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ABSTRACT

In this research, the efficiency of gold nanoparticle loaded on activated carbon (Au-NP-AC)
was used for the removal of Methylene blue (MB) and Bromothymol Blue (BTB) from aque-
ous solutions. The effect of various parameters such as solution pH, initial dye concentration,
amount of Au-NP-AC, and temperature on the extent of dye adsorption was investigated.
The performances of two dye adsorption capacities were compared. The adsorption equilib-
rium data were analyzed using Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, and
Harkins-Jura isotherm models. It was seen that Langmuir models represented the equilib-
rium data well with adsorption capacity of 40.65 and 95.24 mg gf1 for MB and BTB, respec-
tively. Kinetic data revealed that the adsorption of both the dyes on the adsorbent surface

followed pseudo-second-order model.
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1. Introduction

Various dyes are widely used in many industries
such as textile, paper, and plastics to color their prod-
ucts. Their entrance and mixing with huge amounts of
industrial waste to water lead to generation of highly
colored effluent. Dyes are fast and easily detectable
contaminants in water causing blocking of sunlight
penetration (essential for many photo-initiated chemi-
cals) and reactions leading to a decrease in the oxygen
level and changes in the aquatic life. Synthetic dyes
have high solubility in water and are frequently found
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in trace quantities in industrial wastewater. Water
contamination becomes a serious issue and generally
produced dyes are discharged directly into aqueous
effluents [1-4]. Most of the dyes are stable in the pres-
ence of light, heat and oxidizing agents, biodegrada-
tion, and also resistant to aerobic digestion [5-7].
Therefore, treatment of dyes is a serious rigid problem
and is difficult to treat via conventional biological,
chemical, and photochemical processes [8-10]. Most of
these methods suffer from limitations such as expen-
sive procedure and generation of huge amount of
toxic waste, which make them non-efficient processes
[11]. The adsorption based on application of various
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metallic and semimetallic nanoparticles are designed
to clean up aqueous contaminated water in short time
[12-171].

Recently, nanoparticles have been widely used for
dye adsorption due to unique properties of nanoparti-
cles in terms of high amount of surface atom, high
mechanical stability, thermal strength, electrical con-
ductivity, thermal conductivity, and high surface area
[18-20]. The size, surface structure, and interparticle
interaction of nanomaterials determine their unique
properties and improve their performances for
application in many areas [21-34]. Among various
categories of nanoscale materials, metallic nanoparti-
cles have been widely applied for binding and removal
of biological materials and organic compounds.

The objective of the present work is preparation
and application of gold nanoparticle-loaded activated
carbon (Au-NP-AC) for the removal of Methylene
blue (MB) and Bromothymol Blue (BTB) following the
optimization of various adsorption operating condi-
tions. Experimental data are analyzed using various
kinetic and equilibrium models. The performance of
the prepared adsorbent was also evaluated and inves-
tigated at different experimental conditions.

2. Experimental
2.1. Instruments and reagents

All chemicals including NaOH, HCI, KCl, MB, and
BTB with the highest purity available are purchased
from Merck (Dermasdat, Germany). About 100mg of
MB and/or BTB was dissolved in 500 mL deionized
water to prepare 200mgL ™" (stock solution) and the
working solution was prepared by diluting these solu-
tions. The determination of each dye concentration
was carried out using Jusco UV-Visible spectropho-
tometer model V-570 at a wavelength of 431 and
610nm for MB and BTB, respectively. The pH/Ion
meter model-686 and thermometer Metrohm was used
for the adjustment of pH and temperature, respec-
tively. Activated carbon (AC) (gas chromatographic
grade, 60-80 mesh from Merck) was soaked in hydro-
chloric acid for twodays and then washed with water
and dried at 110°C for oneday. After filtering, the con-
tent was washed with distilled deionized water and
dried at 95°C for 5h. Au-NPs-AC was synthesized
and characterized according to our previous work
reported elsewhere [35].

2.2. Batch adsorption experiments

The influence of variables including pH, amount
of adsorbent, contact time, and initial dye concentra-
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tion on the adsorptive removal of MB and BTB were
investigated in batch mode. In each experiment, 50 mL
of dyes in a 100ml erlenmeyer flask was agitated and
stirred at 350rpm at constant temperature. The
obtained experimental data at various times, tempera-
ture, and concentration was fitted to different models
to evaluate and calculate the kinetics, thermodynamic,
and isotherm parameters for both dyes at desired pH.
The solution pH was adjusted by the addition of
dilute aqueous solutions of HCl and/or NaOH
(1.0M). The dye removal percentage was calculated
using the following relationship:

% dye removal = ((C, — C;)/C,) x 100 (1)

where C, (mgL™") and C, (mgL™") are the dye con-
centrations, initial and after time t, respectively. The
equilibrium adsorption capacities of both the dyes
were calculated according to following equation:

e = (Co - Ce)V/W (2)

where C, (mg LY and Ce (mg LY are the initial and
equilibrium dye concentrations in the solution, respec-
tively. V is the volume of the solution (L), and W is
the mass (g) of the adsorbent.

3. Results and discussion
3.1. Characterization of adsorbent

Efficient reduction of Au’' ions via starch in
alkaline solution lead to generation of Au-NP (colloi-
dal solutions) that has unique absorption spectra in
the UV-vis spectral region well known as surface plas-
mon resonance (SPR). It was observed that the SPR
intensity increased at higher pH and shifted to lower
wavelength from 540 to 525 nm that may be attributed
to decrease in the size of Au-NP. The FESEM image
of the Au nanoparticles in (Fig. 1) shows the
semispherical shape and uniform size (20-60nm),
which was also confirmed by the TEM analysis (Fig. 2
(a)). The exact crystalline structure of Au nanoparti-
cles was determined by electron diffraction (ED) anal-
ysis and shown in Fig. 2(b). From the figure, it may
be concluded that the prepared Au-NPs are cubic
nanocrystalline in nature [20].

3.2. Characteristic of adsorbates

Bromothymol blue (also known as bromothymol
sulfone phthalein) is a chemical indicator (Fig. 3) for
weak acids and bases. The BTB was also used for
observing photosynthetic activities and as respiratory



Fig. 1. FESEM image of the Au-NP loaded on activated
carbon.

indicators. In acidic, alkaline, and neutral media, this
dye shows yellow, blue, and bluish green color,
respectively. MB is a heterocyclic aromatic compound
(molecular formula of C;¢H;sN3SCI) that has many
applications in different fields such as biology and
chemistry. At room temperature, it appears as a solid,
odorless, dark green powder which yields a blue
aqueous solution. MB should not be confused with
methyl blue (another histology stain) or with the
methyl violets often used as pH indicators.

3.3. Effect of pH

Solution pH affects both aqueous chemistry and
surface binding sites of the adsorbents. At higher pH,
both the adsorbent surface and MB or BTB surface are
neutral. The effect of initial pH on dye removal in the
pH range of 2-8 at room temperature and 25mg L'
of MB and BTB onto 0.02g of Au-NP-AC was investi-
gated. The pH-dependent adsorption performances

(a)

Fig. 2. (a) Typical TEM image of the starch-stabilized Au nanoparticles and (b) ED pattern of the Au nanoparticles.
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are shown in Figs. 4(a) and (b) for BTB and MB,
respectively. It may be seen that the maximum uptake
of the BTB and MB is obtained at pH of 6 and 7,
respectively using Au-NP-AC. At lower pH, the vari-
ous functional groups of activated carbon protonated
and due to electrostatic repulsion between dye mole-
cules and positive surface of adsorbent, the removal
percentage significantly decreased. The increase in
removal percentage was due to interaction comprising
of hydrogen bonding, n—m, and soft-soft interaction
through nitrogen-Au atom.

3.4. Effect of adsorbent dosage

The amount of adsorbent and its surface area has a
significant influence on the amount of dye adsorption.
The effective surface area was increased with the addi-
tion of amount of NP and hence the extent of adsorp-
tion was also increased. In the proposed adsorbent,
both Au atoms and different functional groups of AC
such as hydroxyl, carboxylic, and carbonyl group act as
reactive sites. It may be seen from Fig. 5 that by increas-
ing the amount of adsorbent till 0.02 g for both dyes, the
removal percentage increased rapidly due to the
increase in the surface area and reactive sites of adsor-
bent, while further addition has no significant effect on
the dye adsorption. This was due to the fact that most
of the available sites had already been occupied by the
adsorbed dye molecules. Therefore, 0.02g of Au-NP-
AC has been selected for subsequent work.

3.5. Effect of initial dye concentration on adsorption of MB
and BTB

The influence of BTB and MB initial concentration
in the range of 10-40mg L™ on their removal percent-
ages and the actual amount of adsorbed dyes was
investigated and results are shown in Figs. 6(a) and (b),
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Fig. 3. Structure of dye molecules.
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Fig. 4(a). Effect of pH on the removal of BTB by Au-NP-
AC at room temperature, contact time: 15min, adsorbent
dosage: 0.4gL71, and dye concentration: 10 mg L.
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Fig. 4(b). Effect of pH on the removal of MB by Au-NP-
AC at room temperature, contact time: 15min, adsorbent
dosage: 0.4gL71, and dye concentration: 10 mg L
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Fig. 5. Effect of Au-NP-AC dosage on MB removal from
50mL of 10mgL™"' of dye solution at pH 7 and room
temperature.

respectively. It was observed (figure not shown) from
the figure that the maximum amount of dye adsorption
took place within the contact time of 20min and
attained equilibrium thereafter. This indicates that the
rate of adsorption is very fast. Data have been taken up
to 35 min of operation, which is more than sufficient to
attain equilibrium. After that, no significant change in
the extent of adsorption was observed. From the fig-
ures, it is evident that for lower initial concentration of
dye, the adsorption is very fast. The percent removal of
dye decreases with the increase in initial concentration
of both dyes because of the fact that with the increase in
dye concentration, there will be increased competition
for the active adsorption sites and the adsorption pro-
cess will increasingly slow down.

3.6. Effect of contact time on dyes adsorption

The results of adsorption with increasing contact
time are presented in Fig. 7. The increase in contact
time at 400 rpm stirring rate leads to enhancement in
the dye adsorption. The adsorption is a fast process,
so about 95% of the ultimate dye removal took place
within the first 20min that may be attributed to the
high affinity and interaction between absorbent and
dyes. Subsequently, the amounts of adsorption
reached a limiting value beyond which no significant
improvement in adsorption took place. Final equilib-
rium adsorptions for both the dyes occured at about
30min; this time was considered as the equilibrium
time in kinetic adsorption experiments.

3.7. Adsorption isotherms and kinetics
3.7.1. Kinetic modeling

An ideal adsorbent for the treatment of wastewater
must not only have a large adsorption capacity but it
has to have fast adsorption rate as well. The efficiency
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Fig. 6(a). Effect of initial dye concentration on removal of
BTB at 04gL™' of Au-NP-AC at pH 6 and room
temperature.
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Fig. 6(b). Effect of initial dye concentration on removal of
MB at 04gL™' of Au-NP-AC at pH 7 and room
temperature.
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Fig. 7. Effect of contact time on MB adsorption.

and adsorption rates are good criteria for the selection
of adsorbent. Conventional kinetic models including
(1) pseudo-first-order kinetic model [36]; (2) pseudo-
second-order kinetic model [37]; (3) and intraparticle
diffusion model [38] were applied in this research for
fitting the experimental data to evaluate the respective
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parameters of each model and obtain some informa-
tion about the adsorption mechanism such as adsor-
bent surface, chemical reaction, and/or diffusion
mechanisms. The parameters of the kinetic models
can be obtained by suitable linearization procedures
followed by both linear and/or nonlinear regression
analysis [39,40]. Two diffusion mechanisms are
involved in the adsorption rate: pore diffusion (diffu-
sion within the pore volume) and surface diffusion
(diffusion along the surface of the pores). Pore diffu-
sion has lower importance with respect to surface dif-
fusion for nanoparticles adsorbent [41,42].

3.7.2. Pseudo-first-order equation

Generally, by plotting log (g.—qy) vs. t (linear rela-
tionship), k; and g. can be evaluated from the slope
and intercept of the respective line. The difference
between the intercept and g. means that the reaction
is not likely to be first-order reaction, while it may
have high correlation coefficients. It was found that
the model is applicable for explanation of experimen-
tal data at initial stages but cannot be applied for the
entire adsorption process. This indicates that the
adsorption of MB and BTB is not a first-order reaction
[43]. Furthermore, the calculated (g.) value signifi-
cantly differs from experimental g. values (Table 1).
This shows that the adsorptions of MB and BTB onto
Au-NP-AC do not follow the first-order reaction.

3.7.3. Pseudo-second-order equation

Values of k; and equilibrium adsorption capacity
(ge) were calculated from the intercept and slope of
the plots of t/g. vs. t, respectively. The values of R
and q. also indicate that this equation leads to better
results (Table 1). R* values for the pseudo-second-
order kinetic model were found to be higher than 0.99
and the calculated g, values are near to the experi-
mental data which strongly support the idea of appli-
cability of this model for real fitting experimental data
concern to the MB and BTB adsorption onto Au-NP-
AC.

3.8. Intraparticle diffusion model

Among the various adsorption pathways, the dyes’
adsorption on active sites of adsorbents may occur via
chemical reaction, ion-exchange, complexation and/or
chelation mechanism such as hydrogen bonding,
electron donor—acceptor and van der Waals interaction
by the liquid phase through intraparticle mass trans-
port rate [44]. The plot of g, vs. t*° for the initial dye



Value
MB BTB
0.14 0.05
5.85 16.63

12.6

0.98 0.96
443 232

6.4

Parameter
ge (calc)
k2 X 10+3
ge (calc)

k

Plot the values of log (g.—q:) Vvs. t to give a linear relationship from which k; and g. can be
were found very high (R? > 0.99) calculating the initial sorption rate, similar to the experimental

determined from the slope and intercept, respectively.
The slope and intercept of plot of t/g versus ¢, The correlation coefficients of all examined data

Condition

log (ge)—kq/2.303t
1/kxge> +1/ge (V)

Adsorption kinetic parameters of BTB and MB on 0.4gL " of Au-NP-AC at pH 6 for BTB and 7 for MB at room temperature

Model
First-order kinetic: log (g.—q¢)

Second-order kinetic: (t/4)

Table 1
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N Y. concentration of 25mg L' shows its nonlinear nature
e N s A and data points can be better represented by double
O O H O O I 16 & O linear section with a different slope (k;) and intercept
o222 e2® (C). The values of k and C along with their regression
constant (R® for both dyes and their values are
a reported in Table 1. First straight lines (sharp slop for
= ) short time) indicate the transport of MB and BTB to
Y em s PON & the external surface of the adsorbent through film dif-
fusion. Then, MB and BTB molecules entered into the
. @ solid phase particle (intraparticle diffusion) through
i3 z . pore diffusion in the second straight line.
& g 2
S £E5 <
8 £2 ks 3.8.1. Elovich model
- - —
g 2‘%’ b The Elovich model [45] equation based on the
.§ g g adsorption capacity and the rate expression can be
Y 28 & presented in a linear form as:
= 2T
g 8= & _
E5 5 g =1/8np) +1/8n() 3)
ks £g 8
3 s > —
= o 2 The plot of g; vs. In(t) should yield a linear rela-
*é g9 5 tionship if the Elovich is applicable, while the slope
Z g 2 @ and intercept are (1/f) and (1/f) In(af)), respec-
S R tively. The Elovich constants obtained from the
g % o g slope and the intercept of the straight line are
g, 0os 3 reported in Table 1.
L
9 EE % 3.9. Equilibrium isotherm models
9 o= ~
© EE g % Adsorption properties and equilibrium data
g T3 5 (adsorption isotherms) describe how pollutants inter-
B, é 2 = act with adsorbent materials and are critical in opti-
§ 9 'g mizing the use of adsorbents [46,47]. The Langmuir
& 25 = model with a well-known assumption is represented
— o . .
8 o § o in a linear form as:
= £ 8
= =5 B _
o =t e e — m e m
s ZE. 5 C/ae=1/kQu+C/Q 4)
= S 8323
J 65 > o where K; is the Langmuir adsorption constant
> > o E _,-5_, (L -1 . . .
- -85 © mg~ ) and Qn, is the theoretical maximum adsorp-
= Zg5 2 i i 1), The Langmuir (C C
5 5832 3 tion capacity (mg g ). The Langmuir (C./ge vs. Ce)
g S 225 3 plot for adsorption of MB and BTB at room tempera-
o ~ ~@ o A ture was depicted and the value of Q,, and K, con-
- stants and the correlation coefficients for Langmuir
§ 7 isotherm are presented in Table 2. The maximum
+ g = monolayer capacity (Q.,) obtained from the Langmuir
s & > model was 40.6mgg ' for MB and 952mgg " for
z 2 O BTB onto Au-NP-AC. The isotherms of MB and BTB
= £ I on the adsorbent were found to be linear over the
= b S whole concentration range studied here. The correla-
é e g tion coefficients were extremely high (R*>0.99), which
£ o~ E % ~ confirm that due to the cationic nature of MB, electro-
o Qe jor . . . . .
£ = g 8 static repulsion inhibits the formation of further
= & < adsorption layer.
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The Freundlich model in linear form is shown
below:

log g = log K¢ + (1/nF) log Ce (5)

where K ((mg/g)/(mg/1)!/™) and ng show the capac-
ity and intensity of the adsorption. Table 2 shows the
Freundlich adsorption isotherm constants and the
respective correlation coefficients. 1/ng and Kg con-
stants are determined from the slope and intercept of
the plot of log g. against log C.. The value of 1/ng
(heterogeneity factor) is between 0 and 1. For hetero-
geneous surface, the 1/ng value is close to 0 and the
ng value higher than unity shows favorable physical
adsorption process.

The Temkin isotherm model [47] among adsorbate
particles that lead to linear decrease in the heat of
adsorption of all expression is given as:

e = RT/b ln(KTCe) (6)

Eq. (6) can be linearized as:

Table 2
Various isotherm models and their calculated parameters
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e = BT In KT + BT In Ce (7)

where Br=RT/by, T is the absolute temperature in K,
R the universal gas constant, 8.314Jmol 'K}, Ky is
the equilibrium binding constant (Lmg '), and By is
related to the heat of adsorption. The constants
obtained for the Temkin isotherm are shown in
Table 2.

Dubinin-Radushkevich isotherm model can be
represented as a linear equation (Table 2). The slope
of the plot of In g. vs. &* gives K(mol*/kJ %) and the
intercept shows the adsorption capacity (Q,) (mg/g).
The mean free energy of adsorption (E) can be
calculated from the K value using the following
relationship:

E=1/(2K)" (8)

From various model parameters and the
correlation coefficients shown in Table 2, it may be
concluded that for adsorption of BTB and MB,
Langmuir model was found to be best fitted mode.

Isotherm equation

Langmuir: Ce/ge=(1/KaQm) + Ce/Qm

Freundlich: In ge=In Kg+(1/n) In C,

Temkin: go=B; In Kr+B; In C,

Dubinin and Radushkevich (D-R): In g.=1In Q,, — Ké?, ¢=RT In

1+1/Co)

Harkins-Jura (H-]): 1/4.> = (B,/A)-(1/A) log C.

Parameters MB BTB
Qm (mgg ") 40.65 95.24
K, Lmg ") 0.12 038
R? 099 0.99
X2 = Y [(esexp — Gecale)/Geexpl from i=1  0.002 3.46
toi=m

1/n 053 037
Kg (Lmg ™) 5.84 27.96
R? 098 092
X? =3 [(Ge,exp — Gecald)’/Jeexpl fromi=1 020 840
toi=m

B, 9.03 164
Kt (Lmg ™) 1.16 7.07
R? 096 097
X*= 3 [@ejexp — Gercald)*/Gejexpl fromi=1 005 0.16
toi=m

Qm (mgg ™) 24.67 67.92
K (x10%°) 1.0 0.1

E (kJ/mol)=1/(2K)'/? 07 223
R? 0.88 0.88
X* =3 [@e.exp — Gercald) /Gejexpl fromi=1 25  34.0
toi=m

A 757  526.3
B, 131 1.15
R? 0.81 057
X* =Y [ejexp — Gercatd) /Gejexpl fromi=1 2.9 434

tom
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4. Conclusion

The Au-NP-AC was synthesized, characterized,
and applied for the removal of MB and BTB. It was
observed that the efficiency of the adsorption process
depends on parameters such as initial dye concentra-
tion, contact time, pH, dose of adsorbent, and type of
dye. Analysis of experimental equilibrium data to the
Langmuir, Freundlich and Temkin isotherms shows
that the Langmuir is the best model for the interpreta-
tion of equilibrium data. The kinetic process and
experimental time domain data of adsorption success-
fully fitted to the second-order kinetic models. The
results demonstrate that the MB removal is a very fast
process and the adsorption is a surface phenomenon.
The surfaces are readily accessible to the dyes in the
solution. A view glance to the result presented in this
research shows that the Au-NP-AC exhibits lower
adsorption capacity for MB (40.65mgg ') compared
to BTB (95.24mgg ).
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