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ABSTRACT

The adsorption of Acid Blue 129 (AB129) from aqueous solution onto hydrochloric
acid-activated montmorillonite clay (HCl-bentonite) was investigated. The activated clay was
characterized by scanning electron microscopy, energy dispersive spectroscopy, and Brunauer—
Emmett-Teller surface area. Batch adsorption experiments were performed to investigate the
effects of pH, contact time, initial dye concentration, and temperature (10, 20, 30, and 40°C).
Acidic conditions was suitable for higher adsorption of AB129, and kinetic studies demonstrate
that the process followed a pseudo-second-order model. An activation energy of 23.858 k] mol !
was obtained for adsorption process. Adsorption data were fitted to Freundlich and Langmuir
isotherms and various adsorption parameters have been calculated. Standard enthalpy (AH")
and standard entropy (AS°) were —44.90 k] mol ! and —68.44 k] mol 'K}, respectively, showing
that overall adsorption process was exothermic and is spontaneous in nature with a decrease in
the disorder of the system at the dye/adsorbate interface. However, the mechanism of the
dye-Bentonite interaction is likely to be very complicated, involving a wide range of sites
having different energy considerations. The activated clay was effective toward adsorption of
AB129. The results show that activated bentonite clay could be employed as low-cost materials
for the removal of acid dyes from colored effluents.
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1. Introduction

There are more than 100,000 types of commercial
dyes, with an estimated production of 7 x10° to
1 x 10° tons per year worldwide [1]. The classification

*Corresponding author.

of the dyes is based on their application and chemical
structure. Dyes are composed of atoms responsible for
the dye color called chromophores as well as an elec-
tron-withdrawing or electron-donating substituent that
causes or intensifies the color of chromophores, called
auxochrome [2,3]. Based on the chemical structure of
the chromophores groups, dyes are classified as azo
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dyes, anthraquinone, triphenylmethane, heterocyclic
and polymeric dyes [4]. In textile industries, up to
50% of the dyes are lost in the dyeing process and
about 10-15% of the effluents are discarded [5]. The
release of textile effluents in the receiving water bod-
ies causes considerable environmental degradation by
modifying the natural color and forming foam on its
surface [6]. These dyes are invariably left as the major
waste in these industries. Due to their chemical struc-
tures, dyes are resistant to fading on exposure to light,
water, and many chemicals; therefore, these are diffi-
cult to be decolorized once released into the environ-
ment [7]. Many of the organic dyes are hazardous and
may affect aquatic life and even the food chain [8].
The release of dyes into water streams is esthetically
undesirable and has serious environmental impacts.
Due to intense color, they reduce sunlight transmis-
sion into water, hence affecting aquatic plants, which
ultimately disturb aquatic ecosystem; in addition, they
are toxic to humans also [6,9]. Acid dyes are the most
problematic due to their bright color, acidic nature,
and water-soluble characteristics. Several studies have
been executed on the adsorption of dyes by clay
minerals and other bio and agricultural wastes as
adsorbents [10-20].

In recent decades, various methods have been
developed for the removal of dyes from wastewaters,
such as chemical oxidation, biodegradation, membrane
separation, electrochemical processes, coagulation/
flocculation [21-27], and adsorption [28-38]. Adsorp-
tion is considered an effective way to remove dyes
from wastewater, since it is a non-destructive, simple,
and economical method of treatment [39-45]. The use
of activated carbon as an adsorbent has a long history
and it has been widely utilized for dye removal in
wastewaters. However, due to its high cost, research-
ers have been studying for alternative adsorbents
[46,47]. The present work aims to study the effective-
ness of HCl-activated Bentonite to remove Acid Blue
129 (AB129) by the adsorption process. The effect of
different adsorption factors such as solution pH, initial
dye concentration, contact time, and temperature was
studied. The rate constants and activation energy are
used to calculate the kinetics of adsorption. Langmuir
and Freundlich adsorption isotherms are applied to
the experimental data in order to determine the equi-
librium and mechanism of the adsorption process.

2. Materials and methods
2.1. Preparation and activation of bentonite clay

The montmorillonite clay (bentonite) was collected
from Aza Khel Peshawar, Pakistan. The raw clay was
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first ground to powder and sieved through a 200-um
sieve. 50 g of refined clay was activated by treating
with a reflux of 250 mL of 1 mol L™ HCI solution in a
round bottom flask for 2 h at 80°C. The slurry was air
cooled, washed with doubly distilled water, and
filtered. The filtrate was then dried at 120°C and store
in a desiccator for further study.

2.2. Materials and solution

AB129 was purchased from Sigma-Aldrich
(Lahore, Pakistan) and applied without further
purification. The chemical structure is shown in Fig. 1.
The AB129 has molecular formula Cy3H>;N,NaOsS
with a molar mass of 460.48 g mol . Its electronic
spectrum has a maximum absorbance peak in the
visible region at a wavelength of 629 nm. The stock
solution of concentration 1 x 107> M was prepared in
doubly distilled water. The standard working solutions
1-6 x 107> M of AB129 were prepared by dilution and
all reagents used were of analytical grade.

2.3. Material characterization

Surface morphology was investigated by using
scanning electron microscope (SEM), model JSM 5910,
JEOL-JAPAN. The chemical composition of the clay
was obtained by using energy dispersive X-ray ana-
lyzer INCA-200, Oxford instruments, UK. The surface
area of the adsorbent was determined by Brunauer-
Emmett-Teller (BET)-N, adsorption method using
Surface Area Analyzer NOVA 2200e Quanta Chrome,
USA. Prior to the measurements, the clay samples
were degassed at 373K for 2h, and then nitrogen
adsorption and desorption were measured.

2.4. Adsorption experiments

Adsorption studies were carried out by batch
process in a thermostat shaker. 30 mL of 1x 107 to
6x10°M ABI29 was taken in reagent bottles
containing 0.1 g of activated clay. The reagent bottles
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Fig. 1. Chemical structure of dye AB129.
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were shaken in a thermostat water bath shaker at
120 rpm. After different time intervals (5-55 min), the
samples were taken and then filtered by Whatman
filter paper No. 3. The equilibrium concentration of
the AB129 was measured through a UV-Visible
spectrophotometer (Shimadzu UV-160 A) at Amax
629 nm and the amount of dye adsorbed onto clay
surface (4., mol g') was calculated accordingly [17].

3. Results and discussion
3.1. Material characterization

SEM observations of the activated clay (Fig. 2(a)),
reveal rough and irregular surface of the adsorbent
that provides large surface area and porosity for
adsorption. However, the SEM of the untreated clay
(Fig. 2(b)) demonstrated small porosity and small
irregularity on the surface, which decline dye
adsorption. This conclusion has been proved by the
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BET surface area measurements, which show that the
surface area of the activated clay is 86.65m”*g ' and
the raw clay is 9470 m®g ', similarly the Langmuir
surface area is 929.64 and 1638.66 m*g ' for raw and
HCl-bentonite, respectively. Energy dispersive spec-
troscopy (EDS) was also used to analyze elemental
composition of raw and HCl-bentonite. It was found
that oxygen, silicon, and aluminum were the major
consistent components in both clays. Other minor con-
stituents that were obtained from the analyses
included magnesium, calcium, and iron. The EDS
spectrums are shown in Fig. 3(a) and (b) for raw and
HCl-bentonite, respectively.

3.2. Effect of initial solution pH on the adsorption of
AB129

pH is an important controlling parameter in any
adsorption process and a series of preliminary experi-
ments were performed using pHs varying from 2 to

g f e

§ ".l: F.:I}.

L‘IDF' {

(@) (b)
‘ gi
: Al
o]
Fe
| Fe
' — =Fe
2 4 6 8 10 LE 2 4 6 8 10
cale 373 cts Cursor: 0.000 keV |Full Scale 448 cts Cursor: 0.000 keV

Fig. 3. EDS spectrum of (a) untreated clay and (b) HCl-bentonite.
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Fig. 4. pH effect on the adsorption of AB129 onto
HCl-bentonite (Conditions: Capiao =4 x 10°M, 0.1 g of
adsorbent).

12. Fig. 4 represents that the adsorption of AB129
decreased with increasing pH and maximum adsorp-
tion occurred between pH2 and 3. Under acidic
conditions, a strong electrostatic attraction exists
between the positively charged surface of the clay and
acid (anionic) dye. As the pH of the system increases,
the number of negatively charged sites increases and
the number of positively charged sites decreases, and
hence there is a decrease in adsorption. It was
observed that the adsorption is highly dependent on
the pH of the solution, as reported elsewhere [14,15].

3.3. Comparison of adsorption capacity of raw and
HCl-bentonite

Initially, some experiments at pH3 were con-
ducted in order to investigate the adsorption capacity
of both (raw and treated clay). It is obvious from
Fig. 5 of that HCl-activated bentonite has a suitable
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Fig. 5. Comparison of the adsorption capacity of raw ben-
tonite and HCl-bentonite at pH 3.
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adsorption capacity for the removal of AB129 from
aqueous solution than raw bentonite mainly because
of the highly porous surface of HCl-bentonite. The
natural bentonite is not a highly effective adsorbent
for the removal of hydrophobic organic compounds
from aqueous solution; this is due to the electrically
charged and hydrophilic characteristics of the surface.
However, natural bentonite may be modified with
acid that significantly improves its capability of
removing hydrophobic contaminants from water [14].

3.4. Effect of contact time and temperature

The effect of contact time on the adsorption of
AB129 at different temperatures was studied. As
shown in Fig. 6, adsorption increased with time, and
was rapid in the initial 20 min and then continued to
increase gradually. 55 min was taken as the equilib-
rium time. Initially, a large number of active sites are
expected to be available on the surface of HCI-
bentonite. As the adsorption progresses, the sites
become saturated and the rate of adsorption decreases
and gets covered, and there is no free space available
to the adsorbate molecules. The initial rapid uptake of
(up to 20 min) AB129 from solution was likely due to
extracellular binding and the slow sorption phase
likely resulting from intracellular binding. Due to the
high surface area, HCl-bentonite clay shows maximum
adsorption for this dye. Fig. 6 also shows the influence
of temperature on adsorption; as the temperature
increases from 10 to 40°C, the amount of adsorption
decreases from 7 to 4.2 mol g~

q, x 10°(mol g™
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Fig. 6. Effect of contact time on the adsorption of
AB129 onto HCl-bentonite at different temperatures (M)
10C (@ 20°C (a) 30°C (v) 40°C (Conditions: pH;3,
CaBizo = 4 x 107° M).
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3.5. Adsorption kinetics

In order to investigate the kinetics of adsorption of
Acid Blue 129 onto HCl-bentonite clay, pseudo-first-
order and pseudo-second-order equations [48,49] were
applied. The pseudo-first-order expression is given by
following equation:

kit
log (7 — q) = log g — % @

where g. and g, are the amounts of AB129 (mol g™")
adsorbed at equilibrium and at time ¢, respectively. k;
is the overall rate constant. Straight lines were
obtained by plotting log (9. — g¢) against ¢, as shown in
Fig. 7. The values of rate constant k; were calculated
from the slopes of straight lines of Fig. 7 and the val-
ues are reported in Table 1. The regression coefficients
(R® and rate constants at various temperatures are
given in Table 1. The pseudo-second-order kinetics
model is given in following equation.

55 . : , ; . ; . ;
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Fig. 7. Pseudo-first-order kinetics of adsorption of
AB129 onto HCl-bentonite at different temperatures (W)

10°C (@ 20°C (a) 30°C (¥) 40°C (Conditions: pH; 3,
Capiao = 4 x 107° M).

Table 1
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t 11
9 Kk gz qe
where g. is the maximum adsorption capacity
(mol g™") for the pseudo-second-order adsorption, g
the amount of the dye adsorbed at time t (mol g™),
and k; is the equilibrium rate constant of pseudo-sec-
ond-order adsorption (dm’®mol™' min~'). The values
of k; and g, were calculated from the plot of t/g;
against t (Fig. 8). The calculated g, values agree with
experimental g. values, and, also, the correlation
coefficients (R®) for the pseudo-second-order kinetic
plots at all the studied concentrations were above
0.9998 (Table 1). These results imply that the adsorp-
tion system studied obeys the pseudo-second-order
kinetic model. The activation energy E, for adsorption
was found using arrhenius Eq. (3):
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Fig. 8. Pseudo-second-order Kkinetics of adsorption of
AB129 onto HCl-bentonite at different temperatures (M)
10C (@ 20°C (a) 30°C (v) 40°C (Conditions: pH;3,
CaBizo = 4 x 107° M).

Pseudo-first-order and pseudo-second-order rate constant for adsorption of AB129 onto HCl-bentonite at different

temperatures

Pseudo-first-order

Pseudo-second-order

T(C) ge(molg™  k (min") R Jemolg™  ky(dm’mol ' min™")  h(molg'min”)  R?

10 7.19 0.08 0.9890  7.46 0.066 3.66 0.9997
20 6.53 0.09 0.9805  6.77 0.08 3.52 0.9996
30 6.05 0.12 09922 620 0.14 5.34 0.9998
40 5.37 0.12 0.9778 550 0.16 4.82 0.9998
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Fig. 9. Arrhenius plot for adsorption of AB129 onto HCI-
bentonite.

where E, is the energy of activation, R is the gas con-
stant, and T is the absolute temperature. Activation
energy determined from the slope of the Arrhenius
plot of Fig. 9 and was found to be 23.858 k] mol .
The physisorption processes usually have energies
in the range of 5-40k] mol ™!, while higher values
(40-800 k] mol ') suggest chemisorption. The activa-
tion energy (23.8587 k] mol™') shows that the adsorp-
tion of AB129 onto HCl-bentonite clay was mainly
physisorption.

3.6. Effect of initial AB129 concentration and adsorption
isotherms

In order to clarify the adsorption process, the
Freundlich and Langmuir isotherm models were
applied to the adsorption of AB129. Experiments
were conducted at a fixed adsorbent dosage of 0.1 g
and pH3 at different initial concentrations. Fig. 10
indicates that adsorption increases as the dye concen-
tration increases, which was mainly due to the avail-
ability of a large number of sites over the clay surface.
Fig. 10 also shows the effect of temperature on the
adsorption of AB129 ions from aqueous solution. It is
obvious that the amount of dye adsorbed decreases
with a rise in temperature, which indicates that the
adsorption from aqueous solution onto activated clay
is an exothermic process, and this fact explains the
diminution of adsorption with the increase in tem-
perature. The reason may be due to the weakening of
the attractive forces between the dye and adsorbent
sites.

Since the determination of the adsorption isotherm
is important in designing the nature of the adsorption
system, two isotherm equations have been applied.
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Fig. 10. Effect of AB129 initial concentration on adsorption
at different temperatures () 10°C (@) 20°C (a) 30°C (o)
40°C.

The data are evaluated by applying the Langmuir and
Freundlich isotherms. The linear form of the Langmuir
Eq. (4) was applied to the experimental data:

Ce 1 +Ce

de Kl Xm X_m (4)

where C, is the equilibrium concentration (M), g, is
the amount (mol gfl) of AB129 adsorbed; X,, and K;
are Langmuir constants representing the adsorption
capacity (mol g™') and energy of adsorption (mol g "),
respectively. The linear plot of C,/q, versus C,
(Fig. 11) indicates the applicability of Langmuir
adsorption isotherm, consequently the formation of

C/q, (mol g'1)

0.0 0.5 1.0 1.5 2.0 25 3.0 35
C x10° (mol L™
g

Fig. 11. Langmuir adsorption isotherm for adsorption of
AB129 onto HCl-bentonite at different temperatures (m)
10°C (@) 20°C (a) 30°C () 40°C.
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Table 2

Langmuir and Freundlich constants for adsorption of AB129 at different temperatures

Z. Ullah et al. | Desalination and Water Treatment 57 (2016) 8894-8903

Langmuir constant

Freundlich constant

T(C)  Xp x10°molg™) K (x10*molL™") Ry R? 1/n(gLl™  K(x10°molg™)  R?

10 1.59 6.21 064 09728 054 1.40 0.9979
20 1.01 6.27 049 09301 058 1.48 0.9853
30 2.60 1.78 034 09898  0.60 1.30 0.9884
40 3.26 1.16 0.08 09142  0.63 1.14 0.9949

monolayer on the surface of the adsorbent. Langmuir
constant X, (adsorption capacity) and K; (binding
energy constant) were calculated from the slopes and
intercepts of plots and are given in Table 2.

The Freundlich isotherm is an empirical equation
employed to describe the heterogeneous system. The
linear form of the Freundlich isotherm was also
applied to the adsorption of AB129:

mE —mK+imc, )
m n

where K (mol g™') and 1/n (g L™") are Freundlich con-
stants, indicating the adsorption capacity and adsorp-
tion intensity, respectively. Straight lines were
obtained by plotting In x/m against In C., and K and
1/n were calculated from the slope and intercept of
these lines (Fig. 12). The values of Freundlich con-
stants are given in Table 2. Since the values of 1/n are
increases as the temperature increased which indicates

0.8 —

06 ° .

In x/m

04 -

02 v -

InC,

Fig. 12. Freundlich adsorption isotherm for adsorption of
AB129 onto HCl-bentonite at different temperatures (m)
10°C (@) 20°C (a) 30°C (o) 40°C.

favorable adsorption and relatively strong interaction
between adsorbate/adsorbent. The values of 1/# indi-
cate the formation of a relatively strong bond between
adsorbate and adsorbent as temperature rises. For a
favorable adsorption, the value of 1/#n is smaller than
1 and when the unfavorable adsorption takes place,
the adsorption bond becomes weak and the value of
1/n is greater than 1; so adsorption decreases. As
shown in Table 2, the value of 1/n for AB129 ions
adsorption is less than unity, which shows high
adsorption intensity. As the temperature rises from 10
to 40°C, there is a slight increase in 1/n values, which
means the adsorption of AB129 is exothermic in nat-
ure, which decreases with an increase in temperature.
When the values of K and 1/n (Table 2) were com-
pared at all the temperatures under study, the results
show that higher values of 1/n and lower values of K
were obtained at higher temperatures. The correlation
coefficient is more close to 1 for the Freundlich
isotherm that indicates a good agreement with
experimental data and isotherm parameters.

'70 T T T T T
|
75k -
-8.0 | -
&
£
-8.5 - 4
|
-9.0 | -
1 1 1 1 1
3.20 3.28 3.36 3.44 3.52
UTx103(K™

Fig. 13. Plot of InK; vs. 1/T for estimation of thermody-
namic parameters for the adsorption of AB129 onto
HCl-bentonite.
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Table 3
Thermodynamic parameters for adsorption of AB129 at different temperatures
T (°C) 1/T x 1073 (K™Y In K4 AH (k] mol™?) AS (k] mol ' K™Y AG (k] mol™) R?
10 3.53 1.82 —45.90 —68.44 —25.96 0.9159
20 3.41 1.83 —26.90
30 3.30 0.58 —24.66
40 3.19 0.15 —24.36

3.7. Thermodynamics of adsorption

Various thermodynamic parameters such as AG°,
AS®, and AH® of AB129 adsorption were calculated
from the binding constant K; using the following rela-
tions.

AG° = —RT In K; (6)
AH® AS°
In K1 = — ﬁ -+ T (7)

The values of AH® and AS® were calculated from the
slope and intercept, respectively, of linear variation of
In K; vs. 1/T (Fig. 13). The values of AG® were calcu-
lated using equation 3.6. The values of AS®, AG®, and
AH’ are given in Table 3. The negative values of AG”
represent the spontaneous nature of adsorption and
indicate the driving force for the affinity of dye
toward clay at different temperatures. The AG” values
are nearly constant, showing that there is no effect of
temperature on the free energy of adsorption. Gener-
ally, AG® for physisorption is between —20 and
0 kI mol™!, but for chemisorption is in the range of
—80 to —400 kJ/mol. As the AG® values are nearer to
the physisorption range, the adsorption of AB129 onto
the HCl-bentonite clay may be physical in nature.
However, the mechanism of the dye HCl-bentonite
interaction is thus likely to be very complicated,
involving a wide range of sites having difference in
energies. The negative value of AH® shows the process
of adsorption is exothermic in nature with the dye
removal capacity decreasing with an increase in tem-
perature due to increasing mobility of the dye mole-
cules or it might indicate the operation of weaker
attractive forces at higher temperatures. The value of
AS® is also negative. This is due to the decreased
randomness at the solid solution interface and no
significant changes occur in the internal structure of
the adsorbent through the adsorption of the dye
molecules onto clay surface.

4. Conclusions

The modified bentonite clay proved to be an effec-
tive adsorbent for the removal of AB129 from aqueous
solution, and therefore can be used as a suitable
adsorbent for both drinking as well as wastewater
treatment. The adsorption process is mainly pH
dependent and it was concluded that acidic condition
is favorable for the removal of AB129 from the surface
of HCl-bentonite. The adsorption process obeys the
pseudo-second-order rate equation. The Langmuir and
Freundlich models were well fitted to experimental
data. The change of equilibrium constant with tem-
perature was used to evaluate various thermodynamic
constants. The negative values of AG® show that the
adsorption process is spontaneous in nature. The val-
ues of AS® indicate that there is a decrease in the
disorderliness of the system, while the negative value
of AH" proves the process to be exothermic.
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