hexavalent chromium . Silver nanoparticles

1 Introduction

Trace metals are major pollutants found in marine,
groundwater, industrial wastewater, and even in
treated wastewaters (Demir and Arisoy 2007). In
water and wastewater, Cr(VI) can exist in the forms
of chromate (CrO4

2− ) , hydrogen chromate
(HCrO4

−), dichromate (Cr2O7
2−), and hydrogen di-

chromate (HCr2O7
−) (Elfeky et al. 2017; Huang

et al. 2015). The highest exposure to hexavalent
chromium is caused by electronic components
manufacturing, paint manufacturing, mechanical
alloying, tanning of animal hides, and metallurgical
(Álvarez-Ayuso et al. 2007; Lu et al. 2017; Sheth
and M Soni 2005). Cr(VI) is extremely harmful to
human health and ecosystems because of its high
mobility in soil and water, and its propensity to
accumulate in plants and animals through food
chains (Kera et al. 2017; Saha et al. 2011). Cr(VI)
results in skin irritation, epigastric pain, severe diar-
rhea, and lung cancer (Kumar and Meikap 2014;
Sheth and M Soni 2005; Singh 2017). United States
Environmental Protection Agency (EPA) established
the allowed maximum contaminated level of Cr6+ in
a drinking and potable water to be 0.1 mg/L and
0.5 mg/L, respectively (EPA 1983). Thus, Cr(VI)
needs removing before being discharged in receiv-
ing sources.

Popular technologies have been applied to re-
move Cr(VI) from the aqueous solutions including
chemical reduction, chemical precipitation, ion ex-
change, membrane separation, and adsorption
(Álvarez-Ayuso et al. 2007; Kumar and Meikap
2014; Li et al. 2017; Owalude and Tella 2016).
Among such existing methods, adsorption is an
effective and low-cost method for removing Cr(VI)
from water and wastewater. Recently, nanotechnol-
ogy is a rapidly growing scientific field in produc-
i n g a nd con s t r u c t i n g d e v i c e s . B e s i d e s ,

nanomaterials were also used as an efficient adsor-
bent to remove pollutants from water and wastewa-
ter due to an extremely high surface area. The
studies about using nanomaterials in the removal
of pollutants were performed such as the removal
of Cr(VI) by MoS2/Fe3O4/nZVI nanocomposites
(Lu et al. 2017), magnetic multi-wall carbon nano-
tubes (Huang et al. 2015), and magnetic nanocom-
posite (Elfeky et al. 2017; Kera et al. 2017). How-
ever, nanomaterials are still high cost, and the ap-
plication of nanomaterials in wastewater treatment
is quite limited. Thus, the studies should focus on a
combination of the nanomaterials with low-cost
adsorbents to reduce treatment cost and enhance
widely application of nanomaterials the in removal
of pollutants. Recently, the studies in the modifica-
tion of commercial activated carbon by loading
various nanomaterials to improve surface area of
adsorbents in the removal of heavy metals from
the aqueous solution were investigated by some
scholars, including activated carbon-loaded zero
valent metals to adsorb chromium ion (Kakavandi
et al. 2014), Cr(VI), Cu, and Cd (Jain et al. 2018)
from the aqueous solution; the gold nanoparticle-
loaded activated carbon was used to remove Congo
red (Ghaedi et al. 2011); the zinc oxide nanoparti-
cle was loaded on the activated carbon for the
removal of uric acid (Marahel et al. 2015). Silver
nanoparticle was also loaded on the activated car-
bon for the removal of methyl orange (Karimi
2012), methylene blue (Ghaedi et al. 2018, Van
et al. 2018a, b), and Staphylococcus aureus and
Escherichia coli (Tang et al. 2017). However, the
studies about the modification of commercial acti-
vated carbon by loading silver nanoparticles to
make a newly modified adsorbent in removing
Cr(VI) from the aqueous solution are quite scarce.
This study, thereby, was to develop a new adsor-
bent (AgNPs-AC) from a coconut shell activated
carbon fully loaded AgNPs to remove Cr(VI) from
the aqueous solution. The physicochemical proper-
ties of the new adsorbent (AgNPs-AC) were char-
acterized by SEM, XRD, and FTIR. The effects of
impregnation ratio (w/w) of activated carbon and
AgNPs, pH solution, adsorption time, adsorbent
dosage, and initial concentrations of hexavalent
chromium on the adsorption capacity of Cr(VI) by
AgNPs-AC were investigated in batch experiments.
The adsorption isotherm, adsorption kinetics, and
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adsorption mechanisms of Cr(VI) on AgNPs-AC
were studied under found optimal conditions.

2 Materials and Methods

2.1 Chemical

All chemicals, including potassium dichromate
(K2Cr2O7), AgNO3, NaOH, and H2SO4 were purchased
from Merck (Darmstadt, Germany). Commercial gran-
ular activated carbon (AC) with a particle size of 1 to
2 cm was purchased from Tra Bac Company, Vietnam.
A stock solution of chromium (Cr(VI)) with a concen-
tration of 1000 mg/L was prepared by dissolving
0.7024 g of potassium dichromate (K2Cr2O7) in
250 mL of double distilled water. The working solutions
were prepared by diluting the stock solution with a
double distilled water to the desired concentrations.

2.2 Synthesis of Silver Nanoparticles

Silver nanoparticles were made from silver nitrate (Ag-
NO3) by the hydrothermal method (Tang et al. 2017).
Firstly, 100 mL of AgNO3 solution (0.001 M) was
mixed with 0.2 g of starch to generate starch solutions
containing Ag+ ions. The solution was continuously
stirred vigorously on a magnetic stirrer at 70 °C to
ensure the complete homogeneousness of the mixture.
The temperature of the solution was maintained at
70 °C, and 25 ml of sodium borohydrides (0.001 M)
was gradually added (drop by drop) into the mixture.
Finally, the obtained solution was cooled to room tem-
perature for further use.

2.3 Preparation of the AgNPs-Loaded Activated Carbon
(AgNPs-AC)

Commercial activated carbon (AC) with a particle size
less than 0.5 mmwas prepared by washing and drying at
105 °C for 2 h in an oven. The impregnation method
was used to load AgNPs on AC by mixing AC with
AgNPs at a various mass ratio (0.5–3% w/w of AC and
AgNPs) in flasks (Salem et al. 2018). The flasks were
then shaken at 120 rpm orbital for 24 h in the dark. After
impregnation, the wet samples were filtered and dried
for 2 h at 105 °C in an oven to obtain activated carbon
modified by silver nanoparticles (AgNPs-AC). The
AgNPs-AC with an average particle size less than

0.5 mm was used in the batch-mode adsorption exper-
iments to remove Cr(VI) from the aqueous solution.

2.4 Characterization of AgNPs-AC

Physicochemical properties of adsorbents (AC and
AgNPs-AC) were determined by an energy dispersive
X-ray spectroscopy (Hitachi S-4800) with EDS and
SEM systems and X-ray diffraction pattern (XRD-D8
ADVANCE). The surface functional groups of AC and
AgNPs-AC were detected using a Fourier transform IR-
6300) in a/IR-6300) in a 500–4000 cm−1 range. The pH
at the point of zero charge (pHPZC) was determined by
the drift method (Tran et al. 2016), the BET surface area
of AC and AgNPs-AC was measured by a pore size and
specific surface area analyzer (BET, Builder, SSA-
4300).

2.5 Batch Adsorption Experiments

Batch experiments were conducted to evaluate the
effects of various parameters on the adsorption ca-
pacity of AgNPs-AC for Cr(VI). In these experi-
ments, the activated carbon-loaded by silver nano-
particles (AgNPs-AC) at an obtained optimal im-
pregnation ratio from the above experiment was
placed into a 50-mL conical flasks containing
25 mL of K2Cr2O7 solution with initial concentra-
tions of Cr(VI) in a range from 5 to 80 mg/L with
varying experimental parameters, including pH (3–
10), contact time (5–210 min), and adsorbent dose
(10–100 mg AgNPs-AC/25 mL Cr(VI)) on adsorp-
tion of Cr(VI) on AgNPs-AC. The flasks, then, were
shaken at 120 rpm orbital for 60 min by a shaker
machine (PH-2A, China) at room temperature (25 ±
2 °C) in the laboratory. All experiments were
parallely performed.

2.6 Measurements

The Cr(VI) concentrations in the bulk reactor sus-
pensions of all samples in the above experiments
were measured. Chromium was measured by the
colorimetric method on Atomic Absorption Spec-
trometry (AAS) (Hitachi Z 2000, Japan). The pH
was measured by a pH meter (Hanna HI 9025
Romania). The amounts of chromium adsorbed
onto AgNPs-AC at equilibrium (qe; mg/g) and
any time t (qe; mg/g) were calculated according
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to a mass balance equation as shown below:

qe ¼
Co−Ceð ÞV

W
ð1Þ

qt ¼
Co−Ctð ÞV

W
ð2Þ

where Co (mg/L), Ct (mg/L), and Ce (mg/L) are the
hexavalent chromium concentrations in the solution at
beginning time, any time t, and equilibrium, respective-
ly; V (L) is the working volume of hexavalent chromium
solution; and W (g) is the dry weight of used AgNPs-
AC.

2.7 Data Analysis

All experiments were done in triplicate. All data statis-
tics, comprising means, standard deviations, relative
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.

3 Results and Discussion

3.1 Characterization of Activated Carbon-Loaded Silver
Nanoparticles (AgNPs-AC)

The SEM from Fig. 1 shows that stable and po-
rous surface structures are one of the characteris-
tics that affected the adsorption capacity of AC.
Figure 1a shows the porous AC surface structure
with a high Brunauer–Emmett–Teller (BET) specif-
ic surface area of 691.64 m2/g and a total pore
volume of 0.062 cm3/g. Figure 1b indicates the
structure of activated carbon-loaded silver nanopar-
ticles (AgNPs-AC 2% w/w) with a negligible in-
crease in surface area of 701.65 m2/g and a pore
volume of, almost equal, about 0.061cm3/g. The
results suggested that AgNPs-loaded play a more
important role in Cr(VI) adsorption than the spe-
cific surface area of AC.

The presence of silver nanoparticles was observed
with white circle shapes in Fig. 1b which did not occur
in Fig. 1a. This indicates that silver nanoparticles were
successfully loaded onto the activated carbon’s surface
and the sponginess increased significantly.

The surface characteristics prove high adsorp-
tion capacity of AgNPs-AC through mass transport
inside the adsorbent. Figure 1c presents EDS anal-
ysis, and it shows the presence of C (91.87%) and
O (8.13%) elements while Fig. 1d shows that the
proportions of elements for C, O, and Ag were
99.14%, 0.76%, and 0.1%, respectively. And the
presence of these elements could have an effect on
the adsorption mechanism. Figure 1a, b shows a
significant difference between the surface before
and after activation of AC with silver nanoparti-
cles. And the attributed reasons were that a high
percent of voids are being occupied by the volatile
matters. In this case, the silver nanoparticles were
successfully attached to the AC’s surface.

The crystal structure and phase purity of the
prepared silver nanoparticles were identified by
measuring the XRD pattern as shown in Fig. 2.
Most characteristic peaks were well indexed to
amorphous with a high graphite crystal structure
in the XRD spectra of AC (Fig. 2a) and AgNPs-
AC (Fig. 2b). XRD results of AC from Fig. 2a
indicate that the broad peak occurred at 30.09° and
61.93°, and at 22.63° in the case of AgNPs-AC
(Fig. 4). It proved that carbon graphite was present
in both AC and AgNPs-AC. In the XRD spectra
of AgNPs-AC (Fig. 2b), the silver nanoparticles
appeared on the AC’s surface at the peak of
38.19° and 44.33°. This result agreed with the
previous reports when the silver nanoparticles were
loaded on activated carbon and they occurred at
the peaks of 38.17° and 44.21° (Karimi 2012), 44°
(Altintig et al. 2016).

Figure 3 presents FTIR spectrum of AC and
AgNPs-AC. From Fig.3, it can be seen that the
presence of O–H stretch bonded group appeared at
peaks of 3822, 3720, and 3406 cm−1. The reports
of De Castro et al. (2018) and Anisuzzaman et al.
(2015) also indicated similar results that the O–H
group appeared at peaks around 3200–3800 cm−1.
A peak of 1669 cm−1 shows C=O stretching vi-
bration in carbonyls, including ketones, aldehydes,
lactones, and carboxylic groups (Altintig et al.
2016; Anisuzzaman et al. 2015). The C=C
stretching vibration in aromatic rings appeared at
the peak of 1514 cm−1 (Foo and Hameed. 2009).
At the strong peak of 1050 cm−1, the frequency
shows the C–O stretching of carboxylic acids or
lactone groups (Altintig et al. 2016; Lazim et al.
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2015) and the presence of aromatic C–H at the
peaks of 581–841 cm−1 (Anisuzzaman et al. 2015).
The pHPZC of AC was 4.13 and pHPZC of AgNPs-
AC before and after the adsorption process were

found to be 5.09 and 4.80, respectively (Fig. 4).
The analysis results show that the pHPZC of
AgNPs-AC did not significantly change before
and after the adsorption process.

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

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

Water Air Soil Pollut (2019) 230: 68 Page 5 of 14 68



3.2 Effect of Impregnation Ratio (AgNPs/AC)
on Cr(VI) Adsorption Capacity

The initial experiments were conducted to compare the
adsorption capacity of ACwith AC-loaded by AgNPs at
a varying mass ratios between AgNPs and AC (0.5%,
1.0%, 1.5%, 2.0%, 2.5%, 3.0%) with the initial Cr(VI)
concentration of 10 mg/L at room temperature (25 ±
2 °C). The results were presented in Fig. 5.

From Fig. 5, it was clear that Cr(VI) adsorption
capacity increased with an increase in the impreg-
nation ratio of AgNPs/AC from 0.5 to 2.0%. And
the removal efficiency of Cr(VI) was correspond-
ingly obtained from 30.77 to 40.00%. The Cr(VI)

adsorption capacity reached a maximum value of
10.33 mg/g with a maximum removal efficiency of
Cr(VI) of 40% at the impregnation ratio of
AgNPs-AC of 2% that was much higher than that
of AC only. This can be explained due to the
effect of the silver nanoparticles loaded on AC
(Figs. 1 and 2) leading to an increase in adsorp-
tion capacity. However, the adsorption capacity did
not continuously increase when increasing the im-
pregnation ratio. Based on the above results, the
optimum impregnation ratio to load AgNPs onto
AC was 2% (w/w). In conclusion, AgNPs-AC at
the impregnation ratio of 2% (w/w) is most suit-
able and is used for subsequent experiments.

Fig. 3 FTIR graph of AC and
AgNPs-AC

Fig. 4 pHPZC of AC and AgNPs-
AC before and after adsorption
process of Cr(VI)
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3.3 Effect of pH

Experiments were carried out at various pH solutions (3,
4, 5, 6, 7, 8, 9, and 10) with an initial Cr(VI) concentra-
tion of 10 mg/L at room temperature (25 ± 2 °C). The
results of the effect of pH solution on the adsorption
capacity of Cr(VI) by AgNPs-AC are presented in
Fig. 6. Figure 6 indicated that the adsorption capacity
of Cr(VI) on AgNPs-AC strongly depends on the pH
solution. At low pH, the Cr(VI) removal efficiency is
higher than that of at high pH (Singh 2017). The highest
removal efficiency of Cr(VI) reached a pH solution from
3 to 4. The adsorption capacity decreased when increas-
ing the pH from 5 to 10. The Cr(VI) adsorption capacity
reached a maximum value of 13.50 mg/g at pH 4 with a

maximum removal efficiency of Cr(VI) at 56.57%. The
results show that Cr(VI) was easily reduced to Cr(III) in
an acidic pH. Similar results were found in other
scholars’ studies (Mitra et al. 2017; Kumar and Jena
2017; Rai et al. 2016), and a similar result was also
reported by Kera et al. (2017) that the optimum pH of 4
for the adsorption of Cr(VI) ontomagnetic nanoparticles
(Fe3O4) cappedwith cetyltrimethylammonium bromide.
Additionally, the above FTIR data indicated that the
carboxyl groups appeared on the AgNPs-AC surface,
thus Cr(III) was subsequently adsorbed by these carbox-
yl groups (Tran et al. 2016).

The results can be further explained as follows: under
oxidizing conditions, the principal Cr(VI) species are
HCrO4

−, CrO4
2−, and Cr2O7

2−. Overall, Cr2O7
2− and

Fig. 5 The effect of the various
impregnation ratios between
AgNPs and AC on the adsorption
capacity of Cr(VI) at an initial
Cr(VI) concentration of 10 mg/L,
an adsorbent dose of 10 mg
AgNPs-AC/25 mL Cr(VI)
solution, and contact time of
60 min

Fig. 6 Effect of pH on the
adsorption capacity and removal
efficiency of Cr(VI) by AgNPs-
AC at an initial Cr(VI)
concentration of 10 mg/L, contact
time of 60 min, and an adsorbent
dose of 10 mg AgNPs-AC/25 mL
Cr(VI) solution

Water Air Soil Pollut (2019) 230: 68 Page 7 of 14 68



HCrO4
− dominate at pH < 6.0 while CrO4

2− dominates
at pH > 6.0 (Li et al. 2017). At pHsolution < pHPZC (5.09),
the surface of AgNPs-AC becomes positively charged
and favors the uptake due to the enhancement of the
electrostatic interaction between Cr2O7

2−, HCrO4
−, and

the adsorbent. At low pH, the number of protons avail-
able on the surface of the adsorbate increased resulting
in an attraction between Cr2O7

2−, HCrO4
−, and the

adsorbent occurred; thus, water molecules are easier to
displace from metal binding sites than hydroxyl groups
(Akram et al. 2017; Alvarez et al. 2007). Therefore, at
low pH value, electrostatic attraction, and/or by the
binding of Cr2O7

2− and HCrO4
− to acidic functional

groups, dominated leading to the higher chromium ad-
sorption onto AgNPs-AC. Meanwhile, when
pHsolution > pHPZC (5.09), charges on the surface of ad-
sorbent became negative and the adsorption capacity
was inhibited due to the repulsive forces generated
between the Cr(VI) ions, and adsorbent resulting in
adsorption capacity of Cr(VI) onto AgNPs-AC de-
creased. The same results have been reported in other
recent studies (Kumar and Meikap 2014). From this
result, it can be seen that pH is an important parameter
that controlled the adsorption capacity of heavy metals
from wastewater. In this study, the maximum adsorption
capacity of Cr(VI) onto AgNPs-AC took place at pH 4.

3.4 Effect of Contact Time

The effect of contact time on the adsorption capacity and
removal efficiency of Cr(VI) byAgNPs-ACwas studied
at pH 4, 10 mg/L of initial Cr(VI) concentration, and a
contact time from 5 to 210 min. The results are present-
ed in Fig. 7. Figure 7 shows that the Cr(VI) adsorption
capacity increased with an increase in contact time from
5 to 150 min corresponding with a removal efficiency of
Cr(VI) from 21.42 to 62.07%. The Cr(VI) adsorption
capacity reached a maximum value of 15.67 mg/g at
150 min with a maximum removal efficiency of Cr(VI)
at 62.07%. From 180 to 210 min, the adsorption process
remained constant. It can be explained that the active
sites on the adsorbent (AgNPs-AC) surface are vacant in
the beginning stage, thus adsorption process occurred
faster leading to a faster increase in the extent of adsorp-
tion. However, the active sites were almost fully occu-
pied with longer residence time and the adsorption and
desorption process tend to be equal. And the extent of
adsorption slightly decreased and reached nearly con-
stant at equilibrium (Rai et al. 2016). In this study, an

adsorption equilibrium time of 150 min would be used
for further experiments. This trend was similar to those
reported results by other researchers when investigating
the adsorption of Cr(VI) from industrial wastewater by a
coffee husk (Berihun 2017) and activated carbon pre-
pared from mango kernel activated with H3PO4 (Rai
et al. 2016) with an equilibrium time of 150 min.

3.5 Effect of Adsorbent Dose

In this study, seven different adsorbent dosages
(AgNPs-AC) were selected ranging from 10 to 100 mg
while the initial Cr(VI) concentration was fixed at
10 mg/L. The experiments of Cr(VI) adsorption were
conducted at an optimum pH of 4 and contact time of
150 min. The results are presented in Fig. 8. From Fig.
8, it can be seen that the adsorption percentage of Cr(VI)
onto AgNPs-AC increased significantly from 62.73 to
75.97% and the adsorption capacity increased, respec-
tively, from 31.58 to 38.25 mg/g corresponding with an
increase in dosages of AgNPs-AC from 5 to 20 mg/
25 mL Cr(VI). These results can be explained that when
the absorbent dose increased, the active sites on AgNPs-
AC’s surface and the number of adsorbent particles
increased and thus more Cr(VI) were attached on the
AgNPs-AC surface. Additionally, it can be seen that the
adsorption percentage of Cr(VI) decreased very slightly
from 75.97 to 70.84% corresponding with an increase in
doses of AgNPs-AC from 20 to 60 mg/25 mL. Howev-
er, the adsorption percentage of Cr(VI) slightly de-
creased when the amount of AgNPs-AC continued to
increase to more than 20mg/25mL of solution. This can
be explained due to a low surface area of AgNPs-AC
leading to a decrease in the adsorption of Cr(VI) onto
AgNPs-AC. Thus, the maximum adsorption capacity
achieved was 38.25 mg/g with a AgNPs-AC dose of
20 mg/25 mL at 10 mg/L of initial Cr(VI). Similar
results have also been reported in other recent studies
(Akram et al. 2017; Ali et al. 2016; Huang et al. 2015).

3.6 Effect of Initial Cr(VI) Concentration

The effects of initial Cr(VI) concentration on the ad-
sorption capacity and removal efficiency of Cr(VI) by
AgNPs-AC were performed by batch experiments in
shaker flasks. The initial Cr(VI) concentrations were
changed in range of 5, 10, 20, 30, 40, 50, 60, 70, and
80 mg/L. All experiments were conducted at an opti-
mum pH of 4, contact time 150 min, and a dose of
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AgNPs-AC of 20mg/25 mL that were determined in the
above-described experiments. The flasks were shaken at
120 rpm orbital at room temperature (25 ± 2 °C). The
results are illustrated in Fig. 9. It can be seen from Fig. 9
that the adsorption capacity of Cr(VI) by AgNPs-AC
increased from 5.13 to 27.70 mg/g with an increase in
initial Cr(VI) concentrations from 5 to 40 mg/L and the
adsorption capacity remained constant when initial
Cr(VI) concentration was continuously increased. How-
ever, adsorption efficiency decreased from 82 to 28%
when increasing the initial Cr(VI) concentration from 5

to 80 mg/L. Chromium ions in solution act as an impor-
tant driving force to overcome mass transfer resistance
of ions between the aqueous solution and the adsorbent
(Akram et al. 2017; Manzoor et al. 2013). At a low
initial Cr(VI) concentration, almost Cr(VI) ions
interacted with active binding sites. However, with a
higher initial Cr(VI) concentration, the number of active
adsorption sites is not enough to accommodate the
chromium ions leading to the adsorption capacity not
increasing. In Manfe’s study, he also reported that the
adsorption capacity of Cr(VI) by Prunus amygdalus

Fig. 7 Effect of contact time on
Cr(VI) adsorption by AgNPs-AC
with initial Cr(VI) concentration
of 10 mg/L, an adsorbent dose of
10 mg AgNPs-AC/25 mL Cr(VI),
and pH solution of 4

Fig. 8 Effect of adsorbent dosage
on adsorption capacity and
removal efficiency of Cr(VI) by
AgNPs-AC with an initial Cr(VI)
concentration of 10 mg/L, contact
time of 150 min, and pH solution
of 4
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(almond nutshells) activated carbon was a function of
initial metal concentration (Manfe et al. 2013).

3.7 Adsorption Isotherm

The adsorption isotherm equilibrium is essential data to
explain the mechanism of the adsorption, and the ad-
sorption isotherms were fitted by the Langmuir,
Freundlich, and Temkim models. Figure 10 provides a
typical adsorption isotherm plot of qe against Ce. In this
study, several commonly adsorption isotherm models
were applied to describe the hexavalent chromium ad-
sorption onto AgNPs-AC. They are the Langmuir (Eq.

3), Freundlich (Eq. 4), and Temkin (Eq. 5) models. The
corresponding parameters of those models are summa-
rized in Table 1.

qe ¼
Q0

maxKLCe

1þ KLCe
ð3Þ

qe ¼ K FCn
e ð4Þ

qe ¼
RT
b

ln ATCeð Þ ð5Þ

Fig. 9 Effect of initial Cr(VI)
concentration on the adsorption
capacity and removal efficiency
of Cr(VI) by AgNPs-AC at a pH
solution of 4, contact time of
150 min, and an adsorbent dose of
20 mg/25 ml

Fig. 10 Adsorption isothermal
equilibrium prediction of Cr(VI)
onto AgNPs-AC at a contact time
of 150 min, AgNPs-AC dose of
20 mg/25 mL, and pH solution of
4 and initial Cr(VI) concentration
of 40 mg/L
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where qe and Ce are obtained from Eq. 1; Qo
max (mg/g)

is the maximum saturated adsorption capacity of adsor-
bent; KL (L/mg) is the Langmuir constant related to the
affinity between an adsorbent and adsorbate; KF [(mg/
g)/(L/mg)n] is the Freundlich constant, which character-
izes the strength of adsorption; AT is Temkin isotherm
equilibrium binding constant (L/g); b is Temkin iso-
therm constant; R is universal gas constant (8.314J/
mol/K); and T is temperature at 298 K.

The models of Langmuir (R2 = 0.9121) and
Freundich (R2 = 0.835) fit well with the data of
hexavalent chromium adsorption onto AgNPs-AC than
that of the Temkin model (R2 = 0.660). And the Lang-
muir was the best model for describing the adsorption
isothermal equilibrium of Cr(VI) onto AgNPs-AC. The
maximum adsorption capacity (qm) of AgNPs-AC from
the Langmuir model was calculated to be approximately
35.09 mg/g. Besides, the values of the exponent (1/n) =
0.368 of the Freundlich model was less than 1 which
proved that the adsorption isothermal equilibrium of
Cr(VI) onto AgNPs-AC was favorable. And, it can be
assumed that adsorption mainly occurs in monolayers or
through a fixed number of identical sites on the surface
of AgNPs-AC.

3.8 Adsorption Kinetic of AgNPs-AC

In this study, the pseudo-first-order (Eq. 6), pseudo-
second-order (PSO Eq. 7), and Elovich (Eq. 8) models
were used to describe the adsorption process kinetics of
Cr(VI) onto AgNPs-AC. The derivation, meanings, and
correct application of such selective models have been
discussed in detail by Van et al. (2018a, b).

qt ¼ qe 1−e−k1t
� � ð6Þ

qt ¼
q2ek2t

1þ qek2t
ð7Þ

qt ¼
1

β
ln 1þ αβtð Þ ð8Þ

Table 2 presents the calculated kinetic parameters of
the pseudo-first-order, pseudo-second-order, and
Elovich models from the experimental data. The calcu-
lated results showed that the dynamics of hexavalent
chromium adsorption fit well to all three above models
with R2 values of 0.8374, 0.9597, and 0.9116, respec-
tively. From Table 2, it can be seen that the pseudo-
second-order model provided an excellent correlation
coefficient (R2 = 0.9597) with the experimental data in
comparison to the pseudo-first-order and Elovich
models. The calculated results of the adsorption capacity
from both the pseudo-first-order and pseudo-second-
order models (14.73 and 16.75 mg/g, respectively)
proved that the obtained data from both models were
very close to the experimental data (qe,exp of 15.67 mg/
g) in the adsorption of Cr(VI) onto AgNPs-AC. The
calculated results suggest that adsorption of Cr(VI) onto
AgNPs-AC is controlled by chemisorption, which in-
volves valence forces through sharing or exchange of
electrons (Van et al.2018a, b; Vu et al. 2017). Moreover,
the good fit of the data to the model also ascertained that
the removal of Cr(VI) by AgNPs-AC is closer to chem-
isorptions, i.e., new chemical species are generated at
the sorbent surface (Wang et al. 2010).

3.9 Adsorption Mechanism Studies

To further elucidate the Cr(VI) adsorption mechanisms
on AgNPs-AC, the AC and AgNPs-AC (loaded 2 wt%
AgNPs) samples were characterized by SEM, XRD,
FTIR, and EDS.

The SEM image in Fig. 1 shows that the structure of
the activated carbon-loaded silver nanoparticles
(AgNPs-AC 2% w/w) with a negligible increase in
surface area of 701.65 m2/g and pore volume of, almost

Table 1 Adsorption isothermal parameters and correlation coefficients of the Langmuir, Freundlich and Temkin models for hexavalent
chromium adsorption onto AgNPs-AC

The Langmuir model The Freundich model The Temkin model

qm KL R2 KF 1/n R2 AT bT B R2

35.09 0.099 0.9121 7.151 0.368 0.835 3.349 98.492 0.460 0.660
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equal, about 0.061cm3/g. The surface area and a number
of active sites enhance due to the Ag nanoparticles-
loaded on the activated carbon (AgNPs-AC) which
possesses a crucial role in the adsorption phenomenon
(Ghaedi et al. 2018). Therefore, the AgNPs-AC pos-
sesses the slightly higher specific surface area than the
pristine AC. The results suggested that the AgNPs-
loaded play a more important role in Cr(VI) adsorption
than the specific surface area of AC. TheXRD pattern of
the samples are shown in Fig. 2; the observation of
typical diffraction peaks of the AC and AgNPs-AC
revealed that AgNPs was successfully introduced onto
activated carbon that is consistent with the results of
SEM and EDS spectra (Fig. 1b, d). Besides, the FTIR
analysis indicated the appearance of oxygen-containing
functional groups on the AgNPs-AC’s surface (i.e., –
OH, –C=O and –C–O), especially, the presence of car-
boxyl groups can contribute to absorb Cr(III) after
Cr(VI) was reduced to Cr(III) by positively charged
functional groups and an acidic pH (Tran et al. 2017).

Additionally, studies on pHPZC, adsorption isotherm
equilibrium and adsorption kinetic by various models
were also used to further clearly explain adsorption
mechanisms of Cr(VI) onto AgNPs-AC. In the study,

the pHPZC < pH solution further confirmed that there are
positively charged functional groups appeared on the
AgNPs-AC’s surface. And Cr(VI) was easily reduced to
Cr(III) by these functional groups. In addition, the acidic
medium was superior in Cr(VI) elimination than the
basic medium. This may be due to an acidic medium,
a positively charged composite leading to easy adsorp-
tion of the negative HCrO4

− ions through electrostatic
attraction (Elfeky et al. 2017). The adsorption isotherm
equilibrium was fitted best by the Langmuir model,
which proved that adsorption mainly occurs in mono-
layers, or through a fixed number of identical sites on
the surface of AgNPs-AC. Meanwhile, the adsorption
kinetics fitted best with pseudo-second-order with
highest R2 of 0.9597 with adsorption capacity of
16.75 mg/g that was very close to the experimental data
(15.67 mg/g) in adsorption of Cr(VI) onto AgNPs-AC.
The calculated results suggest that the adsorption of
Cr(VI) onto AgNPs-AC is controlled by chemisorption,
which involves valence forces through sharing or ex-
change of electrons (Van et al. 2018a, b; Vu et al. 2017).
Moreover, the good fit of the data to the model also
ascertained that the removal of Cr(VI) by AgNPs-AC is
closer to chemisorptions, i.e., new chemical species are

Table 2 Calculated kinetic parameters of models for Cr(VI) adsorption onto AgNPs-AC

Preudo-first-order Preudo-second-order Elovich qe,exp (mg/g)

qm,cal (mg/g) K1 R2 qm,cal (mg/g) K2 R2 α β R2

14.73 0.038 0.8374 16.75 2.003 0.9597 1.798 0.297 0.9116 15.67

Fig. 11 Kinetic models of Cr(VI)
adsorption onto AgNPs-AC with
an initial Cr(VI) concentration of
40 mg/L, an adsorbent dose of
20 mg/25 mL, pH solution of 4,
and contact time of 150 min
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generated at the sorbent surface (Wang et al., 2010).
However, to further ascertain how much percentage of
Cr(VI) was reduced to Cr(III), the later studies need to
investigate XPS spectra of AgNPs-AC before and after
Cr(VI) adsorption.

4 Conclusion

The commercial activated carbon modified by loading
silver nanoparticles (AgNPs-AC) is a fully promising
adsorbent for the removal of Cr(VI) from the aqueous
solutions. The Cr(VI) adsorption process onto AgNPs-
AC was highly depended on pH solution. In this study,
the pH of 4 was the optimum condition for the adsorp-
tion of Cr(VI) onto AgNPs-AC. The results also showed
that there was an increase in the adsorption capacity of
Cr(VI) onto AgNPs-AC when the dose of AgNPs-AC
and contact time increased. The maximum adsorption
capacity of Cr(VI) by AgNPs-AC obtained 27.70 mg/g
at 150 min with 20 mg/25 mL of AgNPs-AC dose at
40mg/L of initial Cr(VI) (Fig. 11). The Langmuir model
was the best to describe the adsorption isothermal equi-
librium. The adsorption kinetic data were found to fit
well with both pseudo-first and pseudo-second-order
models with very high correlation coefficients; the
mechanism of adsorption was chemisorption due to
the appearance of the positively charged groups on
AgNPs-AC’s surface that reduced Cr(VI) to Cr(III),
and Cr(III) was subsequently absorbed by carboxyl
groups. Finally, AgNPs-AC was the fully promising
absorbent for the removal of Cr(VI) from the aqueous
solution.

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