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In this study, calcined Lapindo volcanic mud (LVM) was used as an adsorbent to remove an anionic dye,
methyl orange (MO), from an aqueous solution by the batch adsorption technique. Various conditions
were evaluated, including initial dye concentration, adsorbent dosage, contact time, solution pH, and
temperature. The adsorption kinetics and equilibrium isotherms of the LVM were studied using pseudo-
first-order and -second-order kinetic equations, as well as the Freundlich and Langmuir models. The
experimental data obtained with LVM fits best to the Langmuir isotherm model and exhibited a maximum
adsorption capacity (qmax ) 0f 333.3 mg g~'; the data followed the second-order equation. The intraparticle
diffusion studies revealed that the adsorption rates were not controlled only by the diffusion step. The
thermodynamic parameters, such as the changes in enthalpy, entropy, and Gibbs free energy, showed
that the adsorption is endothermic, random and spontaneous at high temperature. The results indicate
that LVM adsorbs MO efficiently and could be utilized as a low-cost alternative adsorbent for the removal
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of anionic dyes in wastewater treatment.
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1. Introduction

Many textile and printing industries that use dyes and pigments
release a large amount of highly colored effluent in their wastew-
ater. Improper treatment and discharge of this wastewater into
receiving streams can cause damage to the environment because
the dyes prevent sunlight and oxygen penetration, and therefore,
they can significantly affect photosynthetic activity in aquatic sys-
tems [1]. In addition, some dyes degrade into compounds that have
toxic, mutagenic or carcinogenic influences on living organisms.
Azo dyes can be particularly toxic upon degradation, and this class
of dyes is widely used in many industries today [2].

Various techniques have been used to remove dyes from colored
wastewater, including biological treatment, adsorption, chemical
oxidation, coagulation, membrane filtration and photochemical
degradation. Among them, adsorption has become the most pop-
ular technique because of its effectiveness, operational simplicity,
low cost and low energy requirements. In the past few years, many
waste materials or by-products have been investigated as adsor-
bents for removing dyes from water; some examples include fly
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ash [3], wheat straw [4], banana pith [5], sugar cane dust [6], and
sludge [7]. The use of clay materials such as montmorillonite [8],
zeolite [9], bentonite [10] and kaolinite [11] as adsorbents also has
received much attention because the unique structural and sur-
face properties of these materials offer high chemical stabilities
and specific surface areas that lead to high adsorption capacities
[12].

Lapindo mud (known as LUSI) is the type of volcanic mud that
covers an area of >6.5 km? and has dislocated >30,000 people since
the volcano’s first eruption on May 29, 2006 in the subdistrict of
Porong, Sidoarjo in East Java, Indonesia [13]. As of October 30,
2008, the mud is flowing at a rate of 100,000 m3 (3,520,000 cubic
feet) per day, and this rate is expected to continue for the next 30
years [14]. At the moment, the mud flow is contained by levees,
but further breakouts are possible. Therefore, finding uses for the
mud, especially on an industrial scale, would be beneficial from
environmental and economical points of view.

The aim of the present work is to investigate the possibility of
using Lapindo volcanic mud (LVM) for the adsorptive removal of
methyl orange (MO) from aqueous solution. MO serves as a model
compound for common water-soluble azo dyes, which are widely
used in chemical, textile and paper industries. These dyes are par-
ticularly harmful to the environment. The adsorption efficiency
of MO was studied by optimizing experimental variables such as
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initial MO concentration, LVM dosage, solution pH and tempera-
ture. The properties of LVM were characterized by XRD, surface
area analysis and FESEM. The reaction kinetics and thermodynam-
ics for the adsorption were also investigated. As the best to our
knowledge, this is a novel study on LVM for adsorption of dyes.

2. Experimental
2.1. Materials

LVM is dry, grey-colored clay and was purchased from Sidoarjo,
Indonesia. It was calcined at 550 °C prior to use to remove water
and hydrocarbons. LVM was sieved by using a sieve set and then
was collected in the range of 104 and 150 wm. Analytical grade
methyl orange (C14H14N3Na03S; molecular weight 327.33) was
obtained from Merck and was used as received. The dye solution
was prepared at the desired concentration using Milli-Q water.

2.2. Characterization of LVM

The composition of LVM was determined on a Bruker AXS
(S4 Pioneer) X-ray fluorescence spectrometer, and the crystalline
structure was obtained on a Bruker AXS D8 Automatic Powder
Diffractometer using Cu Ka radiation with A =1.5418A at 40kV
and 40 mA, over the range of 26 =0-40°. The specific surface area
of the LVM was measured using the Brunauer-Emmet-Teller (BET)
method. The results were obtained by means of the N, adsorp-
tion at 77 + 0.5 K using a Quantachrome Autosorb-1 analyzer. Prior
to analysis, all samples were degassed under vacuum at 110°C
for 12 h. The morphological features and surface characteristics of
the samples were obtained from field emission scanning electron
microscopy (FESEM) using a JEOUL JSM-6701F scanning electron
microscope at an accelerating voltage of 15 kV. The samples were
coated with platinum by electro-deposition under vacuum prior to
analyses.

2.3. Batch adsorption experiments

Adsorption measurements on LVM were carried out in batches.
A desired amount of the adsorbent was added to 50 mL of the MO
solution (various concentrations). The desired pH was achieved by
adjustment with 0.1 M HCl or 0.1 M NaOH. The mixture was stirred
magnetically at room temperature and 300 rpm, and samples were
withdrawn from the experimental flask at pre-determined time
intervals until the adsorption equilibrium was reached. Next, the
dye solution was separated from the adsorbent by centrifugation
(Mikro 120, Hettich, UK) at 13,200 rpm for 20 min. The supernatants
were filtered using a Millex-HN filter (Millipore 0.45 mm) to ensure
that the solutions were free of adsorbent particles prior to measur-
ing the residual dye concentration. All experiments were carried
out in triplicate.

2.4. Dye concentration and removal capacity

The concentration of MO was determined spectrophotometri-
cally using a UV-visible spectrophotometer (model Genesys 10
UV/Vis Scanning, Thermo Electron, UK) by taking measurements
at the absorbance maximum (478 nm). A calibration curve was
plotted between the absorbance and the concentration of the
MO solution to obtain the absorbance-concentration profile. The
amount of MO uptake per unit of adsorbent (q) was calculated using
the following equations:

a=(G—Co)x - ()

Table 1

Physical and chemical properties of Lapindo volcanic mud.
Constituent wt.%
SiO; 53.40
Al;03 23.80
Na,0 5.59
Fe203 547
cl 2.89
MgO 2.62
Cao 2.40
K;,0 1.63
SO3 1.24
TiO, 0.63

Specific surface area 4559m? g!

where G; is the initial MO concentration (mgL~1), Ce is the MO con-
centration at the adsorption equilibrium (mgL-1), V is the volume
of MO solution (L), and m is the weight of the LVM (g).

3. Results and discussion
3.1. Characteristics of the adsorbent material

The physico-chemical properties of LVM are shown in Table 1.
SiO, and Al,0O3 are the major constituents of the LVM, although
other oxides are present in smaller amounts. The surface morphol-
ogy of the LVM was observed by FESEM analysis (Fig. 1). The image
shows that LVM particles are soft clumps that are mainly composed
of irregular and porous particles. X-ray diffraction (XRD) can be
used to determine the bulk structure of a material and can also
provide information about the composition of a material that has a
crystalline structure. The XRD pattern of LVM shows that the major-
ity of this material is an amorphous phase (Fig. 2). Also, quartz
accounts for the crystal phase that is present in the LVM.

3.2. Adsorption studies

3.2.1. The effect of pretreating the adsorbent

Pretreatment of the adsorbent (e.g., autoclaving, drying, and
washing with acid or base) enhances the adsorption efficiency
[15]. Herein, the adsorption capacities of LVM samples that were
exposed to washing and calcination pretreatments were compared
(Fig. 3). The washed and calcined LVM had higher adsorption
capacity than wet LVM, and the highest adsorption capacity
(110.26 mg g~!) was achieved with LVM that had been washed and
calcined (after 30 min of contact time). This excellent adsorption
capacity can be attributed to the fact that the organic impuri-
ties adsorbed on the surface of wet LVM were eliminated during
the calcination at 550°C; as a result, the surface area increased,
which enabled better adsorption of MO. In addition, throughout
the heating process, calcium oxide in the LVM might be converted
to a porous Ca-based material, which may enhance the adsorption
capability of the LVM [16]. Therefore, this washing and calcining
procedure was applied to the LVM that was used in the subsequent
studies.

3.2.2. The effect of pH

MO exists in a basic form when dissolved in aqueous solutions
(Fig. 4a). In a solution becoming more acidic, its color changes
from yellow to orange and finally to red with pH from 4.4 to 3.1.
The adsorption band at 464 nm in acidic solution of MO should be
assigned to the contribution of hydrazone structure to the reso-
nance (Fig. 4b) [17].

The pH of the solution is one of the most important process
parameters for controlling the adsorption. Fig. 5 shows the effect
of pH value (in the range of pH = 3-10) on the adsorption of MO onto



A.A. Jalil et al. / Journal of Hazardous Materials 181 (2010) 755-762 757

Fig. 1. Scanning electron microscopic images of LVM.

LVM. The maximum adsorption capacity (66 mgg~') was attained
atpH 3. According to Table 1, the major constituents of LVM are SiO,
and Al, 03, which develop charges when in contact with water [3].
Protonation of the silica present in LVM likely occurred, facilitating
diffusion and providing a more active LVM surface. Al, 03, a typical
amphoteric oxide, dissolves in a strong acid to give Al3* ions which
then attracted to more stable negatively charged MO molecules
(Fig. 4b), resulting in greater adsorption. However, the adsorp-
tion capacities decreased significantly when the pH of the system

Fig. 2. XRD pattern of Lapindo volcanic mud.

Fig. 3. Effect of LVM pretreatment (initial concentration 200mgL~!, adsorbent
dosage 0.5gL1, initial pH 3).

was increased, and remained nearly constant over the pH values
of 5-10. The higher pH value reduced the number of positively
charged sites and raised the number of negatively charged sites,
creating electrostatic repulsion between the negatively charged
surface of the LVM and the anionic MO molecules. As a result, there
was in a significant reduction in the removal of MO from the solu-
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Fig. 4. (a) Basic and (b) acidic structures of methyl orange.

Fig. 5. Effect of pH on adsorption of MO on LVM (adsorbent dosage 2.0g L', initial
MO concentration 100 mgL-1).
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Fig. 6. Effect of initial concentration of the MO on LVM (adsorbent dosage 0.5gL-1,
initial pH 3).

tion. Moreover, the presence of some alkali metal oxides in LVM
also provided an abundance of hydroxyl anions when the material
was in contact with water, and these anions competed with the
anionic MO molecules for the adsorption sites, which resulted in
lower adsorption of MO [18].

3.2.3. The effect of initial MO concentration

Experiments were carried out at different initial concentrations
of MO while the other parameters were kept constant. As shown in
Fig. 6, the adsorption capacity improved with increased initial dye
concentrations. A higher initial dye concentration led to an increase
in the mass gradient between the solution and the LVM, which then
functions as a driving force for the transfer of dye molecules from
bulk solution to the LVM surface [3]. At an MO concentration of
300 ppm, the maximum adsorption capacity was 150mgg-! after
a contact time of 30 min.

3.2.4. The effect of adsorbent dosage

Fig. 7 shows the effect of varying the adsorbent dosage from 0.25
to 2gL-1 of LVM. The adsorption capacity of MO increased with
decreasing adsorbent dosage, and the highest adsorptive capac-
ity (110mgg-1) was achieved using 0.25gL~! of LVM. A lower
absorbent dosage means that a smaller overall total surface area of
LVM is exposed, and hence, more MO anions were adsorbed onto
the surface per gram unit of LVM, which led to the higher adsorption
capacity.

Fig. 7. Effect of LVM dosage (initial concentration 100 mgL-1, initial pH 3).

Fig. 8. Effect of temperature on adsorption of MO onto LVM (initial concentration
200mgL-1, initial pH 3, adsorbent dosage 0.5 gL-!, contact time 2 h).

3.2.5. The effect of temperature

The effect of temperature on MO adsorption of four different
initial concentrations (50, 100, 200 and 300 mg L~1) was studied in
the temperature range of 303-323 K, and the results were shown
for 200mgL-! initial concentration as an example in Fig. 8. It
was observed that the adsorption capacity of MO increased with
increase in temperature may be due to the enlargement of the
pore sizes of adsorbent particles at elevated temperatures. Similar
trends also observed for all concentration of MO solutions studied,
indicating endothermic nature of the adsorption of MO onto LVM
[19].

3.3. Adsorption isotherms

In this study, two commonly used models, the Freundlich
[20] and Langmuir [21] isotherms were applied to understand
the dye-clay interaction. The Freundlich isotherm is an empiri-
cal equation that assumes that the adsorption surface becomes
heterogeneous during the course of the adsorption process. The
heterogeneity arises from the presence of different functional
groups on the surface and from the various adsorbent-adsorbate
interactions. The Freundlich isotherm is expressed by the following
empirical equation:

qe = KgCo/™ )

In logarithmic form, Eq. (2) can be represented as
1
log ge = log K¢ + n log Ce 3)

where ge is the amount of MO adsorbed per unit of adsorbent
at equilibrium (mgg~1), Ce is the concentration of the dye solu-
tion at equilibrium (mgL-1), Kz and n are Freundlich adsorption
isotherm constants, which indicate the extent of the adsorption
and the degree of nonlinearity between the solution concentration
and the adsorption, respectively. The values of Kg and n can be cal-
culated from the intercept and slope of the linear plot between
log Ce and log ge (Fig. 9a) and are listed in Table 2. In general, as the
Kg value increases, the adsorption capacity of the adsorbent for a
given adsorbate also increases. The value of the Freundlich expo-
nent n(2.247) is in the range of n > 1, indicating that the adsorption
process is favorable [22].

The Langmuir adsorption model is based on the assumption that
the maximum adsorption corresponds to a saturated monolayer of
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Fig. 9. Adsorption isotherm for adsorption of MO on LVM (adsorbent dosage
0.5gL-1, initial pH 3): (a) Freundlich and (b) Langmuir.

solute molecules on the adsorbent surface. The equation is given as

_ AmKiCe
T TR @
The linear form of Eq. (4) can be described by
1 1 1 1
(5)

Ge  Gm  GmKi Ce

where C. is the concentration of dye solution at equilibrium
(mgL-1), ge is the amount of MO adsorbed per unit of adsorbent
at equilibrium (mgg-1), gqm is the maximum amount of adsorp-
tion with complete monolayer coverage on the adsorbent surface
(mgg-1), and K; is the Langmuir constant, which is related to the
energy of adsorption (Lmg~!). The Langmuir constants K; and qm

Table 2
Isotherm parameters for adsorption of methyl orange
on Lapindo volcanic mud at 30°C.

Isotherm Parameters
Freundlich

K 5.5208

n 2.247

R? 0.995
Langmuir

gm (mgg1) 333.33

K. (Lmg") 0.00407

R? 0.999

Ry 0.450

Table 3
Comparison of maximum adsorption capacities of various adsorbents for methyl
orange.

Adsorbent Contact time (min) qm (mgg) Reference
Activated alumina - 9.8 [23]
De-oiled soya 150 min 16.7 [24]
Bottom ash 4h 3.6 [24]
Zn/AI-LDO 2h 181.9 [25]
Banana peel 24h 21 [26]
Orange peel 24h 20.5 [26]
Lapindo volcanic mud 25 min 333.33 This study

can be determined from the intercept and slope of the linear plot
of 1/qe versus 1/Ce (Fig. 9b) and are presented in Table 2.

The essential characteristics of the Langmuir isotherm can be
expressed in terms of a dimensionless constant separation factor
Ry [22], which is given by Eq. (6)

1

T 1+K.Go (8)

Ry
where Cy (mgL-1) is the highest initial concentration of adsorbent,
and K. (Lmg~!) is the Langmuir constant. The parameter R
indicates the nature of shape of the isotherm accordingly:

R >1 Unfavorable adsorption
0<R. <1 Favorable adsorption
R.=0 Irreversible adsorption
R =1 Linear adsorption

Table 2 shows that the value of R is 0.450 at 30°C, indicating
that the adsorption of MO on LVM is favorable at the temperature
studied. The R? values of the Langmuir and Freundlich isotherms are
0.999 and 0.995, respectively, indicating that the equilibrium sorp-
tion data fits best with the Langmuir isotherm. This data confirms
that the adsorption of MO on LVM occurs as a monolayer cover-
age process. A similar result was reported for adsorption of congo
red dye on kaolin [18]. Table 3 lists a comparison of the maximum
adsorption capacities (qmax ) of MO on various adsorbents. LVM has
a relatively large adsorption capacity (333.33mgg1), suggesting
that it may be a promising material for the removal of azo dyes
from aqueous solutions.

3.4. Adsorption kinetics

Adsorption kinetic models were used to acquire a better under-
standing of the mechanism by which the dye is adsorbed from
aqueous solutions by LVM. In this study, three models were used to
investigate the details of the MO adsorption process onto LVM: the
Lagergren pseudo-first-order model [27], the Ho pseudo-second-
order model [28] and the intraparticle diffusion model.

3.4.1. The pseudo-first-order model

The Lagergren pseudo-first-order model is based on the assump-
tion that the rate of change of solute uptake over time is directly
proportional to the difference in saturation concentration and the
amount of solid uptake over time:
dq:

ar =k1(ge — q¢) (7)

Intergrating Eq. (7) and noting that ;=0 at t=0 gave following
equation:

kit
log(ge — q¢) = logqe — 3303 (8)

where q; is the amount of dye adsorbed per unit of adsorbent
(mgg~') at time t, k; is the pseudo-first-order rate constant
(min—1), and ¢ is the contact time (min). The adsorption rate con-
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Adsorption kinetic parameters for the adsorption of methyl orange on Lapindo volcanic mud at different initial concentrations.

Co (mgL-1) Geexp (ME/g) Pseudo-first order Pseudo-second order
ge (mgg™") ki (1/min) R? ge (mgg™") k> (g/mgmin) R? h (mg/g min)

300 146.83 199.54 0.150 0.936 166.67 0.00144 0.998 40.002
200 110.26 130.06 0.154 0.991 125.00 0.00246 0.998 38.438
150 91.68 124.45 0.157 0.951 100.00 0.00244 0.997 24.400
100 66.00 56.10 0.067 0.990 71.43 0.00211 0.999 10.766

70 49.00 71.78 0.122 0.928 55.56 0.00203 0.990 6.266

50 36.00 35.65 0.055 0.980 41.67 0.00184 0.995 3.195

30 22.95 25.76 0.120 0.968 24.39 0.00940 0.997 5.592

stant (k1) was calculated from the plot of log(qe —q¢) versus t
(Table 4).

3.4.2. The pseudo-second-order model
The Ho pseudo-second-order model is presented as
dq:

o = kelde—ac’ ®

and when g;=0 at t=0, Eq. (9) can be integrated into following
equation:

t 1 t

Z _ 4+ = 10
qt kzqg Je (10)

where k; is the pseudo-second-order rate constant (g mg~! min—1).
The initial adsorption rate, h (mgg~! min—'), at t=0 is defined as

h = kyq2 (11)

The values of h, ge and k; can be obtained from the linear plot of
t/q: versus t (Fig. 10).

According to Eq. (8), the plot of In(ge — q¢) versus t, and Eq. (10),
the plot of t/q: versus t should each give a straight line. Table 4
shows both rate constants (k; and k;) and the corresponding lin-
ear regression correlation coefficient values (R?) for both models.
The highest values of R were observed with the pseudo-second-
order model (R? >0.995 for all concentrations), and the theoretical
ge values obtained from this model were also closer to the exper-
imental geexp values at different initial MO concentrations. These
results indicate that the pseudo-second-order kinetic model gave
a better correlation for the adsorption of MO on LVM compared to
the pseudo-first-order model. Similar results have been observed
in the adsorption of congo red onto bentonite, kaolin and zeolite
[18].

Fig. 10. Pseudo-second-order kinetic for adsorption of MO on LVM (adsorbent
dosage 0.5gL-1, initial pH 3).

3.4.3. The intraparticle diffusion model

To identify the mechanism by which MO diffuses to the LVM
surface (this information will be particularly useful for design pur-
poses), the kinetic results were analyzed using the Weber and
Morris intraparticle diffusion model [29],

qt=kidt1/2+c (12)

where kjq is the intraparticle diffusion rate constant
(mgg-1min—"2) and C is the slope that represents the thick-
ness of the boundary layer. According to this model, a plot of the
amount of dye adsorbed (q;) versus the square root of time (t1/2)
should be linear, and if these lines pass through the origin, then the
intraparticle diffusion is the only rate-controlling step [30]. How-
ever, as shown in Fig. 11, the plots are not linear over the whole
time range and, instead, can be separated into multi-linear curves,
illustrating that multiple stages were involved in the adsorption
process. The first sharper line represents the surface adsorption,
the second line corresponds to the intraparticle diffusion and the
third line indicates the final equilibrium stage of adsorption, where
the intraparticle diffusion starts to slow down because most of
the adsorption sites are saturated [31]. These multi-linear curves
might be due to adsorption on the irregular, non-uniform sites in
the steps and edges of the LVM particles, as shown by the SEM
photographs in Fig. 1.

3.5. Thermodynamic analyses of the adsorption isotherm data

Thermodynamic parameters such as the changes in the stan-
dard free energy (AG°), enthalpy (AH°) and entropy (AS°) can be
calculated using the following equations:

AG® = —RTInKc (13)
AG® = AH° — AS°T (14)

Fig.11. Weber-Morris intraparticle diffusion plots for the adsorption of MO by LVM.
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Fig. 12. Plot of In Kc versus 1/T for estimation of thermodynamic parameters for the
adsorption of MO onto LVM (initial concentration 200 mgL~").

Table 5
Thermodynamic parameters for the adsorption of methyl orange on Lapindo vol-
canic mud at different temperatures.

T (K) In K¢ AG° (kfmol-") AH° (kJmol-1) AS° (kJmol-1 K1)
303 —0.9661 2.434

313 1.5579 -4.054 159.887 0.521

323 29532 -7.931

where K¢ is the equilibrium constant of the adsorption, which
obtained from Eq. (15)

Ce(adsorbent)

Ke = Ce(solution)

(15)

where Ce(adsorbent) and Ce(solution) are the equilibrium concen-

tration of the dye ions on adsorbent and in solution, respectively.

Egs. (13) and (14) then give the van’t Hoff equation as
AS°  AH°

In Kc = T - ﬁ

As shown in Fig. 12, the plot of In K¢ versus 1/T gives a straight line

with a slope of AH° (k] mol~1) and an intercept of AS° (Jmol~1 K-1).

The values of these thermodynamic parameters (studied at three

different temperatures) are listed in Table 5.

The decrease in AG° values with increasing temperature indi-
cates anincrease in the feasibility and spontaneity of the adsorption
at higher temperatures. The positive value of AG° at 303 K showed
that the adsorption was not a spontaneous one and that the system
gained energy from an external source [32,33]. The positive AH°
value indicates the endothermic nature of the adsorption, and its
magnitude which falls into a range of 80-200 k] mol~!, gives infor-
mation about the type of chemisorption process [34]. This feature
may also indicate that monolayer adsorption is taking place [35].
The positive values of AS° suggest that there is increased random-
ness at the solid-solution interface during the adsorption of MO in
aqueous solution on LVM. Also, the positive value of AS° indicates
that some structural changes may have taken place as a result of
interactions between the MO molecules and the functional groups
on the LVM surface [31].

(16)

4. Conclusion

The present study investigated the adsorption of MO from aque-
ous solutions by using an adsorbent of Lapindo volcano mud. LVM
has been demonstrated to be highly effective for the removal of
the anionic dye MO with an adsorption equilibrium time of less
than 30 min. The best-fit adsorption isotherm was achieved with
the Langmuir model, indicating that adsorption occurs by mono-
layer coverage. The positive enthalpy change for the adsorption

process confirms the endothermic nature of the adsorption. Kinetic
calculations show that the adsorption followed the pseudo-second-
order model with a multi-step diffusion process. The low price and
abundance of LVM make this material particularly promising for
the removal of anionic dyes in industrial wastewater treatment.
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