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ABSTRACT

In this research, the gold (Au) nanoparticles loaded on activated carbon (Au-NP-AC) have
been applied for the removal of Acid Red 299 (AR-299). The influence of variables, including
the pH, AR-299 concentration, amount of Au-NP-AC, contact time, and temperature in a
batch method, on the AR-299 removal has been investigated. Following the optimization
variables, by fitting the experimental equilibrium data to Langmuir, Freundlich, and
Tempkin, the respective information for each model and their applicability to understand the
concept of adsorption was examined. According to R2 and error analysis, it was found that
the adsorption process follows the Langmuir model. It was found that among various kinetic
models, such as first- and second-order, Elovich, and intraparticle diffusion model, the exper-
imental data at various removal times was interpreted using the second-order kinetic model
with the involvement of the intraparticle diffusion model. The negative value of Gibbs free
energy and the positive value of the adsorption enthalpy show the spontaneous and endo-
thermic nature of the adsorption process.

Keywords: Adsorption; Acid Red 299 (AR-299); Gold nanoparticle loaded on activated carbon
(Au-NP-AC); Kinetic and thermodynamics of adsorption

1. Introduction

Dyes and color materials produced and/or used in
the industry for producing household goods, textile,
food, etc. release effluents. Their wastewater contain-
ing toxic are hazardous to the environment and aqua-
tic environment, and creates immense toxicity for
human health. Dyes, via generation of undesirable col-
oring to water, are lethal for the aquatic life. Their
intermediate and oxidation/reaction products gener-

ate toxic and hazardous problems in water. Theses
point to the increase in the need for their removal
from wastewater [1–3]. Dye removal from wastewater
before reuse is essential for the protection of health
and environment. Wastewater can be treated using
flocculation, coagulation, precipitation, adsorption,
membrane filtration, electrochemical techniques, and
ozonation [4,5]. The technical and economic feasibility
of each technique is determined by the dye type,
wastewater composition, operation costs, and gener-
ated waste products. Individual application of each
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technique cannot achieve complete decolorization.
Therefore, combination of different techniques is
required to cope with the limitations [6–8]. Metallic
nanoparticles-based adsorbents have been widely
applied for nanoscale devices to bind and coordinate
biological materials. Organic monolayer-protected
metal nanoparticles are particularly attractive for their
chemical stability and quantitative control of function-
alization. Azo dyes, especially synthetic ones, are
applied in many textile industries [9] with azo group
band (–N=N–) due to their low cost, high solubility,
and stability. These compounds and their intermediate
products are toxic, carcinogenic, and mutagenic to
aquatic life [10–12]. Acid dyes (water-soluble anionic
dyes) are applied to nylon, wool, silk, and modified
acrylics [13–33]. Acid Red 299, (AR-299) with molecu-
lar formula of C26H24N5NaO5S, belongs to pigments/
acid dyes (Fig. 1). In this research, gold nanoparticles
loaded on activated carbon (Au-NP-AC) were effi-
ciently applied for the removal of AR-299. Equilibrium
adsorption isotherms were investigated and the
experimental data were analyzed by Langmuir,
Freundlich, Tempkin, Freundlich, and Dubinin–
Radushkevich (D–R) isotherm models.

2. Experimental

2.1. Instruments and reagents

AR-299 (CAS number = 12,220-29-0; molar mass =
541.55 gmol�1, kmax = 523 nm) was used throughout
experiments using 50mL capacity glass beaker in a
batch method. Stock of AR-299 solution (100mgL�1)
was prepared by dissolving 100mg of AR-299 in dou-
ble-distilled water and the test solutions were pre-
pared by diluting stock solution to the desired
concentrations daily. The pH measurements were
done using pH/ion meter model-686 (Metrohm,
Switzerland, Swiss), and absorption studies were car-
ried out using Jusco UV–Visible spectrophotometer

model V-570. The pH was adjusted by HCl/KOH. All
chemicals, including NaOH, HCl, and KCl, of analyti-
cal reagent grade were purchased from Merck,
Darmstadt, Germany.

2.2. Measurements of dye uptake

Concentrations of AR-299 in the solution were
evaluated based on the linear calibration curve
obtained at the same conditions. The time dependen-
cies of adsorption in the intervals of 1–45min show
that equilibrium was established after 35min. The
effect of initial pH (pH was adjusted by addition of
HCl/KOH) in the range of 2–8 on adsorption was
studied at 15mgL�1. The general AR-299 removal in
the range of 5–30mg L�1 dye concentrations at opti-
mum conditions was examined and the amount of
adsorbed AR-299 was calculated using the following
mass balance relationship:

qe ¼ ðC0 � CeÞV=W ð1Þ

where C0 and Ce are the initial and equilibrium dye
concentrations in the solution, respectively (mgL�1), V
is the volume of the solution (L), and W is the mass
(g) of adsorbent.

2.3. Synthesis of Au-NP-AC

Gold (Au) nanoparticles were synthesized based
on reduction of gold ions in aqueous solution [34,35].
In a typical preparation, a 200lL aliquot of a 0.05M
HAuCl4·3H2O aqueous solution was added into 50mL
of aqueous solution containing 0.15wt.% of soluble
starch and vigorously stirred for 1 h. The pH of result-
ing the solution was adjusted to 9.0 by adding 0.05M
of NaOH solution. After about 8min, the solution
turned light pink, which indicated the initial
formation of the Au nanoparticles. The mixture was
maintained at 70˚C for 40min and the color of the
reaction solution became winy red.

The procedure for the preparation of Au-NP-AC
was applied as follows: 500mL of the freshly pre-
pared Au nanoparticles solution was mixed with acti-
vated carbon (25 g) in a 1,000mL Erlenmeyer flask
under magnetic stirring for up to 12 h, resulting in the
deposition of the Au nanoparticles on activated car-
bon. The Au-NP-AC were then filtered and exten-
sively washed with double-distilled water. Filtrate
solutions were analyzed for Au nanoparticles using
UV–vis spectrophotometry. Au-NP-AC was dried at
110 ˚C in an oven for 10 h. Then, it was stored in air at
room temperature and was found to have a shelf life
of at least 1.0 year.Fig. 1. Chemical structure of AR-299.
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Absorption measurements were carried out on a
Perkin Elmer Lambda 25 spectrophotometer using a
quartz cell with an optical path of 1 cm. The shape
and surface morphology of the Au nanoparticles were
investigated by field emission scanning electron
microscope (FESEM, Hitachi S4160) under an accelera-
tion voltage of 15 kV. Transmission electron micro-
scope (TEM) samples were prepared by dropping
diluted solutions of Au nanoparticles onto 400-mesh
carbon-coated copper grids with the excessive solvent
immediately getting evaporated. The morphology and
electron diffraction (ED) pattern of the Au nanoparti-
cles were determined by a Hitachi H-800 TEM at an
operating voltage of 200 kV.

3. Results and discussion

3.1. Characterization of the Au-NP-AC

Fig. 2 shows the UV–Vis absorption spectra
obtained at different time intervals after mixing
HAuCl4·3H2O solution with soluble starch solution at
70˚C. The formation of the Au nanoparticles in the
colloidal solution was monitored from their absorp-
tion spectra, as the small noble metal particles exhibit
absorption band in the UV–Vis spectral region due to
surface plasmon resonance (SPR) [33,35]. The process
of reduction of Au3+ ions using starch was rapid,
yielding a broad absorption band centered at about
520 nm until 8min of reaction time, which was
attributed to the SPR of the Au nanoparticles [36]. The
broad band indicates a relatively high polydispersity,
both in size and shape of the Au nanoparticles. The

intensity of the SPR band increased systematically
with the increase in the reaction time and reached a
maximum after about 36min. Thereafter, the intensity
of the SPR band did not change. The reduction of
Au3+ ions with starch aqueous solution at 70˚C leads
to the formation of Au nanoparticles that are stable in
solution for several months. This indicates that the
soluble starch serves as both reducing and protecting
agent.

The FE-SEM image of the Au nanoparticles’
(Fig. 3) semi-spherical shape and uniform size distri-
bution of Au nanoparticles in the range of 20–70nm
agree with the TEM image (Fig. 4(a)) with relatively
narrow particle size distribution (25–65 nm range).
The ED rings of the Au nanoparticles (Fig. 4(b)) corre-
spond to the crystalline planes of the cubic structure
showing its nanocrystalline nature. The ED pattern in
the plane of [1 1 1], [2 0 0], [2 2 0], [3 1 1], and [2 2 2]
indicates the crystal planes of face-centered cubic (fcc)
lattice structure of the Au nanoparticles [33,37].

3.2. Effect of contact time and initial dye concentration

The variation in AR-299 removal percentage with
contact time at 15mg/L (Fig. 5) shows that the maxi-
mum amount of AR-299 removal occurs at the contact
time of 35min and further addition has not signifi-
cantly changed the removal percentage. At lower ini-
tial concentration, the adsorption due to the high ratio
of dye molecule to the vacant adsorbent size is very
fast, while at higher concentration longer time is
required to reach equilibrium. At higher concentration,
due to occupation of vacant sites of the adsorbent, the

Fig. 2. Temporal evolution of UV–Vis absorption spectra
after addition of HAuCl4 solution into soluble starch
solution at 70˚C.

Fig. 3. FESEM image of the Au nanoparticles loaded onto
activated carbon.
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adsorption process rate slows down and more adsorp-
tion time is required to achieve equilibrium [38].

3.3. Effect of pH

The pH, via affecting the adsorbent surface charge
and degree of ionization of dye functional group, sub-
sequently leads to the shift in reaction kinetics and
equilibrium characteristics of the adsorption process.
It is common observation that the anions adsorption is
favorable at lower pH via electrostatic force, and due
to negative surface charge the cations adsorption
occurs at higher pH. Consequently, the dye molecule

has high positively charged density at low pH, while
at pH0 below 3, due to electrostatic repulsion between
the positive charge adsorbent surface and the dye
molecule, the removal percentage significantly
decreased. With rising pH, both the adsorbent surface
and dye molecule get neutralized and via different
mechanisms, such as hydrogen bonding, soft–soft
interaction (with gold nanoparticle), and p–p interac-
tion with AC as backbone, the removal percentage sig-
nificantly increased. At higher pH, probably both the
adsorbent and AR-299 get negatively charged and,
due to repulsion, the removal percentage significantly
decreased (Fig. 6) [39,40].

3.4. Effect of adsorbent dose

The AR-299 removal percentage on Au-NP-AC
was studied at different adsorbent amounts in the
range of 0.04 g at 15mg/L AR-299 concentration, pH
(5), and (30 ± 1˚C) at 45min. As it is observed (Fig. 7),
by raising the amount of adsorbent till 1.2 g/L, due to
the increase in the number of vacant sites and diffu-
sion (driving force of adsorption), the rate of AR-299
transfer to the adsorbent surface significantly
increased. The removal percentage increased from
65.1 to 99.9% as the amount of adsorbent increased
from 0.5 to 1.2 g/L. The adsorption capacity decreased

Fig. 4. (a) Typical TEM image of the starch-stabilized Au
nanoparticles and (b) the ED pattern of the Au
nanoparticles.

Fig. 6. Effect of pH on the removal of AR-299 at room
temperature on Au-NP-AC.

Fig. 5. Effect of contact time of removal of AR-299 on
Au-NP-AC.
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significantly with the increase in the adsorbent dosage
[41,42].

3.5. Effect of ionic strength

Another parameter affecting the removal percent-
age is the typical wastewater contaminants [43]. It is
well known that additives, such as, salts either accel-
erate or retard the dye adsorption processes. Salts via
affecting the electrostatic interaction, enhance the
degree of dissociation of the dye molecules and facili-
tate or retard the amount of adsorbed pollutant. The
dominant nature of the first role confirms that adsorp-
tion occurs through electrostatic interaction, especially
for charged adsorbate and adsorbent [44–48].

3.6. Adsorption isotherm

It is necessary to establish the most appropriate
correlations for the equilibrium data using conven-
tional isotherm models like Langmuir, Freundlich,
Tempkin, and Dubinin–Radushkevich.

Applicability of the isotherm equations was com-
pared by judging the correlation coefficients, (R2) and
error analysis.

Langmuir: Ce=qe ¼ 1=ðKLqmÞ þ ð1=qmÞCe ð2Þ

Freundlich: qe ¼ KFCe
1=n ð3Þ

KL is a direct measurement of the adsorption
intensity related to the heat of adsorption (dmmg�1)
and qm is the maximum amount of adsorbed analytes.
The qm and KL values can be determined from the
slope and intercept of the respective lines obtained by
plotting log Ce/qe vs. Ce. In Eq. (3), KF (constant
related to the bonding energy) represents the quantity
of dye adsorbed onto the adsorbent. The slope 1/n
(between 0 and 1) is a measure of adsorption intensity
or surface heterogeneity [49–51]. The value below one

indicates a normal Freundlich isotherm, while respec-
tive values higher than one indicate cooperative
adsorption [52]. A plot of Ln qe vs. Ce enables the
empirical constants, KF and 1/n, to be determined
from the intercept and slope of the linear regression.

As can be seen from Table 1, the results of Lang-
muir and Freundlich isotherms fit the AR-299 removal
by the proposed adsorbent and follow the Langmuir
model (better fit as reflected by correlation coefficients
(R2) of 0.997) with monolayer adsorption capacity
(Qm= 20mgg�1) of 1/n of 0.540 indicating favorable
adsorption [52–58].

Tempkin and Pyzhev [59] assume that the adsorp-
tion heat in each layer decreases linearly with surface
coverage of adsorbent due to sorbate–adsorbate inter-
actions. The linear form of the Tempkin isotherm
equation is represented by the following equation [60]:

qe ¼ B1 lnKT þ B1 lnCe ð4Þ

Values of B1 and KT were calculated from the plot
of qe against ln Ce (Table 1). Tempkin isotherm, with a
relatively high correlation coefficient (R2 > 0.98), is
near the value of Langmuir.

The Dubinin–Radushkevich (D–R) isotherm is
applied to estimate the porosity of apparent free
energy and the characteristics of adsorption [61,62],
and its linear form can be shown in the following
equation:

ln qe ¼ lnQm � Ke2 ð5Þ

where e (Polanyi potential) can be calculated from Eq.
(5):

e ¼ RT lnð1þ 1=CeÞ ð6Þ

From the plot slope (ln qe vs. e2) K (mol2 (kJ2) �1)
and the intercept yields, the adsorption capacity (Qm

(mg g�1)) can be calculated simply. The mean free
energy of adsorption (E) calculated from the K value
is based on the following equation [63]:

E ¼ 1=ð2KÞ1=2 ð7Þ

The calculated D–R constants for the adsorption of
AR-299 on Au-NP-AC (Table 1) show that the model
correlation coefficient is much lower than other
defined isotherms values.

3.7. Kinetic studies

The behavior of the AR-299 adsorption is analyzed
using first- and second-order kinetic models and
intraparticle diffusion model [64].

Fig. 7. Effect of amount of adsorbent (g) on AR-299
removal at room temperature on Au-NP-AC.
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A linear form of the first-order model expression is:

logðqe � qtÞ ¼ log qe � ðk1t=2:303Þt ð8Þ

where qe and qt (mgg�1) are the amounts adsorbed at
equilibrium and time t (min), respectively, and k1
(min�1) is the rate constant of Langergren first-order
adsorption (min�1).

The kinetic data are further analyzed using the
pseudo-second-order kinetics expressed as:

t=qt ¼ ð1=k2q2eÞ þ ð1=qeÞt ð9Þ

where k2 (g·mg�1min�1) is the rate constant of
pseudo-second-order adsorption. If the second-order
kinetics is applicable, the plot of t/qt vs. t should give
a linear relationship.

The adsorbate species are most probably trans-
ported from the bulk of the solution into the solid
phase with an intraparticle diffusion process. The
possibility of intraparticle diffusion is explored by
using the intraparticle diffusion model [65] as follows:

qt ¼ kidt
1=2 þ C ð10Þ

where C is the intercept and kid is the intraparticle dif-
fusion rate constant. The values of kid and C and the
corresponding linear regression correlation coefficient
(R2) are given in Table 2. The intraparticle rate con-
stants calculated are 0.177mg·g�1·min�1/2 for AR-299
onto Au-NP-AC [66,67].

3.8. Thermodynamic study

Thermodynamic parameters generally required to
confirm the nature of adsorption and can be obtained
from the following Equations:

DG� ¼ �RT lnKc ð11Þ

Values of Kc may be calculated from the relation
Kc = (qe/Ce) at different temperatures and extrapolating
to zero. The calculated thermodynamic parameters
(Table 3) show negative DG˚ values (spontaneous nature
and feasibility of the adsorption process), and a more
negative value with the increase in temperature from
283 to 333K implies the favorability of adsorption at
higher temperature. The result also shows an increase in
the values of TDS˚ with elevating temperature |DH˚|
<|TDS˚| indicating that the adsorption process is domi-
nated by entropy rather than enthalpy changes [68].

The values of enthalpy (DH˚) and entropy change
(DS˚) may be determined from the slope and intercept
of plots of ln Kc vs. 1/T in van’t Hoff equation
(Fig. 8) as follows:

lnKc ¼ DS�=R� DH�=RT ð12Þ

Also, DG˚ can be obtained from DH˚ and DS˚ eval-
uated from van’t Hoff equation at each temperature
by means of the equation below:

DG� ¼ DG� � TDS� ð13Þ

The positive values of DH˚ confirm the endother-
mic nature of the adsorption process, while the posi-
tive DS˚ values suggest the increase in the adsorbate
concentration in solid–liquid interface. To further sup-
port the assertion that physical adsorption is the pre-
dominant mechanism, the values of activation energy
(Ea) and sticking probability (S⁄) were estimated from
the experimental and that surface coverage was calcu-
lated (h) [69] as follows:

S� ¼ ð1� hÞeð�Ea=RTÞ ð14Þ

and can be linearized as follows from Eq. (15):

Table 3
Thermodynamic parameters for the adsorption of AR-299 onto Au NP-AC

Parameters C0 (mg/L) Temperature, K

283.15 293.15 313.15 323.15 333.15

AR-299 kc 2.372 2.464 12.474 12.877 15.226

DG0 J/mol �2033 �2,197 �6,570 �6,865 �7,542

Parameters AR-299 onto Au
NP-AC

DS0 (J/molK) 126.207

DH0 (kJ/mol) 33.979

Ea, kJ/mol 28.608

S⁄ 1.743E-06
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lnð1� hÞ ¼ LnS� þ Ea=RT ð15Þ

The sticking probability (S⁄) value lies in the range
0< S⁄< 1 depending on the system temperature.

The parameter (S⁄) indicates the measure of the
potential of an adsorbate to remain on the adsorbent.
The surface coverage (h) can be calculated from the
following equation:

h ¼ ½1� Ce=Co� ð16Þ

The activation energy and sticking probability
were estimated from the slope and intercept of plot of
Ln (1� h) vs. 1/T. Activated energy for adsorption of
15mgL�1 AR-299 concentration was found to be
28.6mgL�1 on the Au-NP-AC.

The positive values of Ea indicate the endothermic
nature of the adsorption process.

4. Conclusion

An adsorption experiment of AR-299 under differ-
ent experimental conditions in a batch mode has been
conducted and the influence of variables, such as the
amount of adsorbent, AR-299 concentration, contact
time, and pH of the solution, on its removal percent-
age was investigated. Higher dye removal was found
within 35min of the start of every experiment that
under the optimum experimental pH of 5–7. The pro-
posed adsorption system has the following atributes:

(1) The removal process follows the Langmuir model
with maximum adsorption capacity of 20mgg�1.

(2) The rate of AR-299 from bulk to the adsorbent
surface follows the pseudo-second-order kinetic
model with the involvement of the interparticle
diffusion model.

(3) Using asmall amount of Au-NP-AC, higher
amounts (0.04 g) and removal percentages (higher
of 99%) for the AR-299 can be obtained in a short
time (35min).

Abbreviations

C0 — initial adsorbate concentration, mg/L

Ce — equilibrium adsorbate concentration, mg/L

KF — empirical constants depend to several
environmental factors, (mg g�1) (L mg�1)1/n

KL — Langmuir constant related with affinity of the
points of union (L mg�1)

n — empirical parameter representing the energetic
heterogeneity of the adsorption sites

Qo — maximum adsorption capacity corresponding to
complete monolayer coverage (mg g�1)

qe — adsorption capacity at equilibrium solute
concentration (C (mg g�1))

R2 — correlation coefficient

V — volume of solution (L)

W — weight of adsorbent (g)

k1 — rate constant of pseudo-first-order adsorption
(min�1)

k2 — second-order rate constant of adsorption
(g mg�1min�1)

h — second-order rate constants (mg g�1 min�1)

ß — desorption constant (g mg�1)

DG˚ — free energy change (kJ mol�1)

DH˚ — heat of adsorption (kJ mol�1)

DS˚ — standard entropy (kJ mol�1 K�1)

Kc — thermodynamic equilibrium constant

Ea — activation energy of adsorption (kJ mol�1)

S⁄ — sticking probability indicates the measure of the
potential of an adsorbate to remain on the
adsorbent in definite

h — surface coverage
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