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ABSTRACT

A simple method is used for the study of adsorption of Sudan (lll) dye using activated carbon. Activated carbon was found
to be effective for taking up the dye, with maximum capacity of 7.8 mg/g at 40 °C under the following experimental
conditions: mass of carbon 0.2 g, volume of solution 50 mL, dye concentration range 10-50 mg/L and particle diameter
300-500 pym. The adsorption data of Sudan (lll) were modeled using Langmuir, Freundlich and Temkin isotherms. The
model parameters were found to be 0.507 (K.), 7.8 mg/g (qm), 0.8557 (ZRZ) for the Langmuir isotherm and 1.37 (n), and
0.8620 (R?) for Freundlich isotherm and 2.22 (A), 4.51 (B) and 0.9402 (R?) for Temkin isotherm. The activated carbon was
proved to be an excellent absorbent for Sudan (lll) as indicated by the distribution coefficient value (9.9 L/g) obtained
under the conditions 10 mg/L dye, 0.2 g carbon mass, 3 days agitation, and pH 8.5.

Thermodynamic studies indicated that Sudan (Ill) adsorption onto activated carbon was an exothermic process at 293,
303 and 313 K. The values of free Gibbs energy (AG) were -4.8, -4.9 and -5.0 KJ/mol respectively. The enthalpy of
adsorption was -2.4 KJ, indicating a physisorption process. The process occurred with positive entropy. Pseudo-second-
order kinetic model was found to best represent the kinetic data considering closer values of experimental and calculated
of ge obtained for Sudan (lll) dye.
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1. INTRODUCTION

Sudan dye (lll) is classified as synthetic azo-dye (Fig. 1). It has many industrial and scientific applications such as coloring
of fuel and staining for microscopy [1, 2]. Sudan dye is used in plastics, oil and waxes [3] due to its low cost and
availability [4]. The International Agency of Research on cancer (IARC) has classified Sudan dyes as class 3 carcinogens
[5, 6] which has stimulated research into its determination. Analytical techniques have shown that Sudan dyes are present
in measurable and dangerous concentrations in many foodstuffs. In some European countries, Sudan dyes have been
found in food products such as chili powder, fish sauce, noodle soup, Worchester sauce and pizza [7].
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Fig. 1: Chemical structure of Sudan (lll)

Analytical techniques have been used for the determination of Sudan dyes include: solid-phase spectrophotometry [8, 9,
10], HPLC-Fluorimetry [11], thin layer chromatography [12], capillary electrophoresis [13], HPLC coupled with photo-diode
array [14], UV-visible spectrometry [15], chemiluminescence [16] and MS [17, 18, 19, 20, 21, 22].

The seriousness of the problem has aroused interest in techniques for removing Sudan dye from solution. Adsorption on
activated carbon has long been used to a significant extent for the removal of dissolved organic and dyes from wastes and
polluted waters [23]. Activated carbon is an effective adsorbent due to its extensive porosity and very large available
surface area for adsorption [23]. It would therefore be useful to investigate the adsorption of Sudan dyes from solution on
activated carbon.

In this work, the adsorption of Sudan dye (lll) in methanol solution using activated carbon was studied as a model system
to demonstrate the usefulness of activated carbon in the removal of this important carcinogen from solution. The effects of
different experimental conditions were also investigated.

2. EXPERIMENTAL
2.1. Materials

All materials used in this work were analytical grade reagents and used as received without any further purification. The
Sudan (Ill) dye was obtained from Lobal Chemie (India), and methanol from Sigma-Aldrich. Activated carbon was
purchased from Nen Tech Ltd (UK) with particle diameter = 300 - 500um.

2.2. Apparatus

Absorption spectra were obtained using a double beam UV-vis spectrophotometer (SP-300, Optima, Japan) and pH
measurements were carried out with a Lovibond pH meter (Germany). A wise Bath shaker (Daihan Scientific, Korea) was
used in this work.

2.3 Procedure
Adsorption of Sudan (lll) dye

The adsorption properties of the dye were studied using the batch method. A known mass of activated carbon (300-500
pm) particle diameter was contacted with 50 mL dye solution and the mixture was agitated for a known time. The final dye
concentration in the solution and the amount adsorbed by the activated carbon could then be calculated by difference, the
initial dye concentration in the solution being known. The effects of carbon mass, dye concentration, solution acidity, ionic
strength, and temperature on Sudan (lll) dye adsorption were all investigated as outlined below.

The concentrations of Sudan (lll) remaining in solution were determined spectrophotometrically, 510nm, the wavelength at
the maximum absorption of the dye (Amax). Linear calibration curve was obtained using a series of standard samples in the
concentration range of 1.0-8.0 mg L™. A linear calibration graph was obtained with correlation coefficient squared (RZ) =
0.9887. The adsorption was expressed in terms of the distribution coefficient K4 defined as the equilibrium adsorption
capacity divided by the equilibrium concentration.
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2.3.1 Effect of contact time

The effect of contact time between the dye and the activated carbon was investigated. Different dye solutions were
agitated for different time periods (1-8 days). All other variables were kept constant as follows: mass of carbon = 0.2g,
temperature = 25 °C, volume of solution = 50 ml, initial concentration 35 mg/L, pH = 8.5 and carbon particle diameter =
300 - 500um.

2.3.2 Effect of adsorbent mass on dye removal

Different masses of activated carbon (0.10-0.35 g) were mixed with 50-mL of 35 mg/L dye solution. The mixtures were
agitated for 3 days. The following variables were maintained constant: pH = 8.5, temperature = 25 °C, volume of solution
=50 mL, and carbon particle diameter =300-500 pum.

2.3.3 Adsorption isotherm determination

The adsorption isotherm of Sudan (lll) on activated carbon was recorded at different temperatures. A fixed amount of
activated carbon was added to set of dye solutions (10-50 mg/L). The mixtures were agitated for a time which earlier
experiments (section 2.3.1) had shown was sufficient to reach equilibrium. The following variables were maintained
constant: agitation time = 3 days, mass of carbon = 0.2 g, temperature = 25 °C, volume of solution = 50 mL, pH = 8.5 and
particle diameter = 300 - 500um.

2.3.4 Effect of ionic strength

Solutions of Sudan (1) of variable ionic strengths (0.5-3.0 mol/L NaCl) were prepared and agitated with activated carbon
for 3 days. The remaining dye concentration in each solution was determined. The following variables were maintained:
mass of carbon = 0.2 g, temperature = 25 °C, volume of solution = 50 mL, initial concentration 35 mg/L, pH=8.5 and
particle diameter = 300 — 500um.

2.3.5 Effect of solution pH

Different solutions of Sudan (l1l) dye were prepared at different pH values (1, 3, 10, and 12) were measured using the pH
meter which was adjusted using three standards of buffer solution (pH 4, 7, 10). The mixtures were carefully agitated for 3
days. The following variables were maintained constant at: mass of carbon = 0.2 g, temperature = 25 °C, volume of
solution = 50 mL, contact time = 3 days, initial concentration 35 mg/L, and particle diameter = 300-500 pm.

2.3.6 Effect of temperature

Adsorption isotherm of Sudan (Ill) dye was recorded at different temperatures (20, 30, and 40 °C). The following variables
were maintained: agitation time = 3 days, mass of carbon = 0.2 g, initial concentration= 35 mg/L, temperature = 25 °C,
volume of solution = 50 mL, pH=8.5 and particle diameter = 300 - 500um.

3. RESULTS AND DISCUSSION
Adsorption properties of the activated carbon
3.1 The effect of contact time

Adsorption of dye by 0.2g of activated carbon was determined over 1-8 days (section 2.3.1). The results of these
experiments are shown in Fig. 2.

As the contact time increased, the adsorption of Sudan (lll) increased to become nearly constant for times = 3 days. The
adsorption of dye by the activated carbon had almost reached equilibrium after 3 days; the increases in Kq after this time
corresponded to only small changes in the amount of dye adsorbed.
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Fig. 2: Dye uptake by the activated carbon as a function of contact time
3.2. Effect of carbon mass on dye uptake

The effect of varying mass of activated carbon (0.10-0.35) on dye uptake is illustrated in Fig. 3.
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Fig. 3: Dye uptake as a function of carbon weight

The distribution value decreased markedly with increasing carbon mass from 0.1 to 0.2 g and changed more slowly to
higher masses. Accordingly, the optimum mass of activated carbon was maintained at 0.2 g.

3.3. Effect of dye concentration (adsorption isotherm)

Effect of dye adsorption was studied at different initial concentrations of Sudan (Ill) (10-50 mg/L) while keeping the other
variables constant (see section 2.3.3). The distribution values were calculated at each concentration and are presented in
Fig. 4.

The extent of Sudan (lll) adsorption was studied over a wide concentration range (10-50 mg/L). The Kq value is decreased
significantly as concentration increased, from 9.98 to 2.47 when the initial dye concentration increased from 10 to 50 mg/L.
The value of K4 would be expected to be even larger than 9.98 at lower initial dye concentration because the remaining
dye concentration (Ce) will be very small [24].

3294 |Page December 16, 2014



ISSN 2321-807X

12 ~

Kyq

0 T T T T T 1
0 10 20 30 40 50 60

concentration of sudan(lll) (ppm)

Fig. 4: Effect of concentration of dye on Kqg

3.4. Effect of ionic strength on dye adsorption

The adsorption of Sudan (Ill) by activated carbon at different ionic strength values is presented in Fig. 5.

O T T T 1
0 1 2 3 4

concentration of salt (mol/L)

Fig. 5: Effect of solution ionic strength on Sudan (lll) uptake

The adsorption of activated carbon decreased when more than 0.5M salt was introduced to the mixture. A number of kinds
of intermolecular forces have been suggested to explain the aggregation between dye molecules in solutions. Various
intermolecular forces (including van der Waals forces, ion-dipole forces, and dipole-dipole forces) which occur between
dye molecules in solution can cause aggregation of the dye molecules. These attractive forces increase when salt is
added to the dye solution and the increased aggregation inhibits adsorption at the carbon surface [24].

3.5. pH-dependence of dye sorption by activated carbon
The effect on dye uptake of varying pH values (1-12) is given in Fig. 6.
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Fig. 6: Effect of solution pH on dye distribution value

The adsorption of Sudan (Ill) by activated carbon depended on the pH. The change in Sudan (lll) uptake with solution pH
can be explained by the following mechanisms:

1) At pH < 3, electrostatic interactions between the protonated surface of the activated carbon and negatively charged dye
molecules, promoting adsorption.

2) Hydrophobic interactions between the activated carbon and the hydrophobic part of dye molecule. The large reduction
in adsorption in a basic medium can be attributed to the electrostatic repulsion between the negatively charged activated
carbon (due to adsorption of OH— ions on the surface) and the deprotonated dye molecule [24].

3.6. Effect of temperature on dye adsorption

The adsorption isotherms were determined for the dye at different temperatures (20 °C, 30 °C, 40 °C) in the concentration
range 10 — 50 mg/L. Adsorption results are presented in Fig. 7.
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Fig. 7: Adsorption isotherms of dye on activated carbon at different temperatures

Kq of the dye increased with increasing temperature; indicating this is not physical adsorption. There must be chemical
interaction between the activated carbon and the dye. But the temperature had a larger effect on Ky at lower concentration
but a smaller effect at higher concentration. The high adsorption at higher temperature could be due to either increased
penetration of dye inside micropores at higher temperatures or the creation of new active sites.

3.6.1. Analysis of adsorption isotherms by the Langmuir, Freundlich and Temkin models

The adsorption data were modeled using the Langmuir, Freundlich and Temkin isotherms. The Langmuir model (all
adsorption sites assumed similar) was used to estimate the maximum adsorption capacity corresponding to the saturation
of the activated carbon surface using the linearized form of Langmuir isotherms:

Kd = ge/Ce = mKL — KLQe  wrivieiiieii e (1)
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Where Kq is the distribution coefficient, ge is the amount adsorbed per gram of adsorbent at equilibrium, C. are the
concentration of adsorbate in the solution at equilibrium, gm is the maximum adsorption capacity corresponding to
complete saturation of the activated carbon surface, K is the Langmuir equilibrium constant. Therefore, a plot of (e / Ce)
against (ge) should be a straight line with slope = - K. and an intercept = qm K. for Langmuir model.
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Fig. 8: Langmuir modeling of adsorption data at different temperatures
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Fig. 9: Freundlich modeling of adsorption data at different temperatures

The Freundlich model (adsorption sites varying in their interaction with the sorbate) is an empirical equation used to
estimate the adsorption capacity of the activated carbon for the dye the linearized form of the Freundlich isotherm:

100 ge = 10g KE + 1/N 100 Ce  cooivrviiieeicieeee e )

A plot of log ge versus log Ce gives a straight line with a slope of 1/n and intercept of log Ke. Where Kg and n are the
Freundlich constants. The value of n indicates the affinity of the dye towards the activated carbon [25].
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The Temkin model gives useful information about adsrobate-adsorbate interactions. This model causes decrease in heat
adsorption of the molecules in the layer and bonding energies and appears uniform distribution in the adsorption process
[26]. This isotherm can be expressed with the following formula:

e=BINA+BINCe i 3)

In equation (3) ge is the amount adsorbed per gram of adsorbent at equilibrium, A denotes Temkin constant used to
examine adsorbate-adsorbate interaction and B is the constant related with adsorption heat. A and B can be determined
from plot of ge vs. In Ce. The models are presented in Figs. (8, 9 and 10).
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Fig. 10: Temkin modeling of adsorption data at different temperatures

The R? values indicated that the Freundlich model was a better fit for Sudan (1) adsorption on activated carbon than the
Langmuir and Temkin model. For Langmuir model and at all temperatures, R? values were in the range 0.6782 — 0.8900
and for the Temkin model, R? values were in the range 0.9255 — 0.9487 while for the other model better R? values were
larger, in the range: 0.8620-0.9995.

The parameters; gm, Ki, n, Ke, A and B of adsorption isotherms were calculated from the intercepts and the slopes of the
corresponding linear plots for dye adsorption onto the activated carbon at different temperatures. Values of these
parameters with the corresponding least-squares fits (RZ) are given in Table 1 at optimum experimental conditions.

Table (1): Langmuir, Freundlich and Temkin parameters

Langmuir Freundlich Temkin
T(°C) R? K. T(°C) R? Kr n T(°C) R® A B
20 0.8900 0.066 20 0.9995 0.302 1.23 20 0.9487 1.19 4.34
30 0.6782 0.458 30 0.9321 0.490 1.49 30 0.9255 2.07 3.87
40 0.8557 0.507 40 0.8620 0.562 1.37 40 0.9402 2.22 451

Consequently, it can be conclude that the type of sorption on the adsorbent is heterogeneous. There is a variation in the
interaction between dye molecules and activated carbon for different adsorbing sites. This is as expected for activated
carbon [25]. The n values for adsorption of Sudan (l1l) were all more than unity, which reflects the favorable adsorption of
the dye over the studied temperatures (20-40 °C). The well-known large variation in the interaction energy sorbate
molecules and activated carbon adsorbing sites, would also tend to make the values of n more than unity [25].

3.6.2. Thermodynamic parameters of adsorption

Thermodynamic parameters were determined using the distribution coefficient, K4 (qe/Ce) Which depends on temperature.
The change in free energy (AGP°), enthalpy (AH®) and entropy (AS°) associated with the adsorption of Sudan (lll) were
calculated using equations (4) and (5):
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AG® = AHO — T AS . 4)
where R is the universal gas constant (8.314 J/mol Kelvin), T is temperature (Kelvin) and Kq is the equilibrium constant.
IN Kg = ASYR — AHORT Lo (5)

According to the above equations, AH® and AS° functions can be calculated from the slope and intercept of the plot of In
Kq versus 1/T; respectively. This is represented in Table 2 and in Fig. 11.

Table (2): Thermodynamic functions for the adsorption of Sudan (lll) onto activated carbon

AH AS’ AG (kJ/mol)
(k¥mol) (JmolK) 303K = 313K
2.4 8.5 4.9 -5
1 .
L 2
0.8 - y =-2372.3x + 8.4521
R2=0.913
0.6
o
Y 0.4 4 *
B 0.2 1
0 : : : : : )
0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345

1/ T (K)

Fig. 11: Thermodynamics function

The adsorption process was exothermic for Sudan (l1l) as AH® was negative, which means that the dehydration energy is
lower than the adsorption energy. The positive values of entropy for dye adsorption may be due to some structural
changes in the adsorbate and adsorbent during the adsorption process from aqueous solution onto the adsorbent. In
addition, positive value of AS° indicates the increasing randomness at the solid—liquid interface during the adsorption of
dye on the adsorbent. The free Gibbs energy change calculated for adsorption of dye decreases as the temperatures
increase, indicates that the interaction are thermodynamically favorable. We can conclude the adsorption of dye is
spontaneous.

3.7. Adsorption kinetic models

In adsorption studies, kinetic models are applied to experimental data in order to obtain information about the mechanism
and the rate of adsorption. By this way mass transfer, diffusion control, and chemical reaction mechanisms can be
understood better. With this aim, pseudo-first- and pseudo-second-order reaction kinetics is commonly used [26].

3.7.1. Pseudo-first-order model
The linearized form of the pseudo-first order equation of Lagergren is generally expressed as follows:
Log [ge — qd =109 [ge] = [K1/2.303]t . cevvvniniiiiiee e, (6)

Where ge and q; are the sorption capacity at equilibrium and at time t, respectively (mg/g). ki is the rate constant of pseudo
first-order adsorption. The plot of log (ge-q:) versus t should give a linear relationship; ki and ge can be calculated from the
slope and intercept of the plot, respectively.

Based on Table 3 and Fig. 12, the correlation coefficient R? were found to be low and the values of calculated adsorption
capacities (qe, calculated) were far much lower than experimental ones (ge, experimental), suggesting that the adsorption
process did not fit the pseudo-first order model.
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Table (3): Kinetic parameters

B . Pseudo-first-order Pseudo-second-order
Initial dye Ue; experimental

Concentration (ML)~ (mglg)

Ky qe; calculated (Mg/g)  R? ky qe; calculated (mg/g) R

35 8.16 9.21x10° 0.90 06921 1.43x10* 8.58 1.00

0.94 -
0.935 -
0.93 -
0.925 A

0.92 -
log(q.-q,) y = 0.004x + 0.9028

R?=0.6921

0.915 -
0.91 -
0.905 -

0.9 -
0.895 T T T T 1

time(day)

Fig. 12: Pseudo-first-order kinetic plots for adsorption of Sudan Il by activated carbon

3.7.2. Pseudo-second-order model
The pseudo second order kinetic model is represented by the following linear equation:
tgt = 1/k A0 1/q..... 0. B (7)

Where ge, g;, and t, have the same meaning as explained above. k- is the rate constants of pseudo second order sorption
[g/mg.min]. If pseudo—second order kinetics is applicable, the plot of t/qt against t should give a linear relationship; ge and
k. can be determined from the slope and intercept of the plot (Table 3, Fig. 13). The regression coefficient R? is found to
be 1, and the calculated maximum adsorption capacity values of ge-calculated which are quite close to the experimental
values ge-experimental for adsorption of Sudan Il dye onto activated carbon indicate that the pseudo second order model
fits with the kinetic data very well.

1 1
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y =0.1165x + 0.0106
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Fig. 13: Pseudo-second-order kinetic plots for adsorption of Sudan lll by activated carbon
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4. CONCLUSION

Activated carbon was found to be an effective adsorbent for Sudan (Ill) from solution. The maximum adsorption value of
Sudan (lll) was 7.8 mg/g. Adsorption of Sudan (lll) decreased as mass of carbon increased and decreases with
temperature. The process of Sudan (lIl) adsorption was found to be spontaneous at 20, 30, and 40°C. Adsorption of
Sudan (Ill) on activated carbon was more favorable at acidic conditions. Kq value was 15.42 at pH 1. The adsorption of
Sudan (lll) increased as the NaCl content was decreased. Adsorption isotherms of the Sudan (lll) on activated carbon
were better fitted to the Freundlich equation than the Langmuir and Temkin equations. Accordingly, active sites with a
range of interaction energies were available for adsorption of Sudan (lll) on activated carbon. The kinetic results provided
the best correlation of the experimental data of Sudan Ill dye onto activated carbon by pseudo second order equation.
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