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Abstract In the present study, chemically synthesized
silver nanoparticles (AgNPs) were used for adsorption of
the dye malachite green (MG). The process variables such
as nanoparticle dosage, pH and temperature were opti-
mized for the decolourization of MG dye solution using the
response surface methodology (RSM). At the optimized
parameter condition, studies were carried out for effects
with respect to various concentrations of dye and time for
isotherm and kinetic studies, respectively. RSM was also
employed for the enhanced production of silver nanopar-
ticles (AgNPs). Synthesized AgNPs were characterized by
UV-Vis spectroscopic, scanning electron microscopic and
Fourier transform infrared analyses. From the results, it
was concluded that the AgNPs readily decolourized MG
dye. At the optimized conditions, maximum removal (more
than 90%) of MG dye occurred. It was also found that the
D-R isotherm and intraparticle diffusion fitted the data
better as compared to other isotherm and kinetic models.
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Introduction

AgNPs can be synthesized by different methods. Broadly,
they can be categorized as chemical and biological
methods. Biological methods comprise both the plants
and microorganisms. The main advantages of chemical
method for the synthesis of nanoparticles over the bio-
logical are less time consumption and easier production
[34]. Dyes have major applications in industries, viz.
paper and pulp, textiles, adhesives, art supplies, bever-
ages, ceramics, construction, cosmetics, food, glass,
paints, polymer, soap, wax biomedicine. Various dyes are
manufactured to meet the requirement of each type of
industries. Thus, with this whole range of use, its impact
on the environment is also wide. They cause various
hazards and health-related effects [5]. The families of
chemical compounds that make good dyes are toxic to
humans. One such dye is malachite green.

MG is traditionally used as dye. Huge quantity of MG
and related triarylmethane dyes are produced annually for
this purpose [15]. Animals metabolize malachite green in
its leuco form, and they are retained in catfish muscle
longer than its parent molecule [70-72]. There is also
possibility that MG caused carcinogenic symptoms [9].
However, its use is inevitable due to wide range of appli-
cations. Thus, it is necessary to treat the dye-containing
waste water before they are discharged into the environ-
ment in order to reduce its harmful effects.

There are few works available on the removal of dyes by
AgNPs [25, 62] synthesized by biological methods. So far,
no work has been carried out for the enhancement of
AgNPs production. Hence, the objectives of the present
study are to enhance the production of AgNPs by chemical
method using RSM and to check the efficiency of synthe-
sized AgNPs for the removal of MG dye.
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Materials and methods
Chemicals

All chemicals used in this study were of analytical grade.
Silver nitrate and trisodium citrate were purchased from
Himedia Labs, India. The silver nitrate was stored in dark-
coloured bottles. Solution of silver nitrate was prepared
using deionized water. The solution was stored in refrig-
erator in a dark-coloured bottle for future use. It avoids
photosensitive reaction of silver nitrate when exposed to
light. Synthetic malachite green was purchased from Merck
Ltd., India.

Experimental design by RSM

RSM is a statistical tool designed to find out the optimal
response within specific ranges of pre-established factors,
through second-order equation. In this work, central com-
posite design (CCD) and Box—Behnken design (BBD) were
used to study the effects of parameters during synthesis and
decolourization process, respectively. The coded values of
the process parameters were determined by the following
equation:

Xi—X,

TAX M

where X; is coded value of the ith variable, X; uncoded
value of the ith test variable, and X, uncoded value of the
ith test variable at centre point. The regression analysis was
performed to estimate the response function as a second-
order polynomial.

A second-order polynomial equation is:

k K k=1 k
Y =fy+ Z BiXi + Z BiX; + Z Z BXiX; (2)
i=1 i1

i=li>j j

X; =

where Y is the predicted response and f8;, 8, f; are coef-
ficients estimated from regression and represent the linear,
quadratic and cross-products of X, X,, X3 on response.

A statistical program package Design Expert 7.1.5 was
used for regression analysis of the data obtained and to
estimate the coefficient of the regression equation. The
equation was validated by ANOVA. All the experiments
were performed in triplicate, and average value was
reported.

CCD for maximum production of AgNPs
In order to perform the dye decolourization experiment,
large quantities of AgNPs are required to carry out series of

runs. Thus, there is a need for maximum production of
AgNPs. Hence, response surface methodology was used to
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Table 1 Experimental range and levels of independent process
variables for AgNPs production

Independent variable Coded levels

Code —-168 -1 0 41 +1.68

pH A 4.9 55 7 85 9.1
Conc. of AgNO; (mg/mL) B 0.6 1 2 3 34

find the optimum conditions for maximum production of
AgNPs. The parameters, viz. silver nitrate concentration
and pH, were optimized to yield maximum quantity of
AgNPs. The ranges of pH and silver nitrate concentration
are given in Table 1.

Procedure for chemical synthesis of AgNPs

Fifty millilitres of 107° M silver nitrate solution was
heated to boiling. To this solution, 5 mL of 1% trisodium
citrate was added drop by drop. During this process,
solution was mixed vigorously and heated until the colour
change was evident (dark brown). Then, it was removed
from the heating element and stirred until it reaches room
temperature. The aqueous solution was lyophilized, and the
powdered AgNPs obtained were taken for further analysis
[45].

Characterization of AgNPs
UV—visible spectroscopy analysis

Synthesis of AgNPs is visually confirmed by the transfor-
mation of the pale white-coloured silver nitrate solution
into dark brown-coloured solution. Primarily, the formation
of AgNPs was confirmed by the absorption spectra of the
synthesized AgNPs solution. The synthesized silver
nanoparticles were scanned in the range 200-800 nm.

Fourier transform infrared spectroscopy

FTIR studies were carried for both fresh and MG-loaded
AgNPs. It gives information about the respective functional
groups present in the AgNPs before and after the adsorp-
tion process.

Scanning electron microscopy

It is important to study the morphology of the AgNPs. The
morphology of the AgNPs changes after the treatment.
Thus, SEM images of the AgNPs before and after treat-
ments were taken.
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Table 2 Experimental range and levels of independent process
variables for decolourization of MG using synthesized AgNPs

Independent variable Coded levels

Code -1 0 1
pH A 5 7 9
Temperature (°C) B 30 45 60
AgNPs dosage (g) C 0.1 0.5 0.9

Batch adsorption experiment for malachite green

The batch experiments for the removal of MG dye were
carried out according to the BBD. The range and levels of
the individual variables are shown in Table 2. Initial con-
centration of the dye was fixed as 100 ppm. The experi-
ments were carried out in a 250-mL conical flask. The
reaction mixtures were agitated in incubated shaker, and
samples were centrifuged at 10,000 rpm for 15 min. The
supernatant was used for the analysis of dye concentration
using spectrophotometer. The analyses were repeated three
times so as to analyse the results statistically. The amount
of dye adsorbed per unit mass of adsorbent (g., mg/g) is
given by Eq. (3):

go = GGV 3)

m

The amount of adsorbed dye per unit mass of adsorbent
at time ¢ (q,, mg/g) is:

g = Co= GV ()

m

where V is the volume of the solution treated in L, C, is the
initial concentration of the dye in mg/L, C. is the

equilibrium dye concentration in mg/L, C, (mg/L) is the
concentration of adsorbent at time ¢, and m is the mass of
adsorbent in gram. At the optimized conditions of pH,
temperature and sorbent dosage, experiments were
performed.

Results and discussion
AgNPs production maximization study

The maximization of the AgNPs production was carried
out according to the CCD, and the results obtained are
given in Table 3. The results of theoretically predicted
response are also given in Table 3. The mathematical
expression of relationship to the response with variables is:

Y =1.80 + 0.050A + 0.24B

B - ) (5)
+0.040AB — 0.56A% — 0.64B

where Y is the quantity of AgNOs5(g) and A and B are the
coded values of pH and concentration of AgNOs;,
respectively.

The ANOVA results for AgNPs production are tabulated
in Table 4. F value of 24.98 implies that the model was
significant. The Fisher F test with a very low probability
value (Ppoder > 0.0001) reveals a very high significance
for the regression model. The goodness of fit of the model
was checked by coefficient of determination (Rz). The R?
was found to be 0.9469, which implies that more than
94.69% of experimental data were compatible with the data
predicted by the model. A low coefficient of variation (CV)
value (18.83) indicates that the deviations between exper-
imental and predicted values were low. Adeq precision

Table 3 CCD and its response

for AgNPs production Run order A (pH) B (conc. of AgNO3) (g/L) Quantity of AgNPs (g)
Experimental Predicted
1 0(7) 0(2) 1.80 1.903
2 0(7) -2 (0.6) 0.30 0.289
3 -2 (4.9) 0(2) 0.80 0.702
4 0@ 0(2) 0.80 1.903
5 29.1) 0(2) 0.90 0.844
6 0 () 0(2) 1.80 0.957
7 0 () 2 (34 1.10 0.266
8 1 (8.5) —1(D 0.25 0.638
9 —1(5.5) 1(3) 0.50 1.697
10 0(7) 0(2) 1.80 0.819
11 1 (8.5) 1(3) 0.71 0.246
12 —1(5.5) -1 (1) 0.20 1.697
13 0@ 0(2) 1.80 1.697
14 0@ 0(2) 1.80 1.697
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Table 4 ANOVA for

production maximization of Source Sum of squares df Mean square F value P value
AgNPs Model 4.96 5 0.99 24.98 0.0003
A 0.020 1 0.020 0.51 0.4995
B 0.45 1 0.45 11.25 0.0122
AB 6.400 1 6.400 0.16 0.7002
A? 2.22 1 2.22 55.88 0.0001
B> 2.85 1 2.85 71.70 <0.0001
Residual 0.28 7 0.040
Lack of fit 0.28 3 0.093
Pure error 0.000 4 0.000
Cor total 5.24 12

SD 0.20, R? 0.9469, mean 1.06, adj. R? 0.9090, CV% 18.83, pred. R? 0.6226, PRESS 1.98, Adeq precision

11.920

measures the signal-to-noise ratio. A ratio >4 is desirable.
In this study, the ratio was found to be 11.920, which
indicates an adequate signal. Values of “P” < 0.05 indi-
cate the significance of model terms. In this case, B, A? and
B? were significant model terms for the maximum pro-
duction of AgNPs. This implies that the linear and square
effects of pH and concentration of AgNO3 were significant
factors.

Effect of variables on AgNPs production

The formation of AgNPs depends on various parameters
such as pH and concentration of AgNOs;.

Effect of pH and concentration of AgNOj; on production
of AgNPs

The effect of pH on the production of AgNPs was studied
by changing the pH from 4.9 to 9.1. The results obtained
are shown in Fig. 1. It was observed from the plot that
near-neutral pH range of 6.5-7.5 enhanced AgNPs pro-
duction observed and maximum production of AgNPs was
obtained at pH 7.2. Further increase or decrease in pH
decreased production of AgNPs. The effect of concentra-
tion of AgNOj; on the production of AgNPs was studied by
changing the concentration from 0.6 to 3.4 mg/mL. The
result obtained is shown in Fig. 1. It was observed from the
plot that enhanced AgNPs production was obtained around
concentration range of 1.5-2.5 mg/mL and maximum
production of AgNPs was observed at 2.2 mg/mL. Further
increase or decrease in concentration of AgNO; decreases
production of AgNPs. Temperature is also an important
variable for the production of AgNPs, but in this method of
synthesis of AgNPs, the solution mixture should be boiled
in order to produce the AgNPs. Therefore, it is kept as
constant. Figure 2 shows the perturbation plot for AgNP
production. In the plot, both A and B curves are more
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Fig. 1 Interactive effect of pH and concentration of AgNO; on
AgNPs production

similar in curvature. It shows significant effect of both pH
and AgNOj; concentration.

UV-visible spectroscopy analysis

The physical confirmation of AgNPs formation was by the
colour change of pale white silver nitrate solution to dark
brown. It is due to the surface plasmon resonance [43].
From Fig. 3, it was observed that the characteristic AgNPs
peak was obtained at 420 nm. The typical absorption
spectrum of AgNPs is in the band of 350-450 nm [6].

Decolourization studies using the AgNPs
The decolourization of malachite green dye using the

synthesized AgNPs was carried out according to the BBD,
and the results obtained are given in Table 5.
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Fig. 2 Perturbation plot for AgNPs production

The mathematical expression of relationship to the
response with variables is:

Y = 81.33 + 31.384—1.38B + 1.00C—1.00AB + 0.75AC
+ 1.75BC—37.67A% + 1.83B* + 2.58C> (6)

where Y is the % removal of MG dye and A, B and C are
the coded values of pH, temperature and AgNPs dosage.
The ANOVA results for decolourization of MG are
tabulated in Table 6. F value of 146.97 implies that the
model was significant. The Fisher F test with a very low
probability value (Ppoqe1 > 0.0001) reveals a very high
significance for the regression model. The goodness of fit
of the model was checked by coefficient of determination
(R?*). The R* was found to be 0.9962, which implies that
more than 99.62% of experimental data were compatible
with the data predicted by the model. The deviations
between experimental and predicted values were low,
which was inferred from the CV value (4.99). The signal-
to-noise ratio is given by Adeq precision. A ratio >4 is
desirable. In the present work, the ratio was found to be
28.59, indicating an adequate signal. Value of “P” < 0.05

Fig. 3 UV-visible spectra for 15
AgNPs
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Table 5 BBD-based experimental design and its response for MG
dye removal

Run order A B C % MG decolourization
Experimental Predicted

1 —1 0 1 15 15.125
2 —1 1 0 16 13.750
3 —1 —1 0 14 14.500
4 1 —1 0 77 79.250
5 0 0 0 81 81.333
6 0 -1 1 87 86.375
7 1 0 -1 76 75.875
8 0 1 -1 81 81.625
9 1 1 0 75 74.500
10 0 1 1 85 87.125
11 0 0 0 85 81.333
12 —1 0 -1 13 14.625
13 1 0 1 81 79.375
14 0 -1 -1 90 87.875
15 0 0 0 78 81.333

indicates the significance of model terms. In this case,
A and A* were significant model terms for the maximum
decolourization of malachite green. This implies that the
linear, square effects of pH were significant factors.

Effect of pH on decolourization

The effect of pH on decolourization of malachite green dye
was studied by changing the pH from 5 to 9. The result
obtained is shown in Figs. 4 and 6. From the plot, it can be
inferred that in alkaline pH range of 7.5-9 higher per-
centage of decolourization was obtained and maximum
percentage of decolourization was observed at a pH of 7.8.
The percentage of decolourization was comparatively less
in the acidic range. The dye adsorption is unfavourable at
acidic pH values. This may be because (1) in acidic system,
the number of negatively charged adsorbent sites decreased
and the number of positively charged surface sites

400 450 500 550 600 650 700 750 800
Wavelength (nm)
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Table 6 ANOVA for sorption

of malachite green Source Sum of squares df Mean square F value P value
Model 13337.18 9 1481.91 146.97 <0.0001
A 7875.13 1 7875.13 781.00 <0.0001
B 15.13 1 15.13 1.50 0.2752
C 8.00 1 8.00 0.79 0.4139
AB 4.00 1 4.00 0.40 0.5565
AC 225 1 225 0.22 0.6566
BC 12.25 1 12.25 1.21 0.3206
A? 5238.56 1 5238.56 519.53 <0.0001
B? 12.41 1 12.41 1.23 0.3177
c? 24.64 1 24.64 2.44 0.1788
Residual 50.42 5 10.08 0.70 0.6350
Lack of fit 25.75 3 8.58
Pure error 24.67 2 12.33
Cor total 133387.60 14

SD 0.318, R* 0.9962, mean 63.60, adj. R* 0.9895, CV% 4.99, pred. R* 0.9651, PRESS 467.50, Adeq
precision 28.590
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B: Temperature, oC A: pH
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Fig. 4 Interactive effect of pH and temperature on MG decolouriza-
tion using AgNPs

increased, which does not favour the adsorption of posi-
tively charged dye cations due to electrostatic repulsion
and (2) lower adsorption of MG at acidic pH is due to the
presence of excess H+ ions competing with dye cations for
the adsorption sites of the adsorbent [20, 50].

Effect of temperature on decolourization

The effect of temperature on decolourization of malachite
green dye was studied by changing the temperature from
30 to 60 °C. The result obtained is shown in Figs. 4 and 5.
From the plot, it was inferred that the decolourization was
favourable around 30-35 °C and 30 °C was found to be the
optimum temperature for higher decolourization. An

@ Springer
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Fig. 5 Interactive effect of pH and AgNPs dosage on MG
decolourization

increase in temperature decreases the specific uptake. This
is probably caused by a change in the texture of the sorbent
and a loss in the sorption capacity due to material deteri-
oration [73]. Similar results were obtained by Abou-Gamra

(1].
Effect of AgNPs dosage on decolourization

The effect of AgNPs dosage on decolourization of mala-
chite green dye was studied by changing the AgNPs from
0.1 to 0.9 g/100 mL. The results obtained are shown in
Figs. 5 and 6. It was inferred that the effect of dosage was
dependent on interactive effects between pH and temper-
ature. The dye uptake depends on the adsorption sites
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Fig. 6 Interactive effect of temperature and AgNPs dosage on MG
decolourization

present in the sorbent [30]. As the sorbent dosage increa-
ses, the available adsorption site increases, facilitating
higher percentage of dye removal. However, in the present
study, at low dosage itself the maximum removal occurs. It
shows that the sites required for the dye uptake are avail-
able at low dosage. The optimum quantity of AgNPs was
found to be 0.1 g/100 mL, giving maximum decolouriza-
tion of 90% at pH 7.8 and temperature 30 °C.

Equilibrium isotherm study

To study the mechanism of decolourization by sorption
using AgNP, the batch experimental data were applied to
the linear isotherms, namely Langmuir, Freundlich, Dubi-
nin—Radushkevich, Temkin and three-parameter Sips
isotherm.

Langmuir isotherm

A theory describing the sorption of gas molecules onto
metal surfaces was proposed by Langmuir [39]. The
Langmuir isotherm in linear form is given by:

1 1 1
= b+ 7
e  qubCe  Gnm @

where ¢, is the monolayer sorption capacity of the sorbent
(mg/g), g is the equilibrium dye concentration on the
sorbent (mg/g), C. is the equilibrium concentration of dye
in the solution (mg/L), and b is the Langmuir sorption
constant (I/mg) related to the free energy of sorption.

The Langmuir adsorption isotherm suggests monolayer
coverage of adsorbed molecules [63, 64, 69]. The Lang-
muir plots of MG sorption isotherm with different initial
dye concentrations are shown in Fig. 7. The constants ¢,
and b are tabulated in Table 7. The constant b denotes the

0.1
0.08 B
0.06

Ya. 0.04 *
0.02

1/C

e

Fig. 7 Langmuir isotherm plot for the sorption of MG dye onto
AgNPs

Table 7 Isotherm constants for the decolourization of malachite
green by AgNPs

Isotherm model Parameters Values
Langmuir Gmax 64.5161 mg/g

B 0.1033

R? 0.9292
Freundlich K; 11.7841

1/n 0.3957

R’ 0.8216
Dubinin—Radushkevich Ggmax 43.8160 mg/g

p 1.958

€ 0.5053

R? 0.963
Temkin B 11.34

Kt 1.7338

R? 0.9030
Sips a 6.006

K 1.345

Ps 0.1231

R? 0.9142

affinity between sorbent and sorbate. A high g,.x and a
high R* (0.9292) are the characteristics of good sorbent.

From the results, it was observed that the befitting nature
of the above-mentioned isotherm model suggests that both
homogeneous and heterogeneous sites are involved in
accomplishing the process of adsorption. A probable
chemical adsorption, through the ion exchange mechanism
[75], is suggestive of the homogeneous monolayer distri-
bution of the active sites, as indicated by the Langmuir
isotherm.

Freundlich isotherm
The heterogeneous systems are represented by an empirical

equation of the Freundlich isotherm [14], and the linear
form of Freundlich isotherm is represented by the equation:

@ Springer
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Fig. 8 Freundlich isotherm plot for the sorption of MG dye onto
AgNPs

1
log ge = log K¢ +;]0g Ce (8)

where K is a constant relating the sorption capacity and 1/
n is an empirical parameter relating the sorption intensity,
which varies with the heterogeneity of the material. Ky
value of 11.7841 and I/n value of 0.3957 were obtained
from the plot. Value of I/n between O and 1 is the indi-
cation of good sorption [65-68]. In the present study, a
value of 0.3957 was obtained and it indicates that the
sorption of MG dye onto the AgNPs was favourable. Fig-
ure 8 shows the MG sorption isotherms at different initial
dye concentrations of Freundlich, and the constants K¢ and
1/n are tabulated in Table 7. From the plot of log g. versus
log C., the slope value represents K; and intercepts value
represents I/n. In general, Freundlich isotherm predicts
infinite surface coverage, indicating multilayer sorption on
the surface, and does not predict any saturation of the
adsorbent by the sorbate. The Freundlich constant (1/n) is
estimated to be 0.3957, which reflects a surface hetero-
geneity of the adsorbent. A physical sorption is reflected by
the heterogeneous nature [75]. However, the R? value of
Freundlich isotherm is lower than that of Langmuir iso-
therm model. Hence, the Langmuir isotherm fits the
experimental data better than the Freundlich isotherm.

Dubinin—Radushkevich isotherm

Equation 9 represents the linear form of the D-R isotherm
equation [12]:

In ge = In gm — pé’ 9)

where ¢, is the amount of dye adsorbed per unit weight of
sorbent (mg/g), g, is the maximum sorption capacity (mg/
g), fp is the activity coefficient related to sorption mean
energy (mol®/kJ?), and ¢ is the Polanyi potential described
as

1
=RTIn1+— 10
e n +C (10)

e
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Fig. 9 Dubinin—Radushkevich isotherm plot for the sorption of MG
dye onto AgNPs

where R is the gas constant 8.314 x 103 kJ/mol K, Tis
the temperature in K, and C. is the equilibrium concen-
tration of the MG dye in solution (mg/L). The mean free
energy of sorption per molecule of sorbate required to
transfer 1 mol of ion from the infinity in the solution to the
surface of sorbent can be determined by Eq. (11):

E=

: (i)
/=2p

The slope and intercept value of the plot (Fig. 9) In ¢,
versus ¢ give the Dubinin—Radushkevich constants § and
gm, and the results are tabulated in Table 7. The obtained
energy value of E < 8 kJ/mol (Table 7) indicates that the
adsorption is a physical process as chemical adsorption
process has an E > 8 kJ/mol [24, 40]. A low sorption
capacity compared to the Langmuir model can be attributed
to different assumptions taken into consideration. Further
based on the R? values, it was found that the Dubinin—
Radushkevich isotherm model had a higher value com-
pared to the other isotherm models. The supporting data
that the Dubinin—Radushkevich isotherm model originally
formulated for the adsorption process follow a pore-filling
mechanism. It is generally applied to express the adsorp-
tion process occurred on both homogeneous and hetero-
geneous surfaces [7]. Moreover, it is reported that when the
value of E is below 8 kJ/mol, the adsorption process can be
considered as the physical adsorption. In contrast, if the
value of E is located in the range of 8-16 kJ/mol, it is the
chemical adsorption. From Table 7, it can be observed that
the obtained values of mean free energy, E, is in the range
of 0.5053 kJ/mol. Based on these data, it can thus be
concluded that the effect of physical adsorption will play a
dominating role in the adsorption process of malachite
green dye adsorption onto the adsorbent [10, 52].

Temkin isotherm

The representation of Temkin isotherm [60] is as follows:
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RT RT
qezjln KT-“TIH Ce (12)
ge = Bln Kt + Bln C. (13)

where constant B = RT/b, which is related to the heat of
sorption, R is the universal gas constant (kJ/mol K), T is the
temperature (K), b is the variation of sorption energy
(J/mol), and Ky is the equilibrium binding constant (L/mg)
corresponding to the maximum binding energy. From the
plot, g. versus In C, (Fig. 10), the constants B and Kt were
found and are given in Table 7. Temkin isotherm model
takes into account the adsorbent—adsorbate interactions on
adsorption. It is based on the assumption that, due to the
adsorbate—adsorbate repulsions, the heat of adsorption of
all the molecules in the layer decreases linearly with the
coverage of molecules and the adsorption of adsorbate is
uniformly distributed. The constant B related to the heat of
adsorption and Kt corresponds to the maximum binding
energy. The correlation factors show that the Dubinin—
Radushkevich model approximation to the experimental
results was better than the Temkin model. Consequently,
among the four isotherm models used, the Dubinin—
Radushkevich model offers the best correlation factors.

Sips isotherm

A similar form to that of the Freundlich isotherm proposed
by Sips in 1948 differs only on the finite limit of adsorbed
amount at sufficiently high concentration.

KS(jSS

— s (14)
1+ a,C5

qe

The parameter f3; is regarded as the parameter charac-
terizing the system’s heterogeneity. The heterogeneity of the
system comprises the sorbent or the dye, or a combination of
both. All of the Sips parameters such as ag, K and fi; were
governed by operating conditions such as pH and tempera-
ture. The model is shown in Fig. 11, and the results are given
in Table 7. In the adsorption of MG dye on AgNPs, the
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Fig. 10 Temkin isotherm plot for the sorption of MG dye onto
AgNPs
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Fig. 11 Sips isotherm plot for the sorption of MG dye onto AgNPs at
temperature 303.15 K

Table 8 Operation factor (Kr) values

Values of Kr Condition of isotherm

Kg > 1 Unfavourable
Kr=1 Linear
0<Kr<l Favourable
Kr =0 Irreversible

parameter f3, stays close to unity [3]. Sips isotherm model
combines the Freundlich and Langmuir isotherms, thus
convenient in studying the homogeneous and heterogeneous
nature of the adsorption process. Constant f is often regar-
ded as the heterogeneity factor, with values >1 indicating a
heterogeneous system. Values close to (or exactly) 1 indicate
a material with relatively homogenous binding sites. For
fs = 1, the Sips model reduces to the Langmuir equation.
From Table 7, it was found that the value of [ is 0.1231;
thus, it indicates a homogeneous system. It was found that the
correlation coefficient for Sips isotherm was low and hence
the Dubinin—Radushkevich isotherm is considered to be
more appropriate.

Separation factor to find the feasibility and condition
of isotherm

The “favourable” or “unfavourable” conditions of an adsorp-
tion system can be predicted from effect of isotherm shape
(Table 8) [49]. According to Hall et al. [19], the essential fea-
tures of the Langmuir isotherm can be expressed in terms of a
dimensionless constant separation factor or equilibrium
parameter Kg, which is defined by the following relationship:

1 (15)

Kg=——
RTI1TK.G

where Ky is a dimensionless separation factor, Cy is initial
dye concentration (mg/L), and K, is isotherm constant (L/
mg). From Table 9, it was found that all isotherms were
favourable since 0 < K < 1.
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Table 9 Separation factor and their condition to find the feasibility
and type of isotherm

Type of isotherm Kgr Condition of isotherm
Langmuir 0.2791 Favourable
Freundlich 0.0918 Favourable
Dubinin—Radushkevich 0.00508 Favourable
Temkin 0.0008 Favourable
Sips 0.2452 Favourable

Comparison of sorption capacities of various
sorbents

The sorption capacity of the sorbents used in the present
work is compared with the other sorbents for the removal

malachite green dye. Table 10 shows the dye uptake
capacity of various sorbents used for previous and present
work. The equilibrium uptake (g.) is estimated from the
experimental data using Langmuir isotherm. The maximum
uptake for malachite green dye is found to be 64.5161 mg/
g for chemically synthesized AgNPs. From the results, it is
found that chemically synthesized AgNPs can be used to
effectively remove malachite green dye.

Sorption Kinetics

Equilibrium analysis is important to evaluate the affinity or
capacity of a sorbent. However, it is also important to
assess how sorption rates vary with aqueous dye concen-
tration and are affected by sorption capacity or by the

Table 10 Sorption capacities

of various sorbents used for the Sorbent Sorption capacity (mg/g) Source

removal of malachite green dye Carbon prepared from Borassus bark 20.70 [4]
Potato peel 32.39 [16]
Neem sawdust 4.35 [33]
Rice husk 19.83 [29]
Unsaturated polyester Ce(IV) phosphate 1.01 [31]
Orange peel 14.30 [2]
Sugarcane dust 4.88 [32]
Activated carbon 40.06 [57]
Riccinus communis 24.39 [41]
R. communis activated carbon 27.78 [53]
Limonia acidissima 34.56 [55]
Commercial activated carbon 8.27 [42]
Kapok hull activated carbon 30.16 [58]
Anondonta shell 11.3 [13]
Loligo tulgaris 39.8 [13]
Sepia 3.48 [13]
Rubber wood sawdust 36.45 [36]
Annona squmora 25.28 [54]
Activated carbon—Tlaboratory grade 42.18 [42]
Leaves of Solanum tuberosum 33.33 [18]
Stem of S. tuberosum 27 [18]
Waste fruit residues 37.03 [47]
Dried cashew nut bark carbon 20.09 [48]
Tamarind fruit shell 1.95 [51]
Leaves of Daucus carota 52.6 [38]
Carbon from Arundo donax root 8.69 [76]
Chlorella-based biomass 18.4 [61]
Stem of D. carota 434 [38]
Cellulose powder 2.422 [56]
Rapeseed cake 17.89 [23]
TiO, nanoparticles 11.72 [1]
A. flavus-mediated AgNPs 4421 [46]

Chemically synthesized AgNPs

64.51 Present study
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Fig. 12 Pseudo-first-order plot for sorption of MG dye onto AgNPs

sorbent character in terms of kinetics. The kinetic models
such as pseudo-first-order, pseudo-second-order, intra-
particle diffusion, power function and Elovich model were
applied to interpret the experimental results.

Pseudo-first-order model

The pseudo-first-order equation for the sorption of a liquid—
solid system based on the solid capacity was suggested by
Lagergren [21]. The linear form of the pseudo-first-order
rate equation is:
K,

7303 (16)
where g, and g, (mg/g) are the amounts of the dye adsorbed
at equilibrium (mg/g) and t (min), respectively, and K; is
the rate constant of the equation (minfl) [26, 27, 67, 68].
The sorption rate constant (K;) is determined (Fig. 12), and
the values are reported in Table 11.

log(ge — qi) = log g —

Pseudo-second-order model

The sorption behaviour over the whole adsorption time is
predicted by the pseudo-second-order model [22].
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Fig. 13 Pseudo-second-order plot for sorption of MG dye onto
AgNPs

r_ 1 ! t 17
o K a (17)
where K, (g/mg min) is the rate constant of the second-
order equation and ¢; (mg/g) is the amount of sorption
equilibrium (mg/g) [26-28]. Sorption rate constants (K;)
are obtained experimentally by plot of #/q, versus
t (Fig. 13). The rate constants and R* values are given in
Table 11. However, the correlation coefficients, RZ,
showed that the pseudo-first-order model fits better than the
pseudo-second-order model.

Intraparticle diffusion model

Intraparticle diffusion model was given by Weber and
Morris [74] and is represented by:

q: = Kidl‘o‘s +C

(18)

where Kjq is the intraparticle diffusion rate constant (mg/
g min®?) and C is the intercept. It was inferred that all the
plots have an initial curved portion, followed by a linear
portion and a plateau region. The initial curve was due to
the diffusion of dye through the solution to the external

Table 11 Kinetic parameters

obtained from various kinetic S. no. Kinetic model Parameters MG sorption at temperature 303.15 K
models for sorption of MG 1 Pseudo-first-order K; (minfl) 0.4656
R’ 0.9647
2 Pseudo-second-order K> [(g/mg) min] 0.00006
R? 0.4465
3 Intraparticle diffusion Kiq [(g/mg) min®?] 23.981
R? 0.9964
4 Power function K 6.5766
Vv 0.6358
R? 0.9910
5 Elovich o 20.7579
0.0507
R? 0.9792
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Fig. 14 Intraparticle diffusion plot for sorption of MG dye onto
AgNPs

surface of AgNPs. The gradual sorption stage was descri-
bed by the linear portion of curves, where intraparticle
diffusion of dye on AgNPs takes place and equilibrium
uptake is indicated by the final plateau region. Based on the
results, it may be concluded that intraparticle diffusion is
not only the rate-determining factor. The rate constants of
intraparticle diffusion were calculated from Fig. 14. The
values of constants for all the kinetic models were calcu-
lated and are summarized in Table 11. Higher values of R
show fitness of the sorption data [12, 40].

Power function model

The power function is given by
g =Kt (19)

where ¢ is amount of sorbate per unit mass of sorbent at time
t, K and v are constants, and v is positive and <1. Equa-
tion (19) is empirical, except for the case where v = 0.5,
when it is similar to the parabolic diffusion equation,
Eq. (19). Researchers have also used various modified forms
for studying the kinetics of reactions on natural materials
[37]. The constants of power function were calculated from
Fig. 15 and are summarized in Table 11.

Elovich model

The Elovich equation (20) [44] incorporates « as the initial
adsorption rate (mg/g min) and f (g/mg) as the desorption
constant, thus relating the extent of the surface coverage
and activation energy for chemisorptions.

dg _

- e, ba
Equation (20) can be simplified to Eq. (21) considering

off > t and by applying the boundary conditions ¢, = 0 at

t=0and g, =¢q,att =1t

(20)

q; :%ln aﬁ+%ln(t) (21)
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Fig. 16 Elovich diffusion plot for sorption of MG dye onto AgNPs

where ¢, is the amount of gas chemisorbed at time ¢. From
Table 11, it was found that the decolourization of MG fits
the Elovich model [24]. A plot of g, versus In(¢) (Fig. 16)
with (1/f) as slope and (1/f)In(«f3) as intercept should give
a linear relationship.

Discussion on kinetics model

From the kinetic parameters obtained (Table 11), it may be
inferred that pseudo-first-order model has higher correla-
tion coefficient compared to pseudo-second-order kinetic
model; thus, pseudo-first-order model may be one of the
routes for the adsorption of malachite green dye as sug-
gested by the value of the correlation coefficients. Elovich
equation is also used successfully to describe the second-
order kinetics, assuming that the actual solid surfaces are
energetically heterogeneous, but the equation does not
propose any definite mechanism for adsorbate—adsorbent
interactions. The power function model is a modified form
of the Freundlich equation. Figure 15 shows that, although
a linear relationship existed over the sorption process,
based on the higher correlation coefficient value of the
intraparticle diffusion, it is inferred that intraparticle dif-
fusion plays a significant role in the adsorption of mala-
chite green dye. The intraparticle diffusion mechanism is
as follows: there are essentially three consecutive mass
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transport steps associated with the adsorption of solute
from the solution by an adsorbent. These are (1) film dif-
fusion, (2) intraparticle or pore diffusion, and (3) sorption
into interior sites. The third step is very rapid, and hence,
film and pore transports are the major steps controlling the
rate of adsorption. The value of intercept gives an idea
about the thickness of boundary layer, i.e. the larger the
intercept, the greater the boundary layer. Since the linear
portion (Fig. 14) does not pass through the origin, therefore
it is not the rate-limiting step [8].

Scanning electron microscopy

SEM images were used for the study of morphological
changes of AgNPs before and after treatment. The AgNPs
before treatment were individual and can be easily identi-
fied before the treatment (size ranges from 100 to 500 nm
approx.). After the sorption process, they intend to
agglomerate, which can be observed from Fig. 17b. It
confirms that the sorption of MG dye took place efficiently.
The surface which was rough prior to sorption has become
smooth after the sorption.

Fourier transform infrared spectroscopy (FTIR)
analysis

The FTIR spectrum of the sorbent before and after sorption
analysed in the region 4000-400 cm™! is shown in
Fig. 18a, b. The binding of dyes to sorbents is mainly due
to many chemical functional groups, namely hydroxyl,
carboxyl, amine, sulphonic and ester groups, and they are
identified as potential adsorption sites. The wide band at
3450.55 cm™ ' shown in the spectrum of sorbent is attrib-
uted to stretching vibration of hydroxyl group of sorbents.

0000 04 Feb 2015

The band at 2922.23 cm™' shown in the spectrum is
assigned to the C-H stretching vibration of polymer
backbone. The band at 1384 cm™' in the spectrum is
assigned to a symmetrical deformation of the CH; group.
The bands observed at 1628 cm™' correspond to N-H
bonding vibrations. The band at 23,851 cm™ " has a larger
intensity, which suggests effective deacetylation. In the
spectrum, the presence of bands, at 1020 cm™', probably
indicates the stretching vibrations of C-O group. After
adsorption, there is no change in first band and a small
change is observed in the second band, which indicates that
no significant interaction occurs between C and O groups
of AgNPs and dye. The shifting of peaks after adsorption of
dye onto chemically synthesized AgNPs is shown in
Table 12. Significant changes were observed in the peak
values, which indicate the existence of physical interaction
between dye and the AgNPs. Dolphen and Thiravetyan
[11] have reported similar shifting phenomenon with the
adsorption and have also stated that the shifting was due to
electrostatic and chemical adsorption. This shift in peak
values may be due to the formation of chemical bond
between functional groups present on AgNPs and MG [55].
Similar shifting was recorded by Tang et al. [59] for
adsorption of malachite green dye.

Mechanism of adsorption

According to Gulipalli et al. [17], the process of adsorption
occurs either in single step or in combination of the steps
such as film or external diffusion, pore diffusion, surface
diffusion and adsorption on the pore surface. It was also
reported that adsorption of on the adsorbent surface pro-
ceeds in three steps: (1) migration to the surface, (2) dis-
sociation (or deprotonation) of complexes in aqueous
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Fig. 18 a FTIR spectra of AgNPs before sorption, b FTIR spectra of AgNPs after sorption

solution, and (3) surface complexion [35, 77]. Adsorbate is the adsorbent, adsorbate is diffused on the available pores
diffused on external surface of the adsorbent (nanoadsor-  of the adsorbent. All the available exposed active sites are
bents) due to diffusion potential characterized by the con-  occupied during the adsorption process governed by either
centrations of adsorbate and available external surface area  physisorption or chemisorption.

on the adsorbent. After diffusion on the external surface of
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Table 12 FTIR spectral characteristics of AgNPs before and after sorption of MG dye

Wavelength range (cm™") AgNP Assignment
Before loading of dye After loading of dye Differences
3500-3000 3450.50 3435.84 —14.66 Bonded —OH groups
2900-2800 - 2922.23 +2922.23 CH stretching
- 2851.32 +2851.32
1740-1680 1686.11 1628.41 —57.05 C=0 carbonyl groups
1500-1300 1384.34 1384.01 —0.33 C-O stretch
1150-850 - 1108.73 +1108.73 —PO;"~ stretching
- 831.51 +831.51
650—480 486.41 +486.41 N-containing bioligands
450.61 +450.61
441.94 +441.94
434.58 +434.58
416.55 +416.55
Conclusions 5. Arora S (2014) Textile dyes its impact on environment and
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