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Abstract

The objective of this study was to assess the adsorption potential of activated carbon (AC) as
an adsorbent for the removal of Murexide (Mu) from aqueous solutions. The influence of variables
parameters including pH, amount of adsorbent, sieve size of adsorbent, temperature and contact time
on Mu removal was studied. Following optimization of variables, the relation between concentrations of
dye remained in aqueous and adsorbent has been evaluated using various adsorption isotherm models
like, Langmuir, Freundlich, Tempkin, Harkins-Jura and Dubinin—Radushkevich. Thermodynamic
parameters such as enthalpy (AH’), and, entropy (AS’), activation energy (E,), sticking
probability (S*), and Gibb’s free energy changes (AG") were also calculated. It was found from
evaluated different thermodynamic parameters, viz., AH, AS” and AG’ that the adsorption of Mu
by AC was feasible, spontaneous and endothermic process. The kinetic studies suggest that the all
process following pseudo second order kinetics and involvement of intera- particle diffusion mechanism.
The results indicated that the intraparticle diffusion also is the rate limiting factor.

Keywords: Adsorption; Murexide; Activated carbon; Adsorption isotherm; Thermodynamics;
Kinetic of adsorption.

1. Introduction

Most dyes are considered to be non-oxidizable substances by conventional biological and
physical treatment because of their complex structure and large molecular size. The adsorption
process provides an attractive alternative treatment, especially if the adsorbent is inexpensive and
readily available. Granular activated carbon is the most popular adsorbent and has been used
with great success.

High volumes of aqueous effluents contaminated with dyes are generated by different
industries. The removal of dyes from aquatic environment, is extremely important from the
healthiness point of view because most of these dyes are toxic, causing allergy, skin irritation,
besides most of then are Mutagenic and/or carcinogenic [1-3]. Therefore, industrial effluents
containing dyes need to be treated before being delivered to environment [4, 5]. Treatment of the
effluent from the dyeing and finishing processes in the textile industry is one of the most
significant environmental problems. Since most synthetic dyes have complex aromatic molecular
structures which make them inert and biodegradable difficult when discharged into the
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environment. Colored wastes are harmful to aquatic life in rivers, lakes and Sea where they are
discharged [6-8].

The Murexide (Mu) is an organic compound applied as a complexometric indicator for
complexometric titration of the alkali metal ions in some non-aqueous solutions [9]. It investigated as
promising enhancer of sonochemical destruction of chlorinated hydrocarbon pollutants. The dye
color changes are probably due to the displacement of protons from the imido groups; since there are
four such groups [10].

The methods of color removal from industrial effluents include biological treatment,
coagulation, flotation, adsorption, oxidation and hyperfiltration [11, 12]. Among the treatment
options, adsorption has been found to be superior to other techniques for water treatment in
terms of initial cost, simplicity of design, ease of operation and insensitivity of toxic substances.
Subsequently, the adsorbent can be regenerated or kept in a dry place without direct contact with
the environment [13].

Different adsorbents have been used for the removal from aqueous solutions of various
materials, such as dyes, metal ions and other organic materials includes perlite [14-19],
bentonite [20], silica gels [21], fly ash [22], lignite [23], peat [24], silica [25], etc. AC is the most
employed adsorbent for Mu removal from aqueous solution because of its excellent adsorption
properties. The high adsorption capacity of an AC is associated with its high surface area and
porous structure. Besides these physical characteristics, the adsorption capacity is also dependent
from source of the organic material employed or the production of the AC, as well as the
experimental conditions employed in the activation processes [26-28]. In continuous to the
attempt of other researches by using AC, the work is in progress to applied the AC and evaluate
it capability to removal Mu from water. The chemical structure of Mu is illustrated in Schemel.
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Scheme 1. Chemical structure of Mu.
2. Experimental

2.1. Instruments and Reagents

Stock solution was prepared by dissolving require amount of Mu in double distilled water.
Aqueous solutions of Mu are unstable and must be prepared each day. The test solutions were
prepared by diluting stock solution to the desired concentrations. The concentration of the Mu
was determined at 256 nm. The pH measurements were done using pH/Ion meter model-686 and
adsorption studies were carried out on Jasco model V-570 spetrophotometer (Jasco Co.,
Hachioji, Tokiyo, Japan). All chemicals include NaOH, HCI, KCI, Activated carbon (AC)
(analytical-grade, 40-50 mesh from Merck) and Mu with the highest purity available are
purchased from Merck, Darmstadt, Germany.

2.2. Measurements of Mu adsorption

To study the effect of important parameters like the pH, adsorbent dosage, contact time,
initial dye concentration and temperature on the adsorptive removal of Mu batch experiments
were conducted. For each experimental run, 50 mL of Mu solution of known concentration, pH
and amount of the adsorbent were taken in a 100 mL Erlenmeyer flask with middle magnet. This
mixture was agitated on stirrer at a constant speed in a temperature controlled. Samples were
withdrawn at different time intervals (0—10 min for AC) and kinetics, thermodynamic, isotherm
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and other parameters of adsorption was determined by analyzing of remaining dye concentration
from aqueous solution.

Experiments were carried out at pH=1.0 that the initial pH of the solution was adjusted by
addition of aqueous solutions of HCI or NaOH. The percentage removal of dye was calculated
using the following relationship:

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

where C, (mg/L) and C; (mg/L) are the initial dye concentration and dye concentration at time t,
respectively.

For adsorption isotherms, dye solutions of different concentrations (25-200 mg/L) and at
different temperatures (10-60 °C) were agitated with known amounts of adsorbents until the
equilibrium was achieved. Equilibrium adsorption capacity was calculated from the relationship:

(Co-Ce).V
= 2
e= @
where Cy and C. are the initial and equilibrium dye concentrations in solution, respectively
(mg/L), V the volume of the solution (L) and W is the mass (g) of the adsorbent used [29].

3. Results and discussion
3.1. Effect of particle size

The particle size distribution of AC determined by sieving the samples manually shaking
with stainless steel mesh screens of standard (international ASTM with meshes 10, 20, 30, 40
and 50). For batch adsorption experiments, three different particle sizes viz. 10-20, 20-30 and
40-50 AC mesh were selected and difference in the amount adsorbed was noticed by using
different mesh sizes. Effect of sieve size of adsorbent on the adsorption was studied at 30 +0.5
‘C, 0.4 g of AC, pH=1.0 and Mu concentration of 100 mg/L. Table 1 presents effect of sieve size
of adsorbent on the adsorption at 30 + 0.5 C. It was observed that adsorption was found to
increase with the 40-50 mesh sizes. This is due to increase in the surface area of the adsorbent
and accessibility of the adsorbent pores towards the Mu [30].

Table 1
Effect of different sieve sizes.
Mesh size Amount absorbed (mg/g)
10-20 11.1
20-30 11.3
40-50 11.6

3.2. Effect of pH on Mu adsorption

Solution pH affects both aqueous chemistry and surface binding sites of the adsorbents. The
effect of initial pH on adsorption of Mu was studied from pH 1.0 to 5.0 at 30+ 0.5 °C
temperature, at initial Mu concentration of 100 mg/L, adsorbent dosage of 0.4 g and contact time
of 6 min. The maximum adsorption of the Mu is obtained at pH =1.0. Fig. 1. depicts that the pH
significantly affects the extent of adsorption of dye over the adsorbent and a maximum in the
amount adsorbed with decreasing pH was observed. The acidity constant value of the most acidic
group of the Mu molecule is 1.6. This functional group can be easily dissociated and thus, the
Mu molecule has net negative charges in the working experimental conditions. [31-33].
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Two possible mechanism of adsorption of Mu on the AC adsorbent may be considered: (a)
electrostatic interaction between the adsorbent and the Mu molecule, (b) a chemical reaction
between the Mu and the adsorbent. At acidic pH the H' ion concentration in the system increased
and the surface of the AC acquires positive charge by absorbing H'™ ions. As the pH of the
system increases, the number of negatively charged sites increases and the number of positively
charged sites decreases. Negatively charged surface sites on the AC do not favor the adsorption
of Mu anions due to the electrostatic repulsion. Also lower adsorption of Mu at alkaline pH is
due to the presence of excess OH ions, which destabilize anionic Mu and compete with the Mu
anions for the adsorption sites. The most effective pH was 1.0 and it was used in further studies

[34, 35]. o4
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Fig. 1. Effect of pH on adsorption of Mu (100 mg/L) onto AC (0.4 g/50 mL) at temperature 30 +
0.5°C.

3.3. Adsorbent dosage

The study of adsorbent dosages for removal of the Mu from aqueous solution was carried-
out using mass of AC adsorbent ranging from 0.05 to 0.6 g and fixing the initial Mu
concentration at 100 mg/L. It was observed that highest amount of Mu removal was attained for
adsorbent mass of at least adsorbent (Fig. 2).
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Fig. 2. Effect of AC amount on Mu removal, C, = 100 mg/L at pH= 1.0, agitation speed: 400
rpm and temperature 30 = 0.5 °C.
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For adsorbent masses higher than 0.4 g for 100 mg/L the Mu removal remained almost
constant. Increases in the percentage of Mu removal with adsorbent masses could be attributed to
increases in the adsorbent surface areas, augmenting its number of adsorption sites available for
adsorption, as already reported in several papers [36, 37]. It should be stressed that the addition
of increasing masses (0.05-0.6 g) of AC added to the Mu solution (pH=1.0) did not promoted
remarkable changes at the initial pH of the Mu solution. In order to continue this work, the
adsorbent masses were fixed at 0.4 g at 100 mg L™, since these adsorbent asses correspond to the
minimum amount of adsorbent which lead to a constant and maximum removal of Mu.

3.4. Effect of contact time on Mu removal

The adsorption rate, obtained for Mu adsorption on AC was observed by decrease of the
concentration of Mu within the adsorption medium with contact time. The time necessary to
reach equilibrium for the removal of the Mu molecules at three concentration of 50, 100 and 200
(mg/L) by AC from aqueous solution was established about 6 minutes. After equilibrium, the
amount of adsorbed dye did not change significantly with time in Fig. 3.
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Fig. 3. Effect of contact time on the removal of Mu with initial concentration 100 mg/L at
temperature 30 £ 0.5 °C on optimum condition: AC amount 0.4 g/50mL, agitation speed 400
rpm, contact time 6 minutes and pH=1.0.

At 100 mg/L of Mu, the removal rate in the first varies from 31.4% to 92.3% of the maximum
removal onto AC. For instance, the adsorbents exhibited three stages, which can be attributed to
each linear portion of the figure. The first linear portion was attributed to the diffusion process of
Mu to the adsorbent surfaces [38, 39], hence, was the fastest adsorption stage. This result is
corroborated by the factionary-order kinetic model. The second linear portion was attributed to
intra-particle diffusion, which was delayed process. The third stage may be regarded as the
diffusion through smaller pores, which is followed by the establishment of equilibrium [38, 39].
The surface of AC may contain a large number of active sites and the solute adsorption can be
related to the active sites on equilibrium time. Also up to 90-92.3% of the total amount of Mu
adsorption was found to occur in the first rapid phase (10 min) and thereafter the adsorption rate
was found to decrease. The higher adsorption rate at the initial period (first 6 min) may be due to
too number of vacant sites available at the initial stage. As a result there exist too concentration
gradients between adsorbate in solution and onto adsorbent surface. This increased in
concentration gradients tends to increase in Mu adsorption at the initial stages.
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3.5. Adsorption kinetics study

Kinetic models are used to examine the rate of the adsorption process and potential  rate-
controlling step. The adsorption rate is strongly influenced by several parameters related to the
state of the solid, generally having very heterogeneous reactive surface, and to the
physicochemical conditions under which adsorption is carried out. In order to investigate the
adsorption processes of Mu on the adsorbent, pseudo-first-order, pseudo-second-order, Elovich
and intra-particle diffusion kinetic models were studied.

3.5.1. Pseudo-first-order model

The pseudo-first-order model was described by Lagergren [40]

dq
—L =K, (¢ -qy) (3)
dt

where ¢, and ¢, refer to the amount of dye adsorbed (mg g ') at equilibrium and at any time,
¢t (min), respectively and K, is the equilibrium rate constant of pseudo-first-order adsorption
(min"). Integration of Eq. (2) for the boundary conditions =0 to ¢ and g = 0 to ¢ gives:

K
Log(de -q,) = Logqe 'Fz)s't 4)

The values of log(g. —¢:) were linearly correlated with ¢. The plot of log (g. —¢;) vs. ¢ should
give a linear relationship from which the values of K; were determined from the slope of the plot
(Table 2). In many cases, the first-order equation of Lagergren does not fit well with the whole
range of contact time and is generally applicable over the initial stage of the adsorption processes
(Fig. 4) [41]. The calculated qe values are not close to the experimental qe values which indicate
that the adsorption of Mu onto Ac is not a first order reaction.
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Fig. 4. Pseudo-first-order kinetic model plot for the adsorption of Mu with concentrations 50,
100 and 200 mg/L, at temperature 30 = 0.5 °C on optimum condition: AC amount 0.4 g/50 mL,
agitation speed 400 rpm, contact time 6 min and pH=1.0.
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Table 2
Adsorption kinetic parameters for the adsorption of Mu at temperature 30 = 0.5 °C on condition
optimum: AC amount 0.4 g/50 mL, agitation speed 400 rpm, contact time 6 min and pH=1.0.

Initial Mu concentration (mg/L)

Model parameters 50 100 200
= ki 0.91 0.89 0.91

£

= ge (calc) 1.92 12.82 31.02
ZJ;

w R? 0.99 0.98 0.98
_ Kk, 0.37 0.13 0.62
[«B)

S Qe (calc) 6.16 12.08 2591

S 2
§ K, R? 1.00 0.99 1.00
[¢B)

@ h 14.14 2041 4132
S - Kaisr 0.17 0.31 0.71
£ 9
S 4 C 5.34 10.96 21.93
o E
= O
£ R? 0.86 0.94 0.96

B 1.14 0.46 0.19
S
S o 2.38 5.85 13.87
w
R? 0.90 0.91 0.87
Je (exp) 5.77 11.73 23.65

3.5.2. Pseudo-second-order model

The pseudo-second-order model [42] is represented by the following differential equation

dqy 2
T_Kz(Qe'qt) (5)

where K, is the equilibrium rate constant of pseudo-second-order adsorption (g mg ' min ).
Integrating Eq. (4) for the boundary condition # =0 to ¢ and ¢, = 0 to ¢, gives:

L ©)

4% K,yqf e

The slope and intercept of plot of #/g, vs. t were used to calculate the second-order rate
constant K, (Fig. 5). The values of equilibrium rate constant (K;) are presented in Table 2. The
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correlation coefficients of all examined data were found very high (R* >0.99 and 1.00) and
calculated ge are almost near experimental qe values, This shows that the model can be applied
for the entire adsorption process and confirms that the adsorption of Mu dye on AC follows the
pseudo-second-order kinetic model.

2
¢ 50 (mg/L)
1.6 | ®100 (mg/L)
A 200 (mg/L)
12 F
S 08 |
04 M
0 1 1 1 1 1

Time(min)

Fig. 5. Pseudo-second-order kinetic model plot for the adsorption of Mu with concentrations 50,
100 and 200 mg/L, at temperature 30 £ 0.5 °C on optimum condition: AC amount 0.4 g/50 mL,
agitation speed 400 rpm, contact time 6 min and pH=1.0.

3.5.3. Elovich kinetic equation

The Elovich equation is another rate equation based on the adsorption capacity is given as
follows [43]:

9

— = aexp(- 7
m p(-Bqy) (7

where o is the initial adsorption rate (mg g ' min ') and P is the de-sorption constant (gmg ')

during any one experiment. It is simplified by assuming a § » t and by applying the boundary
conditions qt =0 at t = 0 and qt = qt at t =t Eq. (7) rewrite as followed:

Q, =%Ln(aﬁ)+%Ln(t) ®)

Plot of q; versus In (t) should yield a linear relationship if the Elovich is applicable with a
slope of (1/ B) and an intercept of (1/ B) In (a B) (Fig. 6). The Elovich constants obtained from
the slope and the intercept of the straight line reported in Table 2. The correlation coefficients R
are very wavy and ranged from low value to high value without definite role (Table 2).

3.5.4. Intra-particle diffusion model
The adsorption mechanism of adsorbate onto adsorbent follows three steps: film diffusion,
pore diffusion and intra-particle transport. The slowest of three steps controls the overall rate of

the process. Generally, intra-particle diffusion is often rate-limiting in a batch reactor, while for a
continuous flow system film diffusion is more likely the rate-limiting step. In order to investigate
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the possibility of intra-particle diffusion resistance affecting the adsorption intra-particle
diffusion model [44] was explored.

_ 5
q =Ky t7+C ©)

where K is the intra-particle diffusion rate constant. Fig. 7 represents a plot of g, vs. ¢ %3 for all
adsorbents. It shows two separate regions, the initial part is attributed to the bulk diffusion while
the final part to the intra-particle diffusion. Values of C give an idea about the thickness of
boundary layer (Table 2), i.e. the larger the intercept the greater is the boundary layer effect. The
data indicate that intra-particle diffusion controls the adsorption rate. Simultaneously, external
mass transfer resistance cannot be neglected although this resistance is only significant for the
initial period of time [45].

30
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s 15
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Fig. 6. Elovich kinetic model plot for the adsorption of Mu with concentrations 50, 100 and 200
mg/L, at temperature 30 £ 0.5 °C on optimum condition: AC amount 0.4 g/50 mL, agitation
speed 400 rpm, contact time 6 min and pH=1.0.
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Fig. 7. Intraparticle diffusion model plot for the adsorption of Mu with concentrations 50, 100
and 200 mg/L, at temperature 30 = 0.5 °C on optimum condition: AC amount 0.4 g/50 mL,
agitation speed 400 rpm, contact time 6 min and pH=1.0.
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3.6. Adsorption equilibrium study

Adsorption isotherms are prerequisites to understand the nature of the interaction between
adsorbate and the adsorbent used for the removal of organic pollutants. An adsorption isotherm
describes the relationship between the mount of adsorbate up taken by the adsorbent and the
adsorbate concentration remaining in solution [46, 47]. There are many equations for analyzing
experimental adsorption equilibrium data. The equation parameters of these equilibrium models
often provide some insight into the adsorption mechanism, the surface properties and affinity of
the adsorbent for adsorbate [47- 49].

The parameters obtained from the different models provide important information on the
surface properties of the adsorbent and its affinity to the adsorbate. Several isotherm equations
have been developed and employed for such analysis and the three important isotherms, the
Langmuir, Freundlich, Tempkin, Dubinin-radushkevich and Harkins-Jura isotherms are applied
in this study. The Langmuir isotherm is based on the assumption that the adsorption process
takes place at specific homogeneous sites within the adsorbent surface and that once a dye
molecule occupies a site, no further adsorption can take place at that site, which concluded that
the adsorption process is monolayer in nature.

The Langmuir equation, which is valid for monolayer adsorption onto a completely
homogenous surface with a finite number of identical sites with negligible interaction between
adsorbed molecules, is represented in the linear form as follows: [47]

)t (10)

where K; is the Langmuir adsorption constant (L/mg) and O, is the theoretical maximum
adsorption capacity (mg/g). Figure 8 shows the Langmuir (C./g. vs. C,) plots for adsorption of
Mu at 30 £ 0.5 °C temperature. The value of O, and K; constants and the correlation
coefficients for Langmuir isotherm are presented in Table 3. The isotherms of Mu on AC was
found to be linear over the whole concentration range studies and the correlation coefficients
were extremely high (R* > 0.97) as shown in Table 3.

The Freundlich isotherm [50] is derived by assuming a heterogeneous surface with a non-
uniform distribution of adsorption heat over the surface was presented in the linear form as
follows:

Logqge = LogKf + (%)LogCe (11)

where Ky (L/mg) and n is isotherm constants indicate the capacity and intensity of the adsorption,
respectively. The 1/n factor also indicate heterogeneity factor. Figure 8 shows the Freundlich
(log q. vs. log C,) plots for adsorption of Mu at 30 = 0.5 °C temperatures. Table 3 shows the
Freundlich adsorption isotherm constant and its respective correlation coefficients.

Heat of adsorption and the adsorbent—adsorbate interaction on adsorption isotherms were
studied by Tempkin [51] and its equation is given as:

RT
Ge == Ln(K1Ce) (12)

Eq. (12) can be linearized as:
qe = BpLnKy B LnCe (13)

where Br = RT/br, T is the absolute temperature in K, R the universal gas constant, 8.314 J mol ™'
K ', K7 the equilibrium binding constant (L/mg) and Br is related to the heat of adsorption.
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Table 3

Comparison of the coefficients isotherm parameters for Mu adsorption onto AC.

Temperature
Isotherm models Parameters 303.15 313,15
Langmuir K (L/mg) 0.053 0.051
11 Ly, 1
E_(KIQm)'(C_e) o Qm (mg/g) 12.88 16.78
R’ 0.91 0.97
m 9 -q )2
X
2= 3 (P Tecale Ry 0.16 0.16
i=1 Je.exp
2 0.87 0.66
Freundlich 1/n¢ 1.43 0.77
1
Logde = LogK - +(—)LogCe Kf (L/mg) 0.54 3.69
n
m 9 -q )2
X
2= 3 (P Tecale R? 0.94 0.96
i=1 Je,exp
2 1.82 1.36
Tempkin Kt (L/mg) 0.31 1.36
Br 14.19 7.69
qe =BpLnKp +BrLnCe bt 177.62 338.29
2
q -q )
2= 3 (SR Tecale R 0.97 0.91
i=1 de,exp
2 0.15 0.16
Dubinin-Radushkevich Qm(mg/g) 23.07 14.86
Kx107 0.6 6
Lnge = LnQyy, - kez E (Kj/mol) 288.67 917.43
2
q -q )
2= 3 (5P Tecale R 0.95 0.92
i=1 de,exp
2 1.41 2.58
Harkins-Jura A 5.89 12.59
LI SRR B 10 0.93
qg A A ghe 2 .07 .
- )2
2= 5 deexp Hecale R 0.62 0.66
=1 Je.exp
P 8.63 9.57
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Fig. 8. Langmuir (a), Freundlich (b), Tempkin (c), Dubinin- Radushkevich (d) and Harkins-jura
(e) isotherm models plot for the adsorption of Mu with concentrations 50, 100 and 200 mg/L, at
temperature 30 £ 0.5 °C on optimum condition: AC amount 0.4 g/50 mL, agitation speed 400
rpm, contact time 6 min and pH=1.0.

Fig. 8. shows the Tempkin (g, vs. In C,) plots for adsorption of Mu at 30 = 0.5

°C

temperatures. The constants obtained for Tempkin isotherm are shown in Table 3. The linear
form of Dubinin-Radushkevich isotherm equation can be expressed as [52]

Lnge = LnQyy - ke?
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where Q,, is the theoretical monolayer saturation capacity (mg/g), k is the Dubinin-Radushkevich
model constant (mol” kI ™). €, is the polanyi potential and is equal to

e=RTLn| 1+ (15)
Ce

The mean energy of adsorption, £ (kJ mol "), is related to B as [53]

oL (16)

V2K

The plot of In ¢. vs. € at different temperatures for Mu is presented in Fig. 8. The constant
obtained for D-R isotherms are shown in Table 3. The mean adsorption energy (F) gives
information about chemical and physical nature of adsorption [54].

The Harkins—Jura adsorption isotherm can be expressed as [55]:

1 By 1
— = (—=)-(—)LogC (17)
qg A A ©

where B, and A4 are the isotherm constants. The Harkins—Jura adsorption isotherm accounts to
Multilayer adsorption and can be explained with the existence of a heterogeneous pore
distribution. 1/qe” was plotted vs. log C. (Fig. 8). Isotherm constants and correlation coefficients
are summarized in Table 3.

3.7. Error analysis

In the single-component isotherm studies, the optimization procedure requires an error
function to be defined in order to be able to evaluate the fit of the isotherm to the experimental
equilibrium data. However, the use of R” is limited to solve linear forms of isotherm equation,
but not the errors in isotherm curves. In this study, a Chi-square test was used. The Chi-square
test statistic is basically the sum of the squares of the differences between the experimental data
and data obtained by calculation from models, with each squared difference divided by the
corresponding data obtained by calculation from models [56]. The equivalent mathematical
statement is:

2
m (Qe,ex -q )
X2 _ 3 P e,calc (18)
i=1 de,exp

where geexp 1s experimental data of the equilibrium capacity (mg/g), ge.cauc 1s the equilibrium
capacity obtained by calculating from the model (mg/g). If the data from the model are similar to
the experimental data, x2 will be a small number, if they are different, x2 will be a large number.
Therefore, it is necessary to analyze the data set using Chi-square test to confirm the best-fit
isotherm for the adsorption of Mu on AC. The values of y > for all isotherms at different
temperatures were presented in Table 3. By comparing the values of > for different isotherms, it
was found that Longmuir and Tempkin models best-fit the adsorption of Mu on AC.
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3.8. Thermodynamics parameters

Thermodynamic parameters were evaluated to confirm the adsorption nature of the present
study. The thermodynamic constants of the adsorption systems such as change in Gibb’s free
energy (AGe), change in entropy (ASe), change in enthalpy (AHe), activation energy (E,), and
sticking probability (S*) were calculated to evaluated the thermodynamic feasibility and
spontaneous nature of the process. Therefore, the thermodynamic constants can be obtained from
the following equations:

AG® = -RTLnK, (19)

(0]
AS® = AH® - AG

(20)

where AG- is the free energy change (kJ/mol), R is the universal gas constant (8.314 J/mol K),
Kc the thermodynamic equilibrium constant and 7 is the absolute temperature (K). Values of K¢
may be calculated from the relation In ¢./C, vs. g, at different temperatures and extrapolating to
zero [57, 58]. The thermodynamic parameters are listed in Table 4. AS° can be used to describe
the randomness at the solid-solution interface during the removal process.

Table 4
Thermodynamic parameters.

Temperature (K)
Initial Parameters 283.15 293.15 | 303.15 | 313.15 | 323.15 | 333.15
concentration
(mé(L'l) Ke 8.63 8.42 12.54 14.87 15.56 13.54
100 4.00 7.37 9.83 14.50 15.18 18.11
50 0 -5.07 -5.19 -6.37 -7.03 07.37 -7.39
100 AGT(kImol) | 3¢ 487 | -576 | -696 | -731 | -8.02
Initial
concentration AS° (J/mol K) AH’ (kJ/mol) E. (kJ/mol) S’
(mgL™
50 58.89 11.67 9.02 2.21x10°
100 79.36 18.27 16.79 1.16x10*

Positive values of entropy change and enthalpy show increased randomness and endothermic
nature of the process respectively, whereas the negative values of free energy confirm the
spontaneous nature and feasibility of the adsorption process. The AGe values were decreased as
the temperature was increased from 283.15 to 333.15 K, which is an indication of the physical
adsorption nature of the process. The values of other parameters such as enthalpy change (AH°),
and entropy change (AS°), may be determined from Van’t Hoff equation
AH®  AS®

RT R

LnK, = 1)
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AH°> and AG-° can be obtained form the slope and intercept of Van’t Hoff plot of In Kc vs. 1/T.
The data are presented in Fig. 9 and Table 4.

3.1

29 1

*

27 *

2.5

LnKc

23

2.1

1.9

29 30 31 32 33 34 35

1/T x104(K)

Fig. 9. Van’t Hoff plots for the adsorption of Mu (100 mg/L) onto AC for evaluating
thermodynamic parameters.

The positive values of AH° further confirm the endothermic nature of the adsorption process
and the positive ASe values suggest the increase in adsorbate concentration in solid—liquid
interface indicating thereby the increase in adsorbate concentration onto the solid phase. It also
confirms the increased randomness at the solid—liquid interface during adsorption. This is the
normal consequence of the physical adsorption phenomenon, which takes place through
electrostatic interactions. In order to further support the assertion that physical adsorption is the
predominant mechanism, the values of activation energy (£,) and sticking probability (S$*) were
estimated from the experimental data.

They were calculated using modified Arrhenius type equation related to surface coverage
(0) as follows [36, 58].

. -(£8)
S =(1-0)e (22)

The sticking probability, S*, is a function of the adsorbate/adsorbent system under
investigation, its value lies in the range 0 < $* < 1 and is dependent on the temperature of the
system. The parameter S* indicates the measure of the potential of an adsorbate to remain on the
adsorbent indefinite. The surface coverage 6 can be calculated from the following equation:

_11.Ce
0 {1 . } (23)

(6}

The activation energy and sticking probability were estimated from a plot of In(1— &) vs. 1/T
(Fig. 10). The positive values of Ea indicate the endothermic nature of the adsorption process.
Table 4 indicates that the probability of MU ions to stick on surface of activated carbon is very
high as $*<<1 (Table 4) these values of Ea and S* confirm that, the adsorption process is
physisorption.
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Fig. 10. Plots of Ln(1-0) versus 1/T for the adsorption of Mu (100 mg/L) onto AC for evaluating
coating constant and activation energy.

4. Conclusion

The present investigation showed that is an effective adsorbent for removal Mu from
aqueous solution. The amount of Mu adsorbed was found to vary with initial solution pH, initial
Mu concentrations, contact time, and adsorbent dose. Removal of Mu is pH dependent and the
maximum removal was attained at pH=1.0. The equilibrium adsorption is practically achieved in
6 minutes. It was also a function of adsorbate concentration and temperature of the solution. The
adsorption—desorption study showed that the adsorption was reversible and followed the ion-
exchange mechanism. Adsorption equilibrium data follows Langmuir, Freundlich, Tempkin,
Dubinnin-Radushkevich and Harkins-Jura isotherm models. The equilibrium data fitted very
well in a Langmuir and Tempkin isotherm equations. The kinetic study of Mu onto AC was
performed based on pseudo-first-order, pseudo-second-order, Elovich and intra-particle diffusion
equations. The data indicate that the adsorption kinetics follow the pseudo-second-order rate
with intra-particle diffusion as one of the rate determining steps. The determination of the
thermodynamic parameters (AG", AH', AS", E, and S*) indicates the spontaneous and endothermic
nature of the adsorption process. The positive sign of AS” indicates that the adsorption process
takes place through electrostatic interaction between adsorbent surface and adsorbate species in
solution. The activation energy of adsorption of Mu was found to be 9.02 and 16.79 kJ/mol
indicating that the adsorption process is endothermic with a physical nature. The present study
concludes that the AC could be employed as low-cost adsorbents for the removal of Mu from
aqueous solution in general.
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