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ABSTRACT

In this work, silver nanoparticles (AgNPs) were biosynthesized using Cyprus acacia (Acacia cyanophylla) leaf extract as
reductant agent; the biosynthesized AgNPs were characterized by DLS, FT-IR, SEM, EDX, and XRD. Then, the single and
multistage batch adsorption of Basic Red 46 dye (BR46) onto AgNPs were studied and the optimum conditions were
determined as follows: initial pH of 7.0, initial dye concentration of 200 mg/L, temperature of 35 °C, and adsorbent
concentration of 1.0 g/L. For BR 46-AgNPs adsorption, the equilibrium was defined by Langmuir isotherm model and the
adsorption kinetic data were best described by the pseudo second order kinetic model. From Weber-Morris model, it was
concluded that only intraparticle mass transfer was effective on the adsorption of BR 46 by AgNPs. It was obtained from the
thermodynamic studies that the studied adsorption system was exothermic, induced, and decreasing in randomness of
adsorbed species.
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1. INTRODUCTION

Nanoparticles have some outstanding physicochemical properties like good electrical and thermal
conductivity, high aspect ratio of ordered structure, light weight, metallic/semi-metallic feature, high
mechanical endurance, large specific surface area [1]. Beginning by Faraday’s study with colloidal
gold in the middle of the 1800s, the unusual physicochemical properties of metallic nanoparticles have
been subjects to ongoing investigation by physics and chemistry communities [2]. Metallic
nanoparticles are  conventionally  synthesized by electro-chemical method, reverse
micelles/microemulsion method, hydrothermal synthesis, sonochemical reduction, and chemical
reduction [3]. Because of these methods’ disadvantages such as use of hazardous chemicals and toxic
materials, low conversion, difficult and costly purification requirements, high energy demand,
biosynthesis methods using biological reductant agents like microorganisms, enzymes, plant extracts
have attracted much attention in the recent years. The metallic nanoparticles are biosynthesized by
reduction from the metal salt with the aid of the biological agents. Compared to other biological
agents used in the biosynthesis method, using plant extract is more advantageous choice because
plants are too available in the environment, the method does not require to sterilization, processing of
plants is easier and safer. Given the diversity of plants in our country; plant leaves, unused eco-
friendly resources, can be converted into economic value when they are evaluated in metallic
nanoparticles biosynthesis. [4]. Recently, the metallic nanoparticles are commonly used as adsorbents
in pollutant removal processes because they have remarkable advantages like only a bit of nanoparticle
is sufficient for wastewater treatment, they have large specific surface area and a great number of
unsaturated atoms on their surfaces resulting in comparatively high adsorption capacities [1]. In this
work, the silver nanoparticles (AgNPs) were biosynthesized by using Cyprus acacia (Acacia
cyanophylla) leaf extract and were characterized, and the adsorbent properties of AgNPs for BR46 dye
were also determined.
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2. MATERIALS AND METHODS
2.1. Biosynthesis of AgNPs

5.0 g of the purified and dried A. cyanophylla leaves were boiled in 100 mL of pure water at 100 °C
for desired time and the leaf extract was obtained by this way. 5 mL of the leaf extract was added
dropwise to 100 mL of 10 M AgNOs, which was stirring magnetically, and then the mixture in the
conical flask was stirred magnetically for 120 min. The resulting mixture left at room temperature for
1 day in an attempt to be accomplished the biosynthesis. By this way, +1 valent silver ion in AgNO3
structure was reduced to zero valent silver, silver nanoparticles, with the aid of the leaf extract,
biological reductant agent. AgNPs precipitated at the bottom of the conical flask; and then the
precipitate was separated manually from the AgNPs-leaf extract mixture. The residual AgNPs-leaf
extract suspension was added to petri plates and the agqueous leaf extract was evaporated at 110 °C in
the stove for 6 h. The obtained AgNPs were washed with pure water; they were dried at 180 °C in the
stove for 24 h, and were stored at +4 °C in the refrigerator [5]. The characterization studies of the
biosynthesized AgNPs were carried out by Fourier Transform Infrared Spectrometer (FTIR- Perkin
Elmer, Shelton), Scanning Electron Microscope (SEM- Zeiss/Supra 55, Germany), Energy Dispersive
X-ray Spectroscopy (EDX- Zeiss/Supra 55, Germany), X-ray Diffractometer (XRD- Philips XPert,
Netherlands), zetasizer (Malvern, UK) using Dynamic Light Scattering (DLS) technique, and
zetapotential analyzer (Malvern, UK).

2.2. Adsorption Studies

Adsorption studies were done with artificial wastewater containing BR46 (molecular formula:
CisH21BrNs, CAS Registry Number:12221-69-1, molar mass: 401.3 g/g-mole). In this work, the
effects of experimental conditions such as initial pH (7.0, 8.0, 9.0, and 10), initial dye concentration
(25, 50, 75, 100, 150, 200, 300, and 500 mg/L), temperature (25, 35, 45, and 55 °C), and adsorbent
concentration (0.5, 1.0, 2.0, and 3.0 g/L) were investigated in a batch system. 01 g of the
synthesized AgNPs (not suspension of AgNPs) were added to 100 mL (0.1 L) of dye solution, equal to
(0.1 g adsorbent)/(0.1 L dye solution) = 1.0 g/L of adsorbent concentration, for the all adsorption
studies except for the adsorbent concentration experiments. The other adsorbent concentrations can be
calculated in the same way. In this respect, the required amount of AgNPs was blended with 100 mL
of the dye solution in 250-mL conical flasks. In order to achieve the adsorption equilibrium, the flasks
were shaken in a thermostated water bath at constant temperature for 180 min. At predetermined time
intervals (0.0, 0.5, 2.0, 5.0, 10, 20, 30, 60, 120, and 180 min), the sample of dye solution was taken
and separated from the adsorbent with centrifuge at 3000 rev/min for 5.0 min. The residual dye
concentration in the supernatant was analyzed at 530 nm by UV-vis spectrophotometer (Chebios
Optimum-One, Italy).

The adsorbed amount at equilibrium, geq (Mg/g), and the percentage of adsorption (%) were computed
as follows:

_ cinit_ceq
T Xinit @)
. Cinit—C
Percent adsorption (%) = % x 100 (2)
init

3. RESULTS AND DISCUSSION
3.1. Adsorbent Characterization

The distribution of effective hydrodynamic diameters of biosynthesized AgNPs was measured by DLS
technique and the results were presented in Figure 1. As can be seen from Figure 1, single AgNPs with
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the effective hydrodynamic diameter of 32.67 nm were the most frequent ones (14.20 %) while the
smallest AgNPs (15.69 nm) had the distribution of 3.50 % and the average particle size of the
biosynthesized AgNPs was determined as 38.55 nm with low polydispersity index (PDI) of 0.246 by
DLS technique.
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Figure 1. The distribution of effective hydrodynamic diameters of AgNPs

FT-IR spectra of AgNPs before and after the adsorption were given in Figure 2. Accordingly; =C—H
alkenes (2980 cm™), —-C—H alkanes (2887 cm™), -COOH carbonyl group (1630 cm), C=C aromatic
group (1410 cm), -C—H alkane (1387 cm), C-N stretch aliphatic amines (1091 cm), C-N amines
(1005 cm't), C—H oop aromatics (818 cm™ to 660 cm™) peaks were observed from FT-IR spectra of
AgNPs [6].
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Figure 2. (a) FT-IR spectrum of AgNPs before adsorption; (b) FT-IR spectrum of AgNPs after adsorption

According to Figure 2. (b); the peaks of 1091 and 1005 cm™ were disappeared post-adsorption, which
indicating that amines were responsible groups in the adsorption.
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XRD patterns of AgNPs before and after the adsorption were given in Figure 3. XRD pattern of
AgNPs exhibited peaks at 26 angles of 38.10°, 44.28°, 64.41°, and 77.36° which corresponded to the
[111],[200],[220], [311],and [2 2 2] crystal planes of a cubic lattice structure of AgNPs [7]. The
unassigned peaks were also observed indicating the crystallization of bio-organic phase on the surface
of the silver nanoparticles due to the leaf extract [8]. The obtained XRD patterns were consistent with
the various similar studies in the literature [5, 9-12].
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Figure 3. XRD patterns of AgNPs

Moreover, there was not any difference between before and after adsorption for XRD patterns of
AgNPs, which was indicating the phenomena of physical adsorption.

EDX analysis results were given in Table 1 and it showed that AgNPs involved 90.43 % Ag, 3.99 %
Cl, 3.18 % C, and 2.40 % O before adsorption. Accordingly, the strong signal in the silver region
affirmed the formation of AgNPs, the obtained of carbon, oxygen, and nitrogen elements stemmed
from the extracellular organic moieties of A. cyanophylla extract on the adsorbent surface. The
observed 0.76% N and the increase in weight percentages of C and O post-adsorption resulted from
the adsorbed BR46 (C1sH21BrNs) molecules onto AgNPs.

Table 1. EDX analysis results

Element Weight %
Pre-adsorption Post-adsorption
Ag 90.43 90.35
C 3.18 3.23
] 2.40 2.42
Cl 3.99 3.24
N - 0.76

From SEM images (Figure 4), the porous structures were observed pre-adsorption (a) and these pores
were covered by BR46 molecules post-adsorption (b).
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@ (b)
Figure 4. (a) SEM images of AgNPs before adsorption; (b) SEM images of AgNPs after adsorption

3.2. The Single and Multi-Stage Adsorption of Basic Red 46 onto AgNPs

The single stage adsorption of BR46 onto AgNPs was investigated in a batch process for various
experimental conditions such as initial pH, initial dye concentration, temperature, and adsorbent
concentration.

3.2.1. Effects of initial pH

The effect of initial pH on BR 46 adsorption was studied in the range of 7.0-10 at 25°C temperature,
1.0 g/L AgNPs concentration, and 100 mg/L initial BR46 concentration for 180 min contact time and
the equilibrium uptake amounts at different initial pH values were presented in Figure 5.a. From 5.3, it
was observed that the maximum equilibrium BR 46 uptake amount (geq) Was observed at initial pH 7.0
and geq values decreased with increasing initial pH thereafter. This state can be explained by the zeta
potential analysis for AgNPs (Figure 5.b). It is well-known that a suspension with zeta potential above
+30 mV is stable and above +60 mV shows excellent stability while a suspension with zeta potential
below +20 mV has limited stability and below +5 mV aggregates significantly [13]. Accordingly, the
surface of AgNPs had the maximum negative charge (-24.17 mV) at pH 7.0; therefore, in consequence
of the strong electrostatic attraction between the anionic adsorbent surface and BR46 cations, the
maximum adsorbed BR46 amount was observed at this pH value. The negative charge of AgNPs
surface decreased at higher pH values than 7.0 and so the adsorbed amounts also decreased thereafter
as a result of the decreasing in the mentioned electrostatic attraction. For these reasons, the optimum
initial pH was determined as 7.0 for BR 46 adsorption onto AgNPs.
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Figure 5. (a) Initial pH effect; (b) zeta potential values of AgNPs for different pHs

3.2.2. Effects of temperature

The studies of temperature effects on BR46 adsorption onto AgNPs was done in the range of 25-55 °C
at 100 mg/L initial BR46 concentration, 7.0 initial pH, and 1.0 g/L AgNPs concentration for 180 min
contact time and the equilibrium uptake amounts at different temperatures were presented in Figure 6.
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Figure 6. Temperature effect

As can be seen from Figure 6, geq Values increased with increase in temperature down to 35 °C and
then they decreased hereafter. The increasing of geq values with temperature can be explained the
opening of the pores in the adsorbent surface in the range of 25-35 °C. The decrease of geq Values with
further increase in temperature arose from the physical and exothermic phenomena of BR46
adsorption on AgNPs. Therefore, the optimum temperature value was found as 35 °C for BR46
adsorption onto AgNPs.
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To evaluate the effect of temperature on BR46 adsorption onto AgNPs in details, the thermodynamic
parameters of change of Gibb’s energy (AG), change of enthalpy (AH), and change of entropy (AS)
were determined with Van’t Hoff equation and the calculated parameters were given in Table 2. Table
2 showed that BR46 adsorption onto AgNPs was exothermic (AH<0), induced (AG>0), and decreasing
in randomness of adsorbed species (AS<O0).

Table 2. Thermodynamic parameters

T (°C) AG (J/mole) AH (J/mole) AS (J/mole.K)
35 2829
45 3477 -19518 -72.47
55 4281

In order to discuss the effect of the temperature on the adsorption equilibrium in details, the linear
forms of Langmuir ( -1 421 ) and Freundlich ( In(Qeq)= In(Ks)+ 1L ) adsorption
deq dm-bL-Ceq dm n Ceq

isotherm models were evaluated for different temperature values and the obtained isotherm constants

(deq,cal—Yeq,ex

along with the regression coefficients (R?) and error values ( Err= (1—20) >1 ) were

CJeq,ex
presented in Table 3. Accordingly, higher regression coefficients (R?>0.99) and lower Err values of
Langmuir isotherm model showed that BR46 adsorption equilibrium data best described by Langmuir
isotherm model indicating that BR46 adsorption onto AgNPs was monolayer in nature. Besides, it was
noted that the maximum monolayer adsorption capacity was determined at 35 °C, which was the
optimum temperature value for BR46 adsorption onto AgNPs.

Table 3. Isotherm constants and the related regression coefficients (R?) for the adsorption of BR46 onto AgNPs
at various temperatures

T Langmuig isotherm model - Freundlich isotherm model
O gy wmy T ® ggimgny U0 ET R
25 98.97 0.0124 7.12 0.995 4.27 0.526 1041 0.956
35 126.48 0.1473 3.74 0.994 31.85 0.266 19.24 0.834
45 115.27 0.0990 518 0.994 26.63 0.277 19.81 0.796
55 89.81 0.1800 4.86 0.993 29.22 0.214 17.94 0.761

The adsorption mechanism of BR 46 on AgNPs progresses in accordance with the assumptions of the
Langmuir isotherm model. The prevenient mechanism of BR46 adsorption onto AgNPs as follows;

COO + [C13H21N5]+ -> [(COO_)(C18H21N6)+] (3)
According to Eqg. 3, one cationic BR46 molecule ([C1sH21Ns]*) could adsorb onto carboxyl groups
(COO") of AgNPs surface (indicated by FT-IR) and further adsorption cannot occur at that site on the
adsorbent surface.
Also, Table 4 represented the maximum adsorption capacities of AgNPs for different dyes in the

literature. It was observed that AgNPs used in this work had higher adsorption capacity as against the
other AgNPs used as adsorbents for different dyes in the literature.
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Table 4. The adsorption capacities of AgNPs synthesized by different methods in the literature

Particle size

Om

Adsorbent Synthesis Method Dye Reference
(nm) (mg/g)
AgNPs loaded ooy ion by NaOH 20-90 Directyellow 12 454.54 1]
activated carbon
AgNPs- Thermal reduction 5.30 Reactive Yellow 86 68.71 [14]
colemanite ore without reductant Reactive Red 2 59.13
Polyaniline/Ag oy ction by NaOH 4.97 Brilliant green 23.66 [15]
nanocomposite
AgNPs Biosynthesis by A. 103 Basic Red 46 126.48  This study

cyanophylla extract

3.2.3. Effects of initial dye concentration

In order to evaluate the effect of initial dye concentration, the adsorption experiments were carried out
in the range of 25-500 mg/L at 35°C temperature, 7.0 initial pH, and 1.0 g/ AgNPs concentration for
180 min contact time and the equilibrium uptake amounts along with the adsorption percentages for
various initial concentrations of BR46 were presented in Figure 7. According to Figure 7, geq Values
increased with increase in the initial BR46 concentration down to 200 mg/L in consequence of the
increasing driving force (AC) and then remained constant thereafter because at high concentrations,
the available binding sites on the adsorbent become less forming the limiting factor for the adsorption.
Therefore, in BR 46 adsorption onto AgNPs, the optimum initial concentration of BR46 was observed
as 200 mg/L.

140 100
120 -  e— —
- 75
Eg 80 - S
I F 50 2
o 60 - S
> S
40 A L o5
20 A
0 T 0

0 50 100 150 200 250 300 350 400 450 500

initial concentration of BR46 (mg/L)

550

Figure 7. Initial dye concentration effect

The most important parameter affecting adsorption kinetics was the initial solute concentration. In this
study, the experimental adsorption data determined at different initial BR46 concentrations were used to

evaluate the kinetics of BR46 adsorption on AgNPs. The pseudo first order (10g(qeq-0:)=10g(Qeq)— ﬂ)

2.303
1

and the pseudo second order ( qi =K + qL) kinetic models were applied to the experimental
t eq-ts eq

kinetic data for various initial BR46 concentrations, and the results were shown in Table 5. Higher
values of regression coefficients and the consistency between experimental (Qeqex) and calculated
(Qeq,carz) Uptake values from kinetic models showed excellent fit of the pseudo second order kinetic
model as seen from Table 5.
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Table 5. Kinetic parameters and the related regression coefficients (R?) for the adsorption of BR46 onto AgNPs
at various initial concentrations

Pseudo first order Pseudo second order Weber-Morris model
Cinit Oeg.ex kinetic model kinetic model

(mg/L) (mg/g) Ceq,call Pt 2 Ceq,cal2 . 2 Kin 2

(mg/g) ke(mint) R (ma/g) ks (g/mg.min) R (mg/g.min°s) R
25 24.35 17.88 0.0324  0.983 25.11 0.0061 0.999 3.766 0.990
50 49.06 4157 0.0253 0.988 51.69 0.0017 0.991 5.949 0.980
75 73.07 65.87 0.0179  0.985 76.87 0.0008 0.995 6.777 0.990
100 9242 7179 0.0244  0.965 96.03 0.0010 0.990 10.98 0.986
150 107.22 88.14 0.0246  0.937 110.53 0.0008 0.987 9.295 0.971
200 116.55 98.58 0.0133 0.965 117.42 0.0005 0.976 9.431 0.983
300 117.71 114.26 0.0214  0.909 122.83 0.0011 0.997 14.120 0.980

To interpret the effects of the external diffusion and intraparticle diffusion on BR46 adsorption by
AgNPs, Weber-Morris model (q=Kin.\/t + 1) was applied to the experimental data at different initial
BR 46 concentrations and the calculated parameters were presented in Table 5. According to Weber—
Morris model, if the plot of g versus /t is linear and pass through the origin, the adsorption process
follows only intraparticle diffusion. On the other side, the Weber-Morris plot can be linear and also
has intercept value if both intraparticle and film diffusion are effective on the adsorption process. As a
result, only intraparticle diffusion was effective on BR46 adsorption onto AgNPs due to the lack of
intercept values of Weber-Morris plots as seen in Table 5.

3.2.4. Effects of adsorbent concentration: modelling of multistage adsorption

The effect of adsorbent concentration on BR 46 adsorption onto AgNPs was studied for 0.5, 1.0, 2.0,
and 3.0 g/L at 7.0 initial pH, 100 mg/L initial BR46 concentration, and 35 °C temperature for 180 min
contact time. The variation of the equilibrium uptake amounts and percentages of adsorption with
adsorbent concentration was given in Figure 8. From Figure 8, Qeq values decreased while the
adsorption percentages increased with increasing the adsorbent concentration. This can be explained
with the availability of more number of binding sites on the adsorbent surface for lower adsorbent
concentration and particle interaction like overlapping/aggregation of adsorption sites at high
adsorbent concentrations. As a result, an adsorption system containing low adsorbent concentration
may be offered for the desired purification because higher geq values were attained at low adsorbent
concentrations. For these reasons, the optimum AgNPs concentration was observed as 1.0 g/L for
BR46 adsorption onto AgNPs.
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Figure 8. Adsorbent concentration effect
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If the adsorption process is separated in multistage small batches of adsorbent instead of in a single
batch, with filtration between each stage, the higher removal capacity can be achieved with higher
economy of adsorbent. n-staged removal process which involved Vini: volume of BR46 solution was
given in Figure 9, and the mass balance of dye for 1% stage represented in Eq. 4.

Hinit Hinit Hinit Hiriit
Qinit Qinit Qinit Qinit
Winit Wit Vinit Vinit
= I —
Cega2 Ceq3 Ceain-1) Cean
Kinit Kinit Kinit
Qeat Qeaz Qegn
Figure 9. Multistage removal process
Vinit.Cinit + Xinit-Qinit = Xinit.Jeqt + Ceq1. Vinit (4)
EQ. 4 can be rearranged as follows,
_ (M) = ((lecn_—(linit) (5)
Xinit (Ceql_cinit)

In the same way, Eq. 5 can be rearranged for n" stage as follows,

B (Vinit) — _ (degn— Ginit)
Xinit (Ceqn_ceq(n—1))

(6)

The adsorbed BR46 mass per gram of AgNPs at the entrance of each reactor (ginit) is equal to zero. The
operating lines, provided from Eq. (5) and Eq. (6), passing through (qinit, Cinit) and (Qeq1, Ceq1) for the
1% stage and (Qlinit, Ceqn-1y) @nd (Qeqn, Ceqn) for the n'" stage, respectively. If the amount of AgNPs used
in each stage is equal, the operating lines, each slope is —Vinit/ Xinit, are parallel [16].

For BR46 adsorption onto AgNPs, the equilibrium curve plotted by the experimental equilibrium data
(Ceq, Geq) along with the operating lines whose slopes were 1.0 (-(Vinit/Xinit)=-(1L/1g)=-1) for four
stages were given in Figure 10. From Figure 10, the unadsorbed BR46 concentrations at the 1%, 2t 3t

and 4™ stages were determined as 376, 256, 138, and 38 mg/L for initial BR46 concentration of
501.17 mg/L, respectively.

140
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105 -
i
g
£ 70 4 1
=

35
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Cog (mg/L)

Figure 10. The equilibrium curve with the operating lines (each slope: —Vini/Xinit=-1) for four staged batch
stirred reactor in series
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The multistage adsorption system can be also described mathematically by use of Langmuir isotherm
model to forecast the unadsorbed dye concentration for each stage. Substituting the Langmuir equation

m-bL.Ce . .
fOr Qeqt [= %&:j] and Qeqn, in Eqs. (7) and (8) gives:
_ Vinit) — (dm-br.Ceq1)
=_ = 7
y (Xinit) [(1+bL-Ceq1)-(Ceq1_Cinit)] ( )
- M - (dm-br-Ceqn) 8
y (Xinit) [(1+bL-Ceqn)-(Ceq(n—1)_Ceqn)] ( )

Rearranging Egs. 7 and 8 give for stages 1"" and n'":
bL-Ceql2 + (1‘bL-Cinit+ qm-bL-y)Ceql— Cinite=0 (9)
bL.Ceqn2 + (1‘b|_.Ceq(n-1) + qm.bL.y)Ceqn — Ceq(n-l):o (10)

The positive root calculated from analytical solution of Egs. 9 and 10 gives the equilibrium dye
concentration for 1" and n™ (Ceq1, Ceqn) Stages, respectively.

At the optimum adsorption conditions, the experimental qmand b, values were used for obtaining Ceq
values in the output of each stage from Egs. 9 and 10. The unadsorbed BR 46 concentrations at the end
of the 1, 2t 3" and 4" stages were determined as 376.92, 253.74, 133.39 and 30.15 mg/L,
respectively. As a conclusion, there is good consistency between the equilibrium BR 46 concentrations
determined by the experimental equilibrium data-operating line method and calculated with the aid of
Langmuir isotherm model constants.

It was clearly understood from the unadsorbed BR 46 concentrations that the required purification
could not be provided by a single stage according to the discharge standards given by Water Pollution
Control Regulation of T.R. Environment and Urbanization Ministry (Table 6); but it was observed that
the unadsorbed BR 46 concentration could be reduced below the discharge limit values in four-staged
adsorption system.

Table 6. Discharge limit values according to Water Pollution Control Regulation of T.R. Environment and
Urbanization Ministry

Parameter Unit Sample for 2 hours Sample for 24 hours

Chemical oxygen demand (COD) (mg/L) 350 240
Nitrogen of Ammonium (NH4-N) (mg/L) 5 -
Free chlorine (mg/L) 0.3 -
Total chrome (mg/L) 2 1
Sulfur (S?) (mg/L) 0.1 -
Sulphite (mg/L) 1 -
Oil and grease (mg/L) 10 -

pH - 6-9 6-9

(Additional line:RG-24/4/2011-27914) (Pt-Co) 280 260
Color (mg/L) 52 48

4. CONCLUSION

AgNPs were biosynthesized using Cyprus acacia (Acacia cyanophylla) leaf extract and they were
characterized by DLS, FT-IR, SEM, EDX, XRD. The biosynthesized AgNPs were used as adsorbents
in the single stage adsorption of BR46 onto AgNPs in the batch system and the optimum conditions
were determined as follows: initial pH of 7.0, initial dye concentration of 200 mg/L, temperature of
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35 °C, and adsorbent concentration of 1.0 g/L. Weber-Morris model results showed that only
intraparticle diffusion was effective in the removal. The BR46 adsorption kinetics was in the best
agreement with the pseudo second order model. Thermodynamic studies stated that the studied
adsorption process was exothermic, induced, and decreasing in randomness of adsorbed species. The
BR46 adsorption equilibrium was defined by Langmuir isotherm model. The maximum monolayer
coverage capacity of AgNPs was determined as 126.48 mg/g (R?=0.994, Err=3.74) at 35 °C, which
was the optimum temperature value and the calculated maximum monolayer coverage capacity of
AgNPs confirmed that the biosynthesized AgNPs could be used effectively for BR46 adsorption in
comparison to the other nanoparticles used for different dyes. In addition, the multistage adsorption of
BR46 onto AgNPs was studied; it was observed that the desired purification could be achieved by four
staged adsorption system.

NOMENCLATURE

1/n a constant of Freundlich isotherm model related to adsorption intensity

bL a constant of Langmuir isotherm model (L/mg)

Ceq concentration of residual BR46 at equilibrium (mg/L)

Ceqn concentration of residual BR46 at equilibrium for n™ stage (mg/L)

Cinit initial concentration of BR46 (mg/L)

Err error value

ks a rate constant of pseudo first order kinetic model (1/min)

K a constant of Freundlich isotherm model (mg/g)/(L/mg)1/n)

Kin Weber-Morris model constant related to intraparticle diffusion (mg/g.min®?®)

Ks a rate constant of pseudo second order kinetic model (g /(mg min))

oop out of plane

Oeq adsorbed mass of BR46 per gram of AgNPs at equilibrium (mg/g)

eq,calt adsorbed mass of BR46 per gram of AgNPs calculated from pseudo first order kinetic
model (mg/g)

Qeq,cal2 adsorbed mass of BR46 per gram of AgNPs calculated from pseudo second order kinetic
model (mg/g)

Oegex experimental adsorbed mass of BR46 per gram of AgNPs at equilibrium (mg/g)

Ceqn adsorbed mass of BR46 per gram of AgNPs at equilibrium for n'" stage (mg/g)

Om maximum monolayer coverage capacity of AgNPs obtained from Langmuir isotherm
model (mg/g)

Jo adsorbed mass of BR46 per gram of AgNPs at the beginning in each reactor (mg/g)

T temperature (°C, K)

t time (min)

Vinit adsorption solution volume (L)

Kinit AgNPs concentration (g/L)

AG change of Gibb’s free energy (J/mole)

AH change of enthalpy (J/mole)

AS change of entropy (J/mole.K)
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