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Abstract

Colemanite ore waste (CW) has been employed as adsorbent for the removal of acid blue 062 anionic dye (AB 062) from aqueous solution.
The adsorption of AB 062 onto CW was examined with respect to contact time, calcination temperature, particle size, pH, adsorbent dosage and
temperature. The physical and chemical properties of the CW, such as particle sizes and calcinations temperature, play important roles in dye
adsorption. The dye adsorption largely depends on the initial pH of the solution with maximum uptake occurring at pH 1.Three simplified kinetics
models, namely, pseudo-first order, pseudo-second order, and intraparticle diffusion models were tested to investigate the adsorption mechanisms.
The kinetic adsorption of AB 062 on CW follows a pseudo-second order equation. The adsorption data have been analyzed using Langmuir and
Freundlich isotherms. The results indicate that the Langmuir model provides the best correlation of the experimental data. Isotherms have also
been used to obtain the thermodynamic parameters such as free energy, enthalpy and entropy of the adsorption of dye onto CW.

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

In our century, environmental compliance requirements have
become increasingly difficult to attain in both wastewater dis-
charge and chemical handling. The main pollution sources of
water are dyes and pigments, which are emitted into wastewater
from various industrial branches such as dyestuff, textile, leather,
paper, etc. Many physical and chemical treatment methods
namely adsorption [1], coagulation [2], precipitation, membrane
filtration, solvent extraction and chemical oxidation [3] have
been used for the treatment of textile effluent. Among these
methods, adsorption has been shown to be an effective tech-
nique with its efficiency, simplicity of design, and applicability
on large scale to treat dyes in more concentrated form [4,5].

The adsorption of dyes on various types of materials has been
studied in detail. Activated carbon has been shown as an effec-
tive adsorbent with its high surface area and high adsorption
capacity [6-8]. However, it has relatively high operation costs
and problems with regeneration of the spent carbon hamper its
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large-scale application. Therefore, a number of low-cost adsor-
bents have been examined for the treatment of wastewaters, such
as zeolite [9], sepiolite [10,11,5], kaolinite [ 12], montmorillonite
[13], smectite [14], bentonite [15,16], alunite [17,18]. In recent
years, considerable experimental progress has been done on the
adsorption of dyes on various types of waste materials. These
include: coal fly ash [19-21], coal bottom ash [22,23], bagasse
fly ash [24], fertilizer waste [25], blast furnace slag [26,27],
agricultural waste residues [28,29] and red mud [30].

The present paper is an attempt to explore a possibility to
utilize a waste material, colemanite ore waste (CW) to remove
a well-known dye, the acid blue 062 anionic dye (AB 062). CW
is a waste materials originated in great amounts in enrichment
process in boron plant. It is primarily composed of fine parti-
cles of silica, calcium, boron, magnesium, iron and potassium
oxides. Colemanite (2Ca02B,03-5H,0), like other borates, is
a complex mineral that is mostly found in Turkey. The basic
structure of colemanite contains endless chains of interlocking
BO,(OH) triangles and BO3(OH) tetrahedrons with the calcium,
water molecules and extra hydroxides interspersed between the
chains. Although, CW utilization in construction and other engi-
neering materials seems promising, it is unlikely that this will
ever use all the CW generated [31-33]. Research is therefore
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needed to develop new alternative applications that can further
exploit CW.

The objective of this work is to study the adsorption of AB
062 from aqueous solutions onto CW. The effects of calcinations
temperature, contact time, pH, particle size, and concentration
on the adsorption of AB 062 onto CW were investigated. Fur-
thermore, the kinetics and thermodynamics data were evaluated.

2. Materials and methods
2.1. Materials

A commercial textile dye AB 062 (purity: 98%) was obtained
from Setag Textile (Istanbul, Turkey) and used without fur-
ther purification. The chemical structure of AB 062 is given in
Fig. 1. The adsorbent used in this work was obtained from Etibor
(Kiitahya, Turkey). It was ground in a laboratory type ball-mill
and sieved to give 30-90, 90-150, 150-315 and 315-500 pm
size fractions using ASTM standard sieves. Then the sample
was calcinated in a Thermolyn 4800 furnace in the temperature
range of 473-1073 K.

2.2. Characterization

X-ray diffraction patterns of calcinated CW were obtained
with a Rikagu Miniflex X-ray diffractometer using mono-
chromatic Cu Ka radiation operating at 30kV and 15 mA over
the range (26) of scanning 5-75°. Chemical compositions of
raw CW and Calcinated CW samples were determined by using
XRF spectrometer (Spectro X-Lab). DTA and thermo gravimet-
ric analysis (TG/DTA) of the raw CW sample was obtained using
a Perkin Elmer Diamond Simultaneous DTA-TGA apparatus.
The samples were heated from 35 to 1100 °C at a constant rate of
10 °C/min in nitrogen gas dynamic atmosphere (100 cm?/min).
The specific surface area of calcinated CW samples at differ-
ent temperatures was determined using a Quantachrome BET
apparatus. Scanning electron microscopy (SEM) of selected CW
samples and dye adsorbed CW was performed using a ZIS SUPA
50 VP scanning electron microscope.

2.3. Adsorption procedure

A stock solution of AB 062 at a concentration of 100 mg/L
was prepared with distilled water. For the particles sizes effect

H2N 803 Na

Fig. 1. Molecular structure of AB 062.

on dye removal, the dye solution (50 ml) was taken in Erlen-
meyer flasks and agitated with 0.1 g calcinated CW (30-90 pm
size fractions) at room temperature in an IKA magnetic stirrer
at 400 rpm for 90 min. The solution pH was adjusted to 1 by
adding a small amount of HCI or NaOH (1 M). Calcinated CW
samples were analyzed for maximum adsorption capacity. The
sample calcinated at 773 K resulted in maximum adsorption.
The effects of CW doses on the amount of dye adsorbed were
investigated by agitating different amounts of CW (0.5-10 g)
with AB 062 solution (100mg/L). The change of the adsor-
bance of AB 062 was determined at a certain time intervals (10,
20, 30, 45, 60, 90, 120, 150, and 180 min) during the adsorption
process. The equilibrium was established after 90 min. After
equilibrium or defined time intervals, the samples were taken
from the magnetic stirrer, filtered through a 0.11 wm membrane
filter and the filtrate was analyzed for residual dye concentra-
tion at the wavelength corresponding to maximum absorbance,
Amax, using a spectrophotometer (Shimadzu UV-1700 Double
Beam). The influence of pH on dye removal was studied by
adjusting dye solutions (100 mg/L) to different pH values (1, 2,
3,4,5,6,7,8,9, and 10) and agitated with 2 g/LL of CW for
90 min. The final pH value in each case was measured, followed
by analyzing the dye remaining in solution. In order to study the
adsorption kinetics 0.1 g of CW were kept in contact with 50 ml
of dye solution for 90 min to allow attainment of equilibrium at
constant temperatures of 25, 35, 45, and 55 °C.

3. Results and discussion
3.1. Characteristics of adsorbents

Chemical composition of the CW is listed in Table 1. Chem-
ical content of CW mainly are silicon dioxide, calcium oxide,
boron oxide, and magnesium oxide. Based on the thermal behav-
ior of the CW with the DTA-TG analysis, it is found that CW
loses its crystal water in endothermic reactions between tem-
peratures of 320 and 410°C (Fig. 2). It is clear from XRD
(Fig. 3) and DTA-TG analysis that the decomposition of CW
take place at around 600 °C. At this stage, colemanite in the
waste is decomposed to BoO3 and CaO in their amorphous forms
upon calcinations. It should be noted that CW contains some
of the other major phases, namely, illit/mica, calcite, feldspar

Table 1
Chemical composition of original and calcined CW

Component Chemical analysis (wt%)

Original colemanite Calcined colemanite

waste waste
SiO; 26.45 27.52
AL O3 3.66 3.82
Fe 03 1.87 2.15
CaO 18.53 23.17
MgO 8.94 9.76
SO3 0.92 0.694
K,O 1.71 1.89
B0 17.25 18.10




N. Atar, A. Olgun / Journal of Hazardous Materials 146 (2007) 171-179 173

0

-5

’>‘ -10
2
=

A -15

-20

-25

0 200 400 600 800 1000
Temp (°C)

Fig. 2. DTA thermograms of CW.

and smectite. After heating the peak intensity of the illit/mica
and feldspar are significantly reduced and the smectite peak
disappears.

3.2. Effect of pH

The pH of the solutions plays an important role in the whole
adsorption process and particularly on the adsorption capacity.
The variation of AB 062 adsorption on the over broad range
of pH is shown in Fig. 4. As shown, the adsorption is lower at
pH higher than 7 and then is increased to higher values at pH
lower than 7. More significant enhancement in the adsorption
of dye is reached at pH 1. It is well known that ionic dyes upon
dissolutions release coloured dye anions/cations into solutions.
The adsorption of these charged dye groups onto an adsorbed
surface is influenced by the surface charge on the adsorbent. At
lower pH value more protons will be available to protonate the
adsorbent surface, thereby increasing the electrostatic attractions
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Fig. 4. Effect of pH on the removal of AB 062 by calcined CW.

between negatively charged dye anions and positively charged
adsorption sites and causing an increase in the dye adsorption
[1]. As the pH of the system increases, the number of posi-
tively charged sites at the oxide/solution interface decreases,
and the number of the negatively charged sites increases. A
negative charged surface site on the CW does not favour the
adsorption of anionic dye due to electrostatic repulsion. This
result is consistent with the earlier findings [34]. It is worth
mentioning that the concentration of acid solution must be kept
at a certain level due to solubility of colemanite. Earlier stud-
ies shown that the dissolution of the colemanite in HCI solution
increases with the increasing solution concentration and temper-
ature, and that solubility of colemanite is maximum in 5% HCl
solution [35]. In the present study, we did not detect any boron
impurity present in the solution over a wide pH range of 1-10.
The further decrease in the pH of the solutions slightly affected
the dissolution of colemanite. Hence, the values obtained from
the adsorption of dye at pH 1 were not given in the present
study.
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Fig. 3. XRD patterns of CW at various temperatures.
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Fig. 5. The specific surface area of the CW heated at different temperatures.

3.3. Effect of particle size and adsorbent dosage

The effect of the heat treatment on the specific surface area of
CW is given in Fig. 5. As can be observed, the specific surface
area of CW increases up to a temperature of 500 °C, and then
it starts to decrease with increasing temperature. The change in
the surface are of the CW may be attributed to the dehydration
process of colemanite. Water molecules formed by broken-away
OH groups and those separated from the borate changes fills the
free spaces between the borate chains. With increasing temper-
ature the pressure of the enclosed water molecules increases so
much that it disrupts the framework. Thus, the enclosed water
molecules are released increasing the number of the pores in the
sample. Accordingly, specific surface of the sample increases.
Upon heating beyond 500 °C, the specific surface area of CW
decreases probably due to decomposition of colemanite [36].
The effect of particle size of on the removal of AB 062 by CW
calcinated at 500 °C is given in Fig. 6. As seen, the adsorption
capacity for AB 062 increases with the decreasing particles sizes.
The relative increases in adsorption with particles of smaller
sizes may be attributed to the fact that they have a larger surface
area. Small particles will have a shorter diffusion path, thereby
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Fig. 6. Effect of particle size on the removal of AB 062 by calcined CW.

38

1 2 3 4 5 6 7 8 9
Adsorbent Concentration (gL-1)

Fig. 7. Effect of adsorbent dosage on the removal of AB 062 by calcined CW.

allowing dye molecules to penetrate all the initial pore structure
of the calcinated CW.

The effect of CW doses on the amount of dye adsorbed is
given in Fig. 7. The results indicate that the uptake of the dye by
CW significantly increases with the increasing adsorbent content
up to a dosage of 2 g/ and then it slow down. The dye removal
of CW was found to be negligible after dosage of 2 g/L. then
used for all further studies.

3.4. Effect of calcination temperature

The effect of calcination temperature on the adsorption of AB
062 by CW is shown in Fig. 8. The adsorption of dye on CW
gradually increases with increasing calcinations temperature and
reaches a maximum at 500 °C and then it starts to decrease. This
result may be attributed to presence of the colemanite impu-
rity in CW. It has been stated that colemanite contains chains
of interlocking BO,(OH) triangles and BO3(OH). Tetrahedrons
with the calciums, water molecules and extra hydroxides inter-
spersed between the chains [37]. The loss of the water molecules
and decomposition of the hydroxyl groups, which are mainly
effective sites for adsorption, with increasing temperature will
affect the specific surface area and adsorption capacity of
CW. As AB 062 is an anionic dye, a decrease in the num-
ber of the hydroxyl groups leads to high adsorption capacity
of CW.
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Fig. 8. Effect of calcination temperature on the removal of AB 062 by calcined
CW.
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Fig. 9. Effect of contact time on the removal of AB 062 by calcined CW at
various temperatures.

3.5. Effect of contact time

The effect of contact time on the amount of dye adsorbed onto
CW at various temperatures is presented in Fig. 9. The dye con-
centrations in solution were determined at different times. All
the experiments were conducted at pH 1. The plots represent-
ing adsorption of dye on the CW, visualize two distinct phases:
the first phase indicates the instantaneous adsorption of the dye
within 90 min of contact time, the second one shows a gradual
equilibrium. Maximum adsorption of AB 062 was observed at
120 min. After this time, adsorption rate was slow leading to a
single, smooth, and continuous saturation curve.

3.6. Effect of temperature

The effect of temperature on adsorption was studied by car-
rying out a series of isotherms at 25, 35, 45, and 55 °C for CW as
shown in Fig. 9. The uptake of the AB 062 by CW decreases with
increasing temperature, which indicates the exothermic nature
of the adsorption process. This result may be attributed to the
enhanced mobility of AB 062 ions at high temperature due to
greater vibrational energies of the molecules [38]. The Similar
temperature effects on the adsorption of acid blue 193 dye onto
sepiolite had been observed by Ozcan et al. [5].

3.7. SEM analysis

SEM gives a sufficient general overview of the surface mor-
phology and fundamental physical properties of the adsorbent.
The CW has a variable surface intersected by pores, the surface
being comprised of smooth and angular particles (Fig. 10). From
the figure, it is clear that there is a good possibility for dye to
be trapped and adsorbed into these pores and on the rough sur-
face. The SEM pictures of CW samples shows dye staying on
the surface with open pores still visible (Fig. 11).

3.8. Adsorption kinetics

In order to study the rate determining step for the adsorption
of AB 062 on CW, three kinetics models were tested to fit the
experimental data obtained from dye removal study. The kinetic
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Dane 10 Oct 2006 g = 1000 KX

Fig. 10. SEM image of CW calcinated at 500 °C.

data were initially fitted with the first-order rate expression [39]
given as:

() ()
qr q1 t q1

where gjand g, are the amount of dye adsorbed on adsorbed
per unit mass of the adsorbent (mg/g) at equilibrium and time ¢,
respectively, and k is the rate constant of adsorption (min~!).
The pseudo-second order model [40] can be expressed as:
t 1 1

— =+ —t )
@ kg @

where ¢, is the maximum adsorption capacity (mgg~');
ko the rate constant of the pseudo-second order equation
(gmg~! min~!); ¢, is the amount of dye adsorbed on adsorbed
per unit mass of the adsorbent (mg/g).

The interparticle diffusion equation [41] is

g =kpt'? +C 3)

where C is the intercept, k,, the intraparticle diffusion rate con-
stant.
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Fig. 11. SEM image of dye adsorbed CW calcinated at 500 °C.
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Table 2
Kinetic parameters for the adsorption of AB 062 onto calcined CW at various temperatures
-1 P —1 2 —1 1 —1 2 —1 in—1/2 -1 2
T(K) Gexp(mgg™) ki (min~") g (mgg™) r k2 (gmg™ min~") g2 (mgg™) 1y kp (mgg™ min™ %) C(mgg™") r;
298 48.89 13.61 50.00 0979 1.06x 1073 53.19 0.999 249 18.13 0.930
308 45.60 20.28 48.54 0998 822x 1074 50.76 0998  2.67 12.28 0.940
318 39.74 37.23 46.94 0998 5.16x 1074 48.08 0.998  2.80 4.46 0.967
328 35.41 55.96 44.64 0998 337x 1074 47.39 0999 281 0.34 0.980
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Fig. 12. First-order kinetic plots for the adsorption of AB 062 onto calcined CW
at various temperatures.

Figs. 12 and 13 show the curve-fittings plots of the first-order
rate and the pseudo-second order reactions, respectively, and
the parameters obtained for the three models are presented in
Table 2. As shown, the kinetics data do not fit the first order
equation. Good correlation coefficients were obtained by fitting
the experimental data to Eq. (2), indicating that the adsorp-
tion process on AB 062 is pseudo-second order as shown in
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Fig. 13. Pseudo-second order kinetic plots for the adsorption of AB 062 onto
calcined CW at various temperatures.

Fig. 14. Interparticle diffusion model plots for the adsorption of AB 062 onto
calcined CW at various temperatures.

Fig. 13. The pseudo-second order rate constants indicate a steady
decease from 1.06 x 1073 t03.37 x 10~* gmg~! min~! withan
increase in the solution temperatures from 25 to 55 °C (Table 2).
The values of rate constant demonstrate that adsorption of AB
062 depends on the temperature of the solution. Increasing the
temperature of the solution increases the rate of the approach
to the equilibrium but decreases equilibrium adsorption capac-
ity. This result may be attributed to the molecular motion of the
adsorbed molecules on the adsorbent surface. At high tempera-
ture, adsorbed molecules have greater vibrational energies that
may results in a breaking of Van der Waals or hydrogen bonds
[42].

In aliquid—solid system, the fractional uptake of the solute on
particles varies according to a function of [(Dt)o's/ r], where D is
the diffusivity within the particle and r is the particle radius. The
initial rates of intraparticle diffusion are obtained by lineariza-
tion of the curve ¢; = f(t'/?). In the present study, the plot of ¢;
versus ¢! presents a multi-linearity, which indicates that two or
more steps occur in the adsorption process (Fig. 14). The slope
of the line in each stage is written as the rate parameter. The
initial linear portion of the plots is the gradual adsorption stage,
where the intraparticle diffusion is rate-controlled. The second
portion is the final equilibrium stage, where the intraparticle

Table 3
Adsorption isotherm constants for the adsorption of AB 062 onto calcined-colemanite waste at various temperatures
T (K) Langmuir Freundlich

Gmax (mol g™") Ki (Lmol™) t RL 1/n KpLg™) rk
298 3.80 x 1074 2.84 x 10° 0.999 0.332 0.649 3.25x 1072 0.984
308 543 x 10~ 1.46 x 10° 0.998 0.330 0.763 7.69 x 1072 0.986
318 5.34 x 10~* 1.11 x 103 0.997 0.560 0.787 7.71 x 1072 0.979
328 577 x 10~* 0.69 x 103 0.997 0.372 0.840 8.74 x 1072 0.994
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diffusion starts to slow down due to the extremely low solute
concentration in solution. The correlation coefficients calcu-
lated for the intraparticle diffusion model (rf)) were between
0.930 and 0.980 indicating that the adsorption of AB 062 onto
CW may be followed by an intraparticle diffusion up to 90 min.

3.9. Adsorption isotherms

The equilibrium data is very important in optimizing the
design parameters for any adsorption system and provide suf-
ficient information on the physicochemical data in evaluating
the adsorption process as a unit operation. The distributions
of solutes between the liquid phase and solid adsorbent are a
measure of the position of equilibrium and can be generally
expressed by two equations, namely the Freundlich [43] and the
Langmuir [44] isotherm equations which can be expressed in
linear forms as

1
Inge=InKgp+ —InC, @)
n
Lo Ly ( 1 ) 1 )
e dmax qmax K1 ) Ce

where ¢, is the equilibrium dye concentration on the adsorbent
(molg™1); Ce, the equilibrium dye concentration in solution
(molL™1); gmax, the monolayer capacity of the adsorbent
(mol g*1 ); K, the Freundlich constant; K, the Langmuir con-
stant; n the heterogeneity factor.

The equilibrium data for adsorption of AB 062 dye onto
CW was fitted with Eqgs. (4) and (5) and the fitted models
along with the experimental data for comparison are shown
in Figs. 15 and 16. The fitted adsorption parameters of each
isotherm model and their corresponding error function are
reported in Table 3. It is evident from 2 values that the equi-
librium data of the system was well explained by the Langmuir
model when compared to the Freundlich model. The slope 1/n
ranging 0-1, is a measure of adsorption intensity or surface
heterogeneity, becoming more heterogeneous as its value gets
closer to zero. In the present study the 1/a values obtained indi-
cates a normal Langmuir isotherm. The equilibrium parameter
(RyL) obtained vary between 0.330 and 0.560 and also indicate
the favorable uptake of AB 062 by CW [16].
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Fig. 15. Langmuir plots for the adsorption of AB 062 onto calcined CW at
various temperatures.
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Fig. 16. Freundlich plots for the adsorption of AB 062 onto calcined CW at
various temperatures.
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Fig. 17. Plot of In Ky, vs. 1/T for estimation of thermodynamic parameters.
3.10. Thermodynamics parameters

The model parameters from the Langmuir isotherm can be
used to estimate thermodynamics parameters, that is, standard
free energy (AG®), standard enthalpy (AH°), and standard
entropy(AS°).

They are expressed as

AG® = —RT In K, (5)
In K AH + AS” 6)
n = 4+ —

L RT R

where K, is the Langmuir constant. The plot of the K, as a
function of 1/T a straight line from which AH®° and AS° were
calculated from the slope and intercept, respectively. The result
presented in Fig. 17 and Table 4 show that the standard free
energy change during adsorption process is between —2.587 and
1.012kJ mol~!, indicating that the adsorption process is spon-
taneous AB 062 with a high affinity on CW and that the system
does gain energy from an external source at high temperatures.

Table 4
Thermodynamic parameters

T(K) AG°(kImol™") AH° (kImol™") AS° (Jmol 'K~')
298 —2.587 —28.64 —31.10 0.991
308 —0.970
318 —0.276
328 1.012
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The change in enthalpy was found to be negative (Table 4). The
negative values confirm the exothermic nature of the adsorp-
tion. The negative values of the entropy change show decreased
randomness at the solid-solution interface with some structural
changes in the adsorbate and adsorbent. The decrease in the
dye adsorption with increasing temperature might also be due
to the reduced rate of intraparticle diffusion of the adsorbate, as
diffusion is an exothermic process.

4. Conclusions

CW has been investigated for removal of AB 062 from aque-
ous solution. The CW had high adsorption capacities to remove
the anionic dye, whose maximum monolayer adsorption capac-
ity is 48.885mgg~! at pH 1, 25°C. The adsorption capacities
were significantly affected by the initial dye concentration, pH,
and calcinations temperature. The adsorption capacity of CW
decreased with the increasing solutions pH. The uptake of the
dye also increases with the increasing calcination temperatures
up to 500°C, and then it started to decrease due to sintering
effect.

The adsorption isotherm data were well fitted by the Lang-
muir model while the pseudo-second order kinetic model
represented the kinetic data.

The higher adsorption capacity of 48.885mgg~! for CW
shows that the calcinated CW could be used as an adsorbent for
the removal of acid dyes. Further study is under investigation to
develop a suitable regeneration method to reuse CW for multi-
operational cycles.
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