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Abstract

The adsorption characteristics of methylene blue (MB) onto spent activated clay (SAC), a waste produced from an edible oil manufacturer was
investigated. Results showed that the adsorption increased with increasing MB concentration, temperature, and pH. The adsorption equilibrium
data was well fitted by multilayer adsorption isotherm. The maximum adsorption capacities for MB ranged from 0.94 x 10~ to 3.41 x 10~* mol/g
between 5 and 45 °C. Thermodynamic parameters suggest that the adsorption is spontaneous and endothermic. We proposed a modified double
exponential equation accounting both with chemical and mathematical point of view to describe the adsorption kinetic data. The increases of mass
transfer and adsorption capacity were mainly attributed to the interlayer of the SAC expanding at higher temperature. An activation energy of
13.5 kcal/K mol was determined suggesting that the adsorption involved a chemical reaction mechanism.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Dyes are widely used in industries such as textiles, pulp mills,
leather, dye synthesis, printing, food, and plastics, etc. Since
many organic dyestuffs are harmful to human being and toxic
to microorganisms, removal of dyestuffs from wastewater has
received considerable attention over the past decades. Various
treatment methods have been developed for decontamination
purposes including coagulation, chemical oxidation, membrane
separation, electrochemical process, and adsorption techniques.
Of the above mentioned techniques, adsorption was recognized
to be a promising and a cost-effective process to remove col-
ors from aqueous solution. Many kinds of adsorbents have been
developed for various applications [ 1-9]. Due to its effectiveness
and versatility, activated carbon is widely employed in water and
wastewater treatment. However, the operating cost of activated
carbon adsorption is high. Problems of regeneration and diffi-
culty in separation from the wastewater after use are the two
major concerns of using this material. This has led to searches
for unconventional adsorbents as alternative adsorbents. The use
of unconventional adsorbent has the following features: (1) it can
be obtained abundant locally and cheaply. Most of them are read-
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ily to be utilized; (2) regeneration of these low-cost substitutes is
not necessary whereas regeneration of activated carbon is essen-
tial. Such regeneration may result in additional effluent and the
adsorbent may suffer a considerable loss; (3) less operation cost
in terms of maintenance and supervision are required for the
unconventional adsorption systems; (4) utilization of industrial
solid waste for the treatment of industrial wastewater is helpful
not only to the environment, but also to reduce the disposal cost.

The activated clay is an expanding 2:1 layer silicate mineral,
which mainly consists of montmorillonites. The specific sur-
face area (SSA) of montmorillonite is about 31-61 m2/g [10,11].
Once it was activated with sulfuric acid, the surface area of acti-
vated clay could increase up to 300 m?/g. As such, the activated
clay also known as bleaching earth is applied to the edible oil
refinery industry to remove color substances and undesirable
residues from crude oil. After the bleaching process, the refin-
ery residue (spent activated clay (SAC)) was disposed directly
into the landfill without considering regeneration. Because this
waste contains about 20-40% (w/w) of residual oil that can oxi-
dize to the point of spontaneous combustion [12], it presents a
fire hazard to the landfill and produces unpleasant odors. In Tai-
wan the annual production of SAC is approximately 2310-5390
metric tonnes [13]. Realizing the beneficial uses of this industrial
waste, Taiwan Environmental Protection Administration (EPA)
has promulgated a resource conservation directive to reuse the
oil processing waste as follows: (1) additives for cement, (2)
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additives for oilseed dregs produced in the edible plant oil indus-
try, (3) raw material for organic fertilizer, and (4) fuel [13].
Other than the above utilization, under proper treatment, this
waste could turn into a useful product, such as (1) extracting
the retaining oil for fuel substitute or animal feed; (2) reused
as an adsorbent in wastewater treatment plants; (3) utilizing it
as clay substitute in the brick and tile manufacturing process
[14-17].

Based on the above viewpoints, a SAC sample generated from
an edible oil refinery company in southern Taiwan was investi-
gated for its potential use as adsorbent for the removal of dyestuff
from aqueous solution. Despite the fact that the production of the
SAC in this company alone is about 2500-3000 metric tonnes
per year, utilization of this waste as an adsorbent has not yet
been considered. Methylene blue (MB), a water-soluble cationic
dye, was used as a target contaminant to characterize the adsorp-
tive properties of this waste. Parameters affecting the adsorption
including initial dye concentration, pH, and temperature were
evaluated. Models to fit the adsorption equilibrium and kinetic
data were presented. Results of this study will be useful for using
this waste as an economic adsorbent in the removal of cationic
dyes from wastewater.

2. Materials and methods
2.1. Spent activated clay

Fig. 1 shows the SEM micrograph of a typical SAC sample at
5000x magnification. The SAC particles were mostly irregular
in shape and porous. A pH of 3.37 was obtained from immersing
it in a solution containing 1:1 (v/v) ration of SAC and distilled
water. The component of this activated clay is SiO» (65-75%),
Al O3 (15-20%), MgO (2.5%), Fe;03 (2%), and CaO (0.5%).
The color of fresh activated clay is white. Once it was used to
remove the color from edible oil, the color of activated clay has
changed from white to brownish. For the purposes of removing
oil and other residues left in the SAC and to recover more activate
adsorption site, the raw SAC sample was treated as follows: (1)
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Fig. 1. SEM image (5000 ).

mix 250 g SAC sample with 2L distilled water; (2) place the
solution in a high pressure cooker (S—328, First Lady, Taiwan)
under a pressure of 10 psi at 100 °C for 15 min; (3) after cooking,
remove the supernatant and rinsed the cooked SAC with distilled
water; (4) run the process from step (1) to (3) for five times
until the color of the supernatant turns white; (5) Oven-dried
overnight and store in a desiccator; (6) measure the oil content
of this treated SAC. This process can extract a large portion of oil
from raw SAC. The oil content of treated SAC dropped from the
original of 13.1 to 2.9%. The oil soxhlet extraction method was
followed by the procedure describe in APHA [18]. The cation
exchange capacity (CEC), BET-N, SSA, and average pore radius
for the treated SAC are 55.7 cmol/kg, 10.1 m2/g, and 6.84 nm,
respectively. CEC was determined according to Taiwan EPA
method NIEA S202.60A [19]. The BET-N; SSA and average
pore radius of the SAC samples were determined by a surface
area analyzer (Coulter SA3100, Beckman). The pHy,. of the
SAC particulates was 2.8 determined by a zeta potential meter
(Laser Zee 3.0, Pen Kem Inc.).

2.2. Dye

MB was purchased from Riedel-de Haén Co. (Germany). The
formula is C;¢HgN3SCI1-3H;0 and the structural formula of the
dye is givenin Fig. 2. The aromatic moiety of MB contains N and
S atoms. In the aromatic unit, dimethylamino groups attach to
it. The aromatic moiety is planar and the molecule is positively
charged.

2.3. Equilibrium adsorption experiments

The experimental procedures for the adsorption equilibrium
as affected by solution pH were described as follows: (1) prepare
a 1-L solution with a constant strength of NaNOs3 (5 x 1072 M)
and different MB concentrations; (2) distribute 100 mL of solu-
tion to a series of 125-mL polyethylene (PE) bottles; (3) adjust
initial pH to cover a range from 2 to 10 by either HCI or
NaOH; (4) add a given amount of air-dried SAC (0.2 g/L) into
the solution; (5) shake these bottles on a reciprocal shaker at
150 excursions/min for 5 h at 25 °C. This contact time was found
to be adequate for reaching equilibrium adsorption based on the
results of kinetic study; (6) at the end of shaking, record the final
pH of the mixed liquor; (7) filter the liquor through a 0.45-pm
filter paper (supor-450, Gelman Sci.) to collect the supernatant;
(8) determine the residual MB concentration in the supernatant.
Blank tests without adsorbent (SAC) in the mixed suspension
were also performed to avoid possible adsorption on the PE
bottles and the filter apparatus used. The residual MB concentra-
tion in the supernatant was analyzed using a spectrophotometer
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Fig. 2. Molecular structure of MB.
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(HACH DR-2010, USA) at a wavelength of 615 nm. The effect
of temperature on adsorption was investigated under isothermal
conditions at 5, 15, 25, 30, 35, and 45 °C by maintaining the mix-
tures in a water circulation bath whose temperature varied within
40.2 °C. The experimental procedures employed for studying
the effect of temperature on the dye adsorption isotherm were
the same as those described in the section above except that the
pH of the mixed solution was adjusted to 5.5 in step (3) and the
temperature was controlled in step (5).

Kinetic adsorption experiments were conducted to establish
the effect of time on the adsorption process and to identify the
adsorption rate. Factors affecting the adsorption rate including
pH and temperature were performed. The general procedures
for kinetic experiments are described as follows: (1) prepare 1 L
solution containing a fixed MB concentration with a constant
ionic strength of NaNO3; (2) adjust solution pH to a desired
value either with 0.1 M HCI or 0.1 M NaOH solution; (3) add a
given amount of the air-dried SAC (0.2 g/L) into the solution; (3)
agitate these solutions on a magnetic stirrer at 300 rpm for 5 h at
room temperature (25 °C); (4) at the completion of preset time
intervals, a 5 mL of solution was taken and immediately filtered
through the 0.45 wm membrane filter to collect the supernatant;
(5) determine the residual MB concentration in the supernatant.
The effect of pH on adsorption rate was conducted by the same
procedures described above except that in step (2) the pH of the
solution was maintained at 3.0 £0.05,5.5+0.1,7.5+0.1, and
9.5 £ 0.05. The effect of temperature on adsorption rate was con-
ducted under isothermal conditions at 15, 25, 30, 35, and 45°C
by maintaining the mixtures in a water circulation bath whose
temperature varied within +0.2 °C. In order to assume maintain-
ing thermal equilibrium, the 1-L bottle was first placed into the
temperature controlled bath for about 0.5 h prior to the experi-
ments. Adsorption capacity of the SAC sample was calculated
as follows:

Co— G

qr = ey
w

where g; (mol/g) is the amount of MB adsorbed at contact time ¢
(min), Cp (mol/L) is the initial MB concentration, C; is the MB
concentration at time (¢), and w (g/L) is the SAC amount in the
solution. All experiments were replicated and the average values
were used in the data analysis.

3. Model fitting
3.1. Isotherm models

A multilayer adsorption isotherm model was applied to fit the
data [20]:

_ QmKICe
(1 = K2Ce)[1 + (K1 — K2)Ce]

q 2
where g is the amount of MB adsorbed at equilibrium; Qy, is the
maximum monolayer adsorption density (original SAC site den-
sity, mol/g); C. is the equilibrium MB concentration (mol/L);
K is the adsorption affinity constant for the first layer; K, rep-
resents the adsorption affinity for subsequent multilayer. If the

value of K3 is assumed to be negligible on the overall adsorption,
Eq. (2) is reduced to the Langmuir isotherm equation:

_ QmKICe

= 3
1 1+ KCe ©)

3.2. Kinetic models

A double exponential equation (DEE) accounting both with
chemical and mathematical point of view was used to describe
the adsorption kinetics of MB onto SAC. This model is based
on a mathematical solution to describe a two-step mechanism
[21]:

D D>
qt = qge — o exp(—Kp, 1) — o exp(—Kp,1) 4)

where g is the amount of MB adsorbed (mol/g) at equilib-
rium, D and D, (mol/L) are the adsorption coefficients of the
rapid and the slow steps, respectively, and K p, and K p, (1/min)
are the mass transfer coefficients of the rapid and slow phase,
respectively. The DEE can be considered as a diffusion model
because K p, and K p, are the diffusion parameters controlling
the overall kinetics. The rapid-step mass transfer coefficient,
K p,, covers both external and internal diffusion while the slow-
step K p, takes into account intraparticle diffusion. The external
mass transfer, k. (m/min), and internal mass transfer, k; (m/min),
can be calculated as follows [21]:

Co

— &)
Co — Ceq

KD] = (ke + ki)Sew

Co

KDZ = kISIwCO — Ceq (6)
where S, and S; are the external and internal surface area (m2/ 2),
respectively, Ceq is the equilibrium solute concentration (mol/L).
The DEE can be used to explain the adsorption process involved
with two different adsorption sites. Fletcher et al. [22] used K p,
and K p, as kinetic rate constants and used them to describe the
adsorption of methanol and ethanol on organic porous structures.
A graphical computer software, viz. KaleidaGraph™ [23], was
used to solve the above kinetic and equilibrium equations.

4. Results and discussion
4.1. Equilibrium studies

4.1.1. Effect of pH on the adsorption equilibrium

The effect of solution pH on the amount of MB adsorbed was
studied by varying initial pH under different MB concentrations
at 25 °C. The results of percentage MB removal versus equi-
librium pH are shown in Fig. 3. It was found that an increase
initial MB concentration lead to a decrease in the MB removal
efficiency. In other words, the percentage MB removed was
inversely proportional to the surface loading (initial MB con-
centration divided by adsorbent concentration). A higher surface
loading leads to a greater competition of MB ions themselves
with a fixed surface adsorbing sites. Consequently, aless removal
efficiency resulted. As shown, the removal efficiency of MB
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Fig. 3. Effect of pH on the removal of MB by spent activated clay. Experimental
condition: SAC 0.2 g/L; NaNO3 5 x 10~2 M; contact time 5 h; 25 °C.

increased with increasing pH. An abrupt increases in the MB
removal was found at pH range from 2.0 to 6.5. The extent of
adsorption was observed to become nearly constant at pH values
greater than 6.5. More than 95% removal was found over the pH
ranges of 6.5-9.5. The solution pH appears to be a key factor
affecting the adsorption characteristics of MB onto SAC. The
strong dependence of adsorption on pH could be attributed to the
fact that the surface charge of SAC was greatly affected by solu-
tion pH. Increasing solution pH resulted in an increasing surface
potential allowing for the adsorption of the basic MB dye. When
the solution pH is greater than the pH,p, the negative charged
SAC surface is favorable for the adsorption MB dye. Since the
edges of activated clay are identical to the surface of a mixture
of oxides, it acts similar to those oxide surfaces providing affin-
ity sites for MB adsorption. The degree of adsorption would be
influenced by the development of pH-dependent charge on the
edges (or so called layer charge) due to acid base reactions of
surface groups. Thus, the pH dependent adsorption of MB onto
SAC may be described as follows:

S-OH + MB" = S-O-MB + H" (7a)
or
S-0~ +MB" = S-O-MB (7b)

where S represents the active surface functional groups includ-
ing the silanol (Si—O™) and aluminol (Al-O7) sites; S—OH and

Table 1
Isotherm fitting constants for the adsorption of MB onto SAC
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Fig. 4. Effect of temperature on the isotherm for MB adsorption onto spent
activated clay. Solid lines are the best fit of multilayer model.

S—O refer to neutral and ionized surface hydroxyl functional
groups.

4.1.2. Adsorption isotherms

Fig. 4 shows the effect of temperature on the MB adsorp-
tion isotherms. As shown the amount of MB adsorbed increased
with increasing temperature. The solid lines in Fig. 4 are the
best fits of the multilayer model (Eq. (2)). The maximum mono-
layer adsorption density (Qn) and the corresponding equilib-
rium constants (K| and K5) are listed in Table 1. The high
value of the correlation coefficient (#2>0.90) indicates that
the experimental data were well correlated by the multilayer
model. It is visualized that the isotherms exhibited two identi-
cal adsorption characteristics. A monolayer type of isotherm
was found for the experiments of 5, 15, 25°C and a multi-
layer type for above 30°C. As shown in Table 1, the values
of O are 9.4 x 107>, 1.73 x 1074, 2.44 x 1074, 2.77 x 1074,
2.98 x 1074, and 3.41 x 10~* mol/g, respectively, for 5, 15, 25,
30, 35, and 45 °C. It is speculated that the interlayer of the SAC
were enlarged allowing more MB adsorption under a higher
temperature condition. For the experiments above 30 °C, the
K> values remain relatively constant suggesting the multilayer
adsorption was not greatly affected by changes in the tempera-
ture. The K values (5.46 x 10°-9.89 x 107 L/mol) were indeed
much greater than those of K> (361-4272 L/mol), indicating that
the adsorption affinity of the first layer was much higher than that
of the subsequent multilayer. The results revealed that the magni-

Temperature (°C)

5 15 25 30 35 45

Om (mol/g) 0.94 x 10~* 1.73 x 1074 244 x 1074 2.77 x107% 298 x 104 3.41x 1074
K, 5.46 x 10° 6.48 x 10° 9.39 x 10° 9.45 x 10° 9.68 x 10° 9.89 x 10°
K> 0 0 0 361 3620 4272

2 0.931 0.964 0.941 0.959 0.970 0.900
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Table 2
Comparison of adsorption capacity of methylene blue on various adsorbents
Adsorbent SSA (m*/g) pH Temperature (°C) Om (mol/g) K (L/mol) References
Clay minerals
SAC 10.1 5.5 25 244 x10~* 9.39 x 10° This study
Clay 30 NA 20 1.98 x 1073 2.49 x 102 [24]
Bentonite NA NA 25 3.80 x 1074 2.10 x 100 [25]
Thermal-bentonite NA 9 25 4.61x 107 1.53 x 10° [26]
SDS-bentonite NA 9 25 426 x 1073 3.96 x 10° [26]
Waste materials
Sludge 493.6 NA 25 229 x 10~* 5.55 x 10° [27]
Orange peel 22.1 7.2 30 551 %1073 6.72 x 109 [28]
Fly ash 6.52 8 30 149 x 1073 2.02 x 10° [29]
Sludge ash 3.7 9.8 24 5.00 x 107° 429 x 10° [4]
Coal fly ash 5.47 NA 22 3.60 x 1076 1.47 x 10 [30]
Lignite coal 7.6 NA 20 1.20 x 1077 2.85x 107 [31]

Note: NA means not available. K is the Langmuir adsorption constant. Specific surface area was all determined by BET-N, method.

tude of adsorption increased with increasing the solution temper-
ature, suggesting that the adsorption reaction was endothermic
in nature. A comparison of MB adsorption capacities of vari-
ous adsorbents is given in Table 2. It is seen that our results
(2.44 x 10~* mol/g) are quite similar to the investigations of
sludge (2.29 x 10~* mol/g) and bentonite (3.80 x 10~* mol/g).
The MB adsorption capacity and the adsorption affinity con-
stants of SAC are much higher than other low-cost adsorbents
such as fly ash, lignite coal, and orange peel. Variation in MB
adsorption capacity and affinity is mainly attributed to the dif-
ferences in experimental condition conducted and properties of
adsorbent such as specific surface area.

The following thermodynamic parameters for the present sys-
tem were determined, including the variation of free energy
(AG®), enthalpy (AH®), and entropy (AS°®):

AG®° = —RT In K 8)
AS®  AH° 1

mhK=— -2 — )
R R T

where R is the universal gas constant (1.987 cal/mol K); T is the
absolute temperature (K); K is the equilibrium constant (L/mol).
The values of AH° and AS° were determined from the slopes
and intercept, respectively, from the van’ Hoff plots. The calcu-
lated thermodynamic parameters based on the above functions
are listed in Table 3. Because all AG® values are negative, it
suggests that the adsorption process is spontaneous with high
preference of MB for SAC. As shown, the magnitude of free
energy for first layer adsorption (A GY) is much higher than that
of the subsequent multilayer (AG?3). For the multilayer adsorp-
tion, dye adsorption within the multilayer was attributed to the
attachment of dye to the surface and to the subsequent layer.

Table 3
Thermodynamic parameters for the adsorption of MB onto SAC

Thus, not only the adsorption affinity has a same order of mag-
nitude, but also the adsorption energy would be much smaller
than the monolayer. Generally, the value of AG® for physical
adsorption is less than —4.7 kcal/mol while chemisorption is in
the range of —19 through 95 kcal/mol [32]. As shown in Table 3,
the values of AGY{ for the monolayer adsorption are in the mid-
dle of physical adsorption and chemisorption. For the multilayer
adsorption with AG3 ranging from —4.94 to —5.16 kcal/mol
suggest that the adsorption process is a typical physical process.
The values of AH} (2.91kcal/mol) and A S} (36.8 cal/mol K)
are positive, suggesting that the adsorption is spontaneous and
endothermic.

4.2. Kinetic studies

4.2.1. Effects of pH

Fig. 5 shows the amount of MB adsorbed on SAC with time
under different solution pHs. The solid lines represent the best
fit of Eq. (4) to the experimental data. Table 4 lists the corre-
sponding model fitting parameters, i.e. D1, D2, Kp,, and Kp,.
The high 72 (all >0.96) indicated that the data was well corre-
lated to the DEE model. It is of interested to note that the fitting
parameter for the rapid-step and slow-step are equal. As stated
previously, the DEE may also be used to describe the adsorption
of two different sites. In our case, since the parameters D and
D; are equal and Kp, and K p, are also equal, it is suggested
that the process is involved with one adsorption site. A modified
DEE is expressed as:

Dt
qr = qe — W exp(—Kp?) (10)

AG?/ at temperature (kcal/mol)

AH} (kcal/mol) AS7 (cal/mol K)

5°C 15°C 25°C 30°C 35°C 45°C
First layer -7.32 —7.59 —8.14 —8.28 —8.44 —8.72 291 36.8
Multilayer - - - —3.55 —4.94 —5.16 - -
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Fig. 5. Effects of pH on the adsorption kinetics of MB onto spent activated clay.
Solid lines represent the best fit of double exponential equation.

where Kp is the mass transfer coefficient, Dt is the overall
adsorption coefficient which equals to 2D or 2D,. Values of
Dt and Kp are listed in Table 4. These values indicated that
increased pH could increase the mass transfer and the sorption
affinity.

Considering only one active site taking place during adsorp-
tion, the external mass transfer, k., and the internal mass transfer,
ki, will be equal. In addition to that, only one apparent specific
surface area of St (m2/g) is considered. Thus Egs. (5) and (6)
yield:

Co

Kpr = kStw————— (11)
DT T CO_Ceq

where k is the overall mass transfer. Values of Kpt were listed
in Table 5. Values of w and Cy are 0.2 g/LL and 3.3 x 1075 M,
respectively. St is 10.1 (m?/g) as determined by BET-N, method.
Based on Eq. (11), value of k was obtained (Table 4) for pH 5.5

at 25°C. Results show that the mass transfer increased with
increasing solution pH. By derivation of Eq. (10), the overall

0.0002 T T T T T T T T B

0.00015

S [
_'_g 0.0001 [p 7
= I —-15°C MB 338x10° M |
_ —=-25°C NaNO, 5x102 M |
5107 e pH 5.5 .
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O I 40 8;) IEIO I()IO 2(?:0 24IG ‘ 280
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Fig. 6. Effects of temperature on the adsorption kinetics of MB onto spent acti-
vated clay. Experimental conditions: SAC 0.2 g/L; pH 5.5; MB 3.38 x 107> M;
25 °C. Solid lines represent the best fit of double exponential equation.

rate constants, rr, become:

dg: Dr
rr = — = — Kprexp(—Kpr?) (12)
dt w
Att=0, the overall initial rate 1, (mol/min g) can be determined:
Dt
o= —~ Kpr (13)

The obtained values of r1, are listed in Table 4. These results can
be used to interpret with respect to the adsorption mechanism
that is strongly affected by the solution pH. It is further confirmed
that the adsorption rate increases with increasing solution pH.

4.2.2. Effects of temperature

The effect of temperature on the adsorption kinetics was
investigated under isothermal conditions in the temperature
range of 15-45 °C. The temperature dependence of MB adsorp-
tion kinetics is shown in Fig. 6. The experimental results indicate
that the magnitude of adsorption is proportional to the solution

Table 4
Fitting parameters for DEE and modified DEE at various pHs
pH
3.0 5.5 7.5 95
ge (mol/g) 1.42x 1074 1.52 x 107 1.535x 1074 1.595 x 1074
Ceq (mol/L) 4.6x107° 2.6 x 1076 23x 1076 1.I1x107¢
Fitting parameters for DEE
D; (mol/L) 1.304 x 1073 1.278 x 10~ 1417 x 1073 1.537 x 10~
Kp, (1/min) 0.0134 0.0201 0.0377 0.1922
D, (mol/L) 1.304 x 1073 1.278 x 10~ 1417 x 1073 1.537 x 10—
K p, (1/min) 0.0134 0.0200 0.0377 0.1924
2 0.991 0.960 0.994 0.988
Fitting parameters for modified DEE
Dr (mol/L) 2.608 x 1072 2.556 x 1073 2.834 x 1073 3.074 x 1073
Kpr (1/min) 0.0134 0.0201 0.0377 0.1922
k (m/min) 5.70 x 1073 9.16 x 1073 1.74 x 1072 9.20 x 1072
rTo (mol/min g) 1.69 x 107° 2.56 x 1076 5.40x 1076 2.96 x 1073
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Table 5
Fitting parameters for modified DEE at various temperatures

Temperature (°C)

15 25 30 35 45
e (mol/g) 1.49 x 1074 1.52x 1074 1.613x 1074 1.639 x 10~4 1.65x 1074
Ceq (mol/L) 4x10°° 2.6 x 107° 1.54 x 107° 1.02 x 107° 8 x 1077
Fitting parameters for DEE
D; (mol/L) 1.266 x 10~ 1.278 x 10~ 1.480 x 107 1.486 x 1073 1.571 x 1073
Kp, (min~') 0.0147 0.0201 0.0291 0.0464 0.1117
Dy (mol/L) 1.266 x 1072 1.278 x 1073 1.480 x 1073 1.486 x 1072 1.571 x 1073
Kp, (min™") 0.0137 0.0200 0.0833 0.1049 0.1113
0.971 0.960 0.985 0.985 0.995
Fitting parameters for modified DEE
Dr (mol/L) 2.532 % 1073 2.556 x 1073 296 x 1073 2.972 x 1073 3.142 x 1077
Kpr (1/min) 0.0095 0.02001 0.0290 0.0420 0.0882
k (m/min) 4.16 x 1073 9.16 x 1073 1.37 x 1072 2.02 x 1072 426 % 1072
rro (mol/min g) 1.798 x 1076 2.560 x 1076 8.318 x 107° 1.124 x 1073 1.752 x 1073

temperature. Results show the amount of MB adsorbed increased
from 1.49 x 107 to 1.65 x 10™* mol/g when the temperature
increased from 15 to 45 °C. The results of DEE model fitting
shows the experimental data were well correlated with DEE
model (#2>0.96) (Table 5). As shown in Table 5, the magni-
tude of Kp, and Kp, values indicates that temperature plays
an important role affecting the mass transfer in the adsorption
process. Both Kp, and K p, increased with the rise of temper-
ature. It is speculated that the interlayer of SAC was enlarged
under a higher temperature condition, therefore increasing its
mass transfer of MB onto SAC.

In Table 5, it can be seen that the value of D; and D, are
all equal for different temperatures. Theses results give us more
confidence in the hypothesis of the one-site adsorption mech-
anism. Hence, the overall adsorption coefficient, Dt is used
(Table 5) to account the sum of D; and D;. The adsorption
process apparently speeds up as the temperature increases. The
value of Kp in Eq. (10) is related to the temperature:

Kpr = K25(0)7 % (14)

where T is the temperature (°C), Kpt (1/min) is the mass trans-
fer constant at T, K»5 is the mass transfer constant determined
at 25°C (1/min), and 6 is the temperature coefficient. The MB
molecular diameter is 0.941 nm based on the value of apparent
area 69.6 A2 [4]. Because the montmorillonite has an expand-
able interlayer spacing of 1.314 nm, the MB molecule should
be able to enter the interlayer. As mentioned before, the inter-
layer spacing enlarged at a higher temperature and shrunk at a
lower temperature. Therefore, the temperature coefficient can
be treated as an expanding coefficient for the expandable inter-
layer of SAC. A value of 6 1.078 for temperature between 15 and
45 °C was determined on the basis of K p, and K p, values listed
in Table 5. According to Eq. (14), the values of Kpt were deter-
mined (Table 5). As shown, a marked increase in Kpt occurs
as temperature increased from 25 to 45 °C while it decreased as
the temperature lowered to 15 °C.

The activation energy of the adsorption process, E, was cal-
culated using the Arrhenius equation:

E

In(Kpt) = In(A) RT (15)
where A is referred to as the Arrhenius factor; R is the universal
gas constant (1.987 cal/mol K); T is the absolute temperature
(K). The rate constant Kpr listed in Table 5 was applied to
estimate the activation energy of the adsorption. A value of
13.5 kcal/mol for E was obtained from the slope of an In(Kpr)
versus 1/T plot with a 7% of 0.999. Because the value of E is
high, it is concluded that the adsorption kinetic of MB onto
SAC involved a chemical reaction in the adsorption process.

5. Conclusions

The adsorption of MB onto spent activated clay is favored
at high pH and higher temperature. The removal of methylene
blue by adsorption on spent activated clay was found to be rapid
at the initial period of contact time and then slows down with
increasing reaction time. A modified double exponential equa-
tion (DEE) accounting both with chemical and mathematical
point of view was used to describe the adsorption kinetics of
MB onto SAC. We have developed a one-site adsorption pro-
cess on the basis of the DEE model to fit the kinetic data.
Results show that the mass transfer rate speeds up with increas-
ing solution pH and temperature. The interlayer of the SAC
sample expanded with increasing temperature and resulted in
an increase of mass transfer and adsorption capacity. An acti-
vation energy of 13.5kcal/Kmol was determined suggesting
that the adsorption involved a chemical reaction mechanism. A
non-linear multilayer adsorption isotherm was used to describe
the equilibrium adsorption isotherms. Results show that the
isotherm exhibits a monolayer type of adsorption below 30 °C
while it behaves as a multilayer at temperature above 30 °C.
Thermodynamic parameters suggest that the adsorption is spon-
taneous and endothermic. This study showed that the SAC could
be used as an adsorbent to remove MB dye from aqueous
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solution. The SAC treated with a high pressure process has a
maximum adsorption capacity of 2.44 x 10~* mol/g at pH 5.5
and 25 °C. It is expected that a greater MB adsorption capacity
would be resulted under an alkaline condition. Results of this
study will be useful for future scale up using this waste material
as a low-cost adsorbent for the removal of cationic dyes.
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