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In this study, the adsorption characteristics of Basic Yellow 28 (BY 28) and Basic Red 46 (BR 46) onto
boron waste (BW), a waste produced from boron processing plant were investigated. The equilibrium
adsorption isotherms and kinetics were investigated. The adsorption equilibrium data were analyzed by
using various adsorption isotherm models and the results have shown that adsorption behavior of two dyes
could be described reasonably well by a generalized isotherm. Kinetic studies indicated that the kinetics
of the adsorption of BY 28 and BR 46 onto BW follows a pseudo-second-order model. The result showed
dsorption
asic dyes
inetics

sotherms
aste material

that the BW exhibited high-adsorption capacity for basic dyes and the capacity slightly decreased with
increasing temperature. The maximum adsorption capacities of BY 28 and BR 46 are reported at 75.00 and
74.73 mg g−1, respectively. The dye adsorption depended on the initial pH of the solution with maximum
uptake occurring at about pH 9 and electrokinetic behavior of BW. Activation energy of 15.23 kJ/mol for
BY 28 and 18.15 kJ/mol for BR 46 were determined confirming the nature of the physisorption onto BW.
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These results indicate that
from effluents.

. Introduction

In our century, waste disposal has become an issue of increas-
ng worldwide concern. The use of waste materials for different
urposes can play a significant role in helping to solve disposal
roblems. In addition, utilization of waste materials can contribute
o the wise and efficient use of materials, to protect environment,
nd to improve the balance of trade by reducing the dependence
n imported materials.

Amongst the various wastes, removal of hazardous industrial
ffluents is one of the growing needs of the present time. Various
echniques like precipitation, ion exchange, chemical oxidation,
nd adsorption have been used for the removal of toxic pollutant
rom, wastewater [1–3]. Amongst these, adsorption has by far
he highest potential because of its high efficiency and ability to
eparate a wide range of chemical compounds [4]. Over the years,
number of workers have used different waste materials such as

oal fly ash [5,6], coal bottom ash [7–9], bagasse fly ash [10], blast

urnace slag [11], deoiled soya [9,12], red mud [13], and sawdust
14] from industrial and agricultural products, as adsorbent for the
emoval of different pollutants. Recently, apart from these com-
only used waste materials the authors have been trying to utilize

∗ Corresponding author. Tel.: +90 274 2652051; fax: +90 274 2652056.
E-mail address: aolgun@dumlupinar.edu.tr (A. Olgun).
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ould be employed as low-cost material for the removal of the textile dyes

© 2008 Published by Elsevier B.V.

aste materials from the boron industry to remove hazardous dyes
15].

Boron waste (BW) is a waste material originated in great
mounts in enrichment process in boron plant. The amount of
aste material has been progressively increasing. Therefore, its dis-
osal currently poses a serious problem. Research is needed to find
ut a new application that reduces the amount of waste discharged.
W primarily contains ulexite (NaCaB5O9·8H2O), calcite, dolomite,
nd some clay. The combination of these materials to form a new
ype of adsorbent may produce somehow optimal properties. The
ey materials in BW are zeolite and ulexite. Zeolite is a silicate min-
ral with H+ and OH− ions being the potential-determining ions.
he surface of zeolite is negatively charged in the entire pH region
f practical interest. The basic structure of ulexite contains chains of
odium, water, and hydroxide octahedrons linked in endless chains.
he chains are linked together by calcium, water, hydroxide, and
xygen polyhedra and massive boron units. The basic boron unit
as a formula of B5O6(OH)6 and a negative charge of three (−3).

t is composed of three borate tetrahedrons and two borate trian-
ular groups. The potential-determining ions for ulexite are Ca2+,
4O7

2−, H+, and OH− ions [16].

Adsorption of dyes is mainly dependent on the dye’s properties

nd structure and to an equal extent on the surface chemistry of
he adsorbent [3]. It has been reported that ulexite carries nega-
ive charges at all practical pH values [16]. Since opposite charges
ttract, the negatively charged surface of BW may have an affinity

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:aolgun@dumlupinar.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.03.064
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Table 1
Properties of Basic Yellow 28 and Basic Red 46

Dye properties Basic Yellow 28 Basic Red 46

Commercial name Maxilon Golden Yellow GL 200% Maxilon Red (GRL)
�max (nm) 438 530
Type Cationic Cationic
M
A

f
c

c
e
o
c
a
i

2

2

a
a
s
T
p

2

B
d
a
K
s
B
X

Table 2
Chemical composition of BW

Constituents Chemical analysis (wt.%)

SiO2 14.68
Al2O3 0.334
Fe2O3 0.136
CaO 12.551
MgO 9.57
SO3 15.135
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zo group 1 1

or cationic dye. Thus, it could be assumed that BW has a greater
apacity to adsorb cationic dye.

In this study, we investigated the adsorption property of BW for
ationic dye removal from aqueous solutions. The adsorption prop-
rties in terms of adsorption capacity were described. The influence
f several parameters (kinetics, contact time, sorbent amount, dye
oncentration, and pH) on the adsorption capacity was evaluated
nd discussed. The equilibrium data have been analyzed using var-
ous adsorption isotherms.

. Materials and methods

.1. Dye stuff

The Basic Red 46 (BR 46) and Basic Yellow 28 (BY 28) are from
textile factory in Istanbul and were of commercial quality. They

re particularly suitable for dying of paper, leather, and textile. The
tructure of the dyes and their properties are given in Fig. 1 and
able 1. All dye materials were used as supplied and without further
urification.

.2. Adsorbent material

The BW used in this study was supplied from Etibor (Bigadiç
alıkesir, Turkey). It was received without any treatment. X-ray
iffraction patterns of BW and calcinated BW were obtained with
Rikagu Miniflex X-ray diffractometer using monochromatic Cu
� radiation operating at 30 kV and 15 mA over the range (2�) of
canning 5–60◦. Chemical compositions of raw BW and calcinated

W samples were determined by using XRF spectrometer (Spectro
-Lab). Major chemical constituents of BW are given in Table 2.

Fig. 1. Molecular structure of Basic Red 46 (a) and Basic Yellow 28 (b).
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.3. Adsorption procedure

In order to calculate the concentration from each experiment
wo calibration curves of BY 28 and BR 46 were first prepared. Dif-
erent concentrations were prepared and absorbance values were
ecorded at �max = 530 nm and �max = 438 nm for BR 46 and BY 28,
espectively. The adsorption of the two dyes at a fixed concentra-
ion on BW adsorbent was studied as a function of contact time.
early, 60 and 90 min are required for the equilibrium adsorption

or BR 46 and BY 28, respectively. Equilibrium data were obtained
y agitating various dye concentrations (50, 100,150, 200, 250, and
00 mg l−1) for BR 46 and BY 28 separately with a fixed BW dose
ntil equilibrium was established. The solution pH was adjusted to
by adding a small amount of HCl or NaOH (1 M). A fixed dose of
g l−1 was chosen after performing several trial studies to achieve
aximum equilibrium sorption capacity for the dye concentrations

n the range of (50–300 mg l−1). After equilibrium or defined time
ntervals, the samples were taken from the magnetic stirrer, fil-
ered off using Filtrak Filter Discs (number 391) and the filtrate
as analyzed for residual dye concentration at the wavelength

orresponding to maximum absorbance, �max, using a spectropho-
ometer (Shimadzu UV-1700 Double Beam). The effects of BW doses
n the amount of dye adsorbed were investigated by agitating dif-
erent amounts of BW (1–16 g l−1) with BR 46 and BY 28 solutions
150 mg l−1). The change of the absorbance of dye was determined
t a certain time intervals (10, 20, 30, 45, 60, 90, 120, 150, and
80 min) during the adsorption process. The influence of pH on dye
emoval was studied over a wide range of pH (1–11) by adjusting
ye solutions (150 mg l−1). In order to study the adsorption kinetics
.1 g of BW was kept in contact with 50 ml of dye solution for 60 min
or BR 46, and 90 min for BY 28 to allow attainment of equilibrium
t constant temperatures of 25, 35, 45, and 55 ◦C.

Zeta potential measurements were conducted using a Zeta-
eter System 3.0+ over a broad range of pH (2–11). One gram of

W in 100 ml of solution was conditioned for 10 min. The suspen-
ion was kept still for 5 min. to let larger particles settle. Each data
oint is an average of 10 measurements. All measurements were
ade at 20 ± 1 ◦C.

. Results and discussion

.1. Characteristics of adsorbent

Chemical composition of BW is given in Table 2. It contains
iO2 and B2O3 with some calcium oxide, magnesium oxide, sodium
xide, and other oxides present in trace amounts. The XRD patterns
f BW and calcinated BW are given in Fig. 2. The major phases of

W are ulexite, calcite, and colemanite, with minor dolomite, and
eolite. After heating, the peak intensities for ulexite significantly
ecrease.

To study the electrokinetic behavior of BW, zeta potential mea-
urements were made. Fig. 3 shows the zeta potential of BW in
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Fig. 2. XRD patterns of BW at various temperatures.
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Fig. 3. Variation of zeta potential of BW with pH.

ater as a function of pH. The isoelectric point of BW is found to
ccur at pH 4.1. It is clear that BW is negatively charged in the range
f pH > 4.1 and positively charged in the range of pH < 4.1. The nega-
ive value agree extremely well with the values presented by several
ther authors [16,17]

.2. Effect of pH

The variation in the adsorption of the dyes was studied in the
H range of 1–11, and the results are shown in Fig. 4. It is clear from
he plots that the pH values for optimum removal is 9 for both of BY
8 and BR 46. The variation of adsorption with pH can be explained
y considering the difference in the structure of dyes and the elec-
rokinetic behavior of BW. As shown in Fig. 3, the BW surface has the
ero point of charge at pH 4.1. Increasing pH of the solution causes
eta potential to become increasingly negative up to pH 9, finally
ecreasing pH > 9. Thus, the uptake of positively charged BY 28 and
R 46 would be low (Fig. 4). Apparently, the higher the solution pH

alue, the more the negative charges on the BW surface, the more
ttractive to cations the BW surface. This is why pH 9 value is good
or adsorbing BY 28 and BR 46. With decreasing pH of the solution
elow isoelectric point, the positive charge density on the surface
f BW increases, resulting in lower uptake of dyes. It is interest-

B
i
w
a
a

ig. 4. Effect of pH on uptake of BY 28 and BR 46 by BW (initial dye concentration:
50 mg g−1, temperature: 298 K, adsorbent dosage: 2 g l−1, contact time: 60 min for
Y 28 and contact time: 90 min BR 46).

ng to note that although BW surface has a positive charge density
H < 4.1, it significantly adsorbs both dyes. This may be explained
y the fact that at lower pH values positively charged surface sites
f BW can attract anions from solutions, and that compared to BW
urface in solution, positively charged density would be located
ore on the dye molecules at low pH value resulting to the lower

dsorption [5]. It is worth mentioning that the BW contains signif-
cant amount of boron impurity. Therefore, we carefully measured
oron concentration in the solution by using inductively coupled
lasma optic emission spectroscopy (ICP-OES) and found that the
oron concentration in the solutions is within the limit of water
tandard (Fig. 5).

.3. Effect of contact time

The effect of contact time on the adsorption of BR 46 and

Y 28 and are shown in Figs. 6 and 7, respectively. The exper-

ments were carried out at 150 mg l−1 initial dye concentration
ith 2 g l−1 adsorbent mass at four different temperatures. The

mount of dye adsorbed increased with increase in contact time
nd reached equilibrium after 60 min for BY 28 and 90 min for BR
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Fig. 5. Solubility of boron in BW waste at various pH.
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Fig. 8. Effect of initial dye concentration on the removal of BR 46 by BW at various
temperatures (contact time: 90 min, adsorbent dosage: 2 g l−1, pH 9).
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Fig. 10 shows the amount of dyes adsorbed on BW versus adsor-
ig. 6. Effect of contact time on the removal of BR 46 by BW at various temperatures
initial dye concentration: 150 mg l−1, temperature: 298 K, adsorbent dosage: 2 g l−1,
H 9).

6. It was established that, almost 99.74% and 99.71% adsorption
as achieved for BY 28 and BR 46 within the first hour of con-

act at 298 K, respectively. The uptake of BR 46 increased to 99.80%,
hereas the BY 28 possessed an uptake of 99.77% in 180 min. The

ffects of temperature on adsorption of dyes on BW surface are also

hown in Figs. 8 and 9. The uptake of both dyes decreased slightly
ith increasing temperature. The decrease in uptake indicates that

he process of removal of two dyes on BW is exothermic in nature.

ig. 7. Effect of contact time on the removal of BY 28 by BW at various temperatures
initial dye concentration: 150 mg l−1, temperature: 298 K, adsorbent dosage: 2 g l−1,
H 9).
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ig. 9. Effect of initial dye concentration on the removal of BY 28 by BW at various
emperatures (contact time: 60 min, adsorbent dosage: 2 g l−1, pH 9).

.4. Effect of adsorbent mass
ent dosage. The concentration of dye solution was kept constant.
he amount of dye adsorbed increased with the increase in adsor-
ent dosage. In the case of BY 28, the uptake increased from 72.32

ig. 10. Effect of BW dosage on the removal of BY 28 and BR 46 (initial dye concen-
ration: 150 mg l−1, temperature: 298 K, pH 9).
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Table 3
Effect of calcination temperature on the removal of BY 28 and BR 46 by BW (mg g−1)

Dyes 573 K 673 K 773 K

BY 28 74.75 74.53 53.96
BR 46 74.75 74.53 53.63
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BR 46, respectively. The calculated qe,cal values did not agree with
the experimental data. The results indicated that the adsorption of
BY 28 and BR 46 onto BW does not follow the pseudo-first-order
kinetics.
Fig. 11. SEM photograph of BW before adsorption.

o 75.00 mg g−1 as the BW dosage was increased from 1 to 2 g l−1.
s the amount of BW was increased further to 18 g l−1, the uptake

ncreased by only 0.68 mg g−1. For BR 46, the uptake was 74.73 and
4. 86 mg g−1 at the dosage of 2 and 18 g l−1, respectively. Therefore,
g l−1 of BW seems to be the optimum amount for the removal of
oth dyes, and this dosage was used in all experiments.

.5. Effect of calcination temperature

The effect of calcination temperature on the adsorption of dyes
t a fixed dye concentration is given in Table 3. The uptake of both
yes decreased with increasing temperature. This result may be
ainly attributed to the presence of ulexite impurity in BW. The

hermal behavior of ulexite has been the subject of many investi-
ations in the literature [18,19]. It has been stated that ulexite loses
ts water of crystallization while undergoing various mineralogical
nd structural changes. As stated above, ulexite contains chains of
odium, water and hydroxide octahedrons linked in endless chains.
he loss of the water molecules with increasing temperature and
ecomposition of the hydroxyl groups, which are the main effective
ites of the adsorption, will affect the adsorption capacity of BW. As
he BY 28 and BR 46 are cationic dyes, a decrease in the number
f the hydroxyl groups will result in a lower adsorption capacity of
W.

.6. SEM observation

SEM is widely used to study the morphological features and
urface characteristics of the adsorbent materials. In the present
tudy, SEM is used to assess morphological changes in the BW sur-
ace following adsorption of BY 28 and BR 46. The morphology
f the loaded adsorbent showed some important features. Typical
EM photographs are shown in Figs. 11–13. Fig. 11 shows that BW

as a smooth surface and its structure is less porous and compact.
overage of the surface of the adsorbent due to adsorption of the
ye molecules, presumably leading to formation of a monolayer of
he dye molecule over the adsorbent surface, is evident from the
ormation of white layer.
Fig. 12. SEM photograph of BW after adsorption of BR 46.

.7. Kinetic studies

Three kinetic models were applied to adsorption kinetic data
n order to investigate the behavior of adsorption process of dyes
nto BW. These models are the pseudo-first-order, pseudo-second-
rder, and the intra-particle diffusion models.

The pseudo-first-order model is given as [20]:

og(qe − qt) = log qe −
(

k1

2.303

)
t (1)

here qe and qt are the amount adsorbed (mg g−1) at equilibrium
nd time t (min−1), respectively, and k1 is the pseudo-first-order
ate constant of dye. The values k1 at different temperatures
ere calculated from the slopes of the respective linear plots of

og(qe − qt) versus time and are tabulated in Table 4. Typical the
seudo-first-order plots for adsorption of BY 28 and BR 46 on BW
t different temperatures are also shown in Figs. 14 and 15, respec-
ively. The correlation coefficients for the pseudo-first-order model
hanged in the range of 0.884–0.912 and 0.784–0.979 for BY 28 and
Fig. 13. SEM photograph of BW after adsorption of BY 28.
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Table 4
Kinetic parameters for the adsorption of BY28 and BR46 onto BW at various temperatures

Dyes T (K) qe,exp (mg g−1) qe,cal (mg g−1) k1 (min−1) r2
1 k2 (g mg−1 min−1) qe,cal (mg g−1) r2

2 kp (mg g−1 min−1/2) C (mg g−1) r2
p

BY
28

298 74.804 0.176 0.023 0.912 0.359 74.85 1 0.015 74.647 0.870
308 74.778 0.256 0.032 0.963 0.299 74.82 1 0.017 74..606 0.886
318 74.758 0.246 0.024 0.946 0.257 74.81 1 0.018 74.576 0.912
328 74.686 0.366 0.029 0.884 0.199 74.80 1 0.021 74.521 0.969

BR
46

298 74.832 0.257 0.024 0.979 0.257 74.87 1 0.018 74.632 0.950
308 74.763 0.302 0.019 0.938 0.179 74.85 1 0.023 74.547 0.969
318 74.719 0.445 0.022 0.784 0.149 74.84 1 0.029 74.450 0.960
328 74.694 0.393 0.015 0.949 0.128 74.83 1 0.032 74.392 0.975
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ig. 14. Pseudo-first-order kinetic plots for the adsorption of BY 28 onto BW at
arious temperatures.

The pseudo-second-order model [21] and the differential equa-
ion has the following form:

t

qt
= 1

k2q2
2

+ 1
q2

t (2)

here q2 is the maximum adsorption capacity (mg g−1); k2
s the rate constant of the pseudo-second-order equation
g mg−1 min−1); qt is the amount of dye adsorbed per unit mass
f the adsorbent (mg g−1).

The straight-line plots of t/gt versus t have been used to obtain
−1 −1
he rate parameters. The values of k2 (g mg min ) and correla-

ion coefficients, r2
2 of the dye solutions at different temperatures

ere calculated from these plots (Table 4). Fig. 16 shows the
lot of pseudo-second-order model for an initial concentration of
50 mg l−1 at different temperatures.

ig. 15. Pseudo-first-order kinetic plots for the adsorption of BR 46 onto BW at
arious temperatures.
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ig. 16. Pseudo-second-order kinetic plots for the adsorption of BY 28 and BR 46
nto BW at various temperatures.

Good correlation coefficients were obtained by fitting the exper-
mental data to Eq. (2), indicating that the adsorption process for
oth dyes is the pseudo-second-order. The dyes BY 28 and BR 46
how similar behavior at the temperature variations. The pseudo-
econd-order rate constants indicate that the uptake of both dyes
ecreases with the increasing solution temperatures. These results
ay be attributed to the fact that increasing the temperature of

he solution increases the rate of the approach to the equilibrium
ut decreases equilibrium adsorption capacity due to the enhanced
obility of ions at high temperature [22]. It should be mentioned

hat the solution temperature has a slight effect on adsorption of
oth dyes on BW. The adsorption for BY 28 is 74.80 mg g−1 at 25 ◦C
nd decreases to 74.69 mg g−1 at 50 ◦C whereas BR 46 uptake is
4.83 mg g−1 at 25 ◦C and 74.69 mg g−1 at 50 ◦C.

The pseudo-second-order rate constants were also used for get-
ing Arrhenius activation energy of adsorption [23]. The magnitude
f activation energy obtained are 15.23 and 18.19 kJ mol−1 for BY 28
nd BR 46, respectively. This result indicates that the adsorption has
low potential barrier and confirms the nature of the physisorption
nto BW. The other thermodynamic parameters, i.e., free energy
�G◦), standard enthalpy (�H◦) and standard entropy (�S◦) were
lso calculated using Eqs. (3) and (4), are given in Table 5.

G◦ = −RT ln Ka (3)

n Ka = −�H◦

RT
+ �S◦

R
(4)

here Ka is the adsorption equilibrium constant, Ce is the equi-

ibrium concentration of the dye in the liquid, qe is the amount of
ye adsorbed. Standard enthalpy (�H◦) and standard entropy (�S◦)
alues are calculated from the slope and intercept of the linear plot
n Ka versus 1/T (Fig. 17). The results presented in Table 5 show
hat the values of �H◦ are negative, indicating that the adsorption
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Table 5
Thermodynamic parameters

Dyes T (K) Ea

(kJ mol−1)
r2 ln Ka �G◦

(kJ mol−1)
�H◦

(kJ mol−1)
�S◦

(J mol−1)

BY
28

298 11.05 −13.15
308 10.98 −13.59
318 15.23 0.978 8.71 −14.03 −61.57 −114.26
328 8.34 −14.47

BR
46

298 11.20 −13.08
308 18.19 0.969 9.65 −13.52 −63.09 −121.25
318 8.69 −13.96
328 8.26 −14.40
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ig. 17. The variation of ln Ka with 1/T for the adsorption of BY 28 and BR 46.

rocess is spontaneous for BY 28 and BR 46 with high affinity on
W.

It is known that adsorption is a multi-step process involving
ransport of solute molecules from the aqueous phase to the surface
f the solid particles. Webber and Morris [24] reported that the
ntra-particle diffusion equation is

t = kpt1/2 + C (5)

here qt is the amount of dye adsorbed (mg g−1) at time t, C is the
ntercept, and kp is the intra-particle diffusion rate constant.

Figs. 18 and 19 show that the intra-particle diffusion plots for BY
8 and BR 46, respectively, the plot of qt versus t1/2 present a multi-
inearity correlation, which indicate that two steps occur during the
dsorption process. The first portion is a gradual adsorption stage,
here diffusion of the solute molecules on the surface of adsorbent

an be rate controlling. The second stage is the final equilibrium

ig. 18. Intra-particle diffusion model plots for the adsorption of BY 28 onto BW at
arious temperatures.
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ig. 19. Intra-particle diffusion model plots for the adsorption of BR 46 onto BW at
arious temperatures.

tage where the diffusion of the solute molecules into the interior
f the pores starts to slow down due to low solute concentration
n solution [25]. Values of the intra-particle diffusion constant, kp,

ere obtained from the slopes of the linear portions of the plots
nd are listed in Table 4. The correlations coefficients for the intra-
article diffusion model (r2

p) were 0.8702 and 0.9692, and 0.950
nd 0.975 for BY 28 and BR 46, respectively. These values indicate
hat the adsorption of BY 28 onto BW may be followed by an intra-
article diffusion up to 60 min. Fig. 19 shows that the diffusion of
he solute BR 46 molecules on the surface of the BW is mostly the
ate-controlling.

.8. Adsorption isotherms

The equilibrium adsorption isotherm is of importance in the
esign of adsorption systems. Several isotherm equations are avail-
ble and four important isotherms are selected in this study; the
reundlich, Langmuir, Temkin isotherms, and generalized isotherm.

The application of Langmuir isotherm suggests that every
dsorption site is equivalent, and that the ability of a particle to
ind there is independent of whether or not nearby sites are occu-
ied and that the adsorbent is saturated after one layer of adsorbate
olecules formed on the adsorbent surface. The linearized equa-

ion of Langmuir is represented as follows [20]:

1
qe

= 1
qmax

+
(

1
qmaxKa

)
1
Ce

(7)

here qe is the equilibrium dye concentration on the adsorbent
mol g−1); Ce is the equilibrium dye concentration in solu-
ion (mol l−1); qmax is the monolayer capacity of the adsorbent
mol g−1); Ka is the adsorption equilibrium constant.

The Freundlich isotherm model takes the multi-layer and het-
rogeneous adsorption into account. Its linearized form can be
epresented as [26]:

n qe = ln KF + 1
n

ln Ce (8)

here qe is the equilibrium dye concentration on the adsorbent
mol g−1); Ce is the equilibrium dye concentration in solution
mol l−1); KF, is the Freundlich constant; n is the heterogeneity
actor.

Temkin isotherm takes into account the effect of indirect
dsorbate–adsorbate interaction on adsorption, and suggests that

he heat of adsorption of all molecules in the adsorbent surface layer
ould decrease linearly with coverage [27]. The Temkin isotherm

an be expressed in its linear form as

e = B ln A + B ln Ce (9)



A. Olgun, N. Atar / Journal of Hazardous Materials 161 (2009) 148–156 155

Table 6
Adsorption isotherm constants for the adsorption of BY28 and BR46 onto BW at various temperatures

Isotherm models BY 28 BR 46

298 K 308 K 318 K 328 K 298 K 308 K 318 K 328 K

Langmuir
qmax (mol g−1) 1.89 × 10−3 5.10 × 10−4 1.87 × 10−3 2.17 × 10−3 1.64 × 10−3 9.35 × 10−4 2.08 × 10−3 2.56 × 10−3

KL (l mol−1) 62.93 × 103 58.53 × 103 6.07 × 103 4.20 × 103 73.31 × 103 15.45 × 103 5.96 × 103 3.88 × 103

r2
L 0.473 0.969 0.598 0.644 0.600 0.838 0.522 0.678

Freundluich
1/n 0.398 0.761 0.754 0.721 0.449 0.992 0.789 0.704
KF (l mol−1) 3.62 × 10−2 1.18 0.69 0.40 8.7 × 10−2 16.51 1.164 0.380
r2

F 0.407 0.952 0.686 0.760 0.492 0.862 0.715 0.779

Tempkin
B 8 × 10−5 1 × 10−4 1 × 10−4 1 × 10−4 1 × 10−4 2 × 10−4 2 × 10−4 2 × 10−4

Kt (l mol−1) 11.41 × 103 32.69 × 105 88.86 × 105 32.69 × 105 65.66 × 106 72.94 × 104 59.87 × 103 13.36 × 103

r2
t 0.599 0.862 0.872 0.901 0.974 0.895 0.845 0.916

Generalized isotherm
KG (mol l−1) 1.74 × 10−8 1.41 × 10−5 1.94 × 10−4 6.23 × 10−4 2.38 × 10−14 2.84 × 10−7 7.51 × 10−5 8.10 × 10−4

nB 3.12 1.02 0.99 0.92 2.45 1.44 1.08 0.91
r2

G 0.936 0.929 0.915 0.923 0.900 0.954 0.897 0.934

F
a

w
a

w

F
a

F

ig. 20. Comparison of experimental adsorption isotherm of Basic Yellow 28 with
dsorption isotherms models for adsorption on BW.

here B and A are the Temkin constants and can be determined by

plot of qe versus ln Ce.

The forth isotherm tested for correlation of the equilibrium data
as the generalized isotherm equation. It has been used in the

ig. 21. Comparison of experimental adsorption isotherm of Basic Red 46 with
dsorption isotherms models for adsorption on BW.
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ig. 22. Generalized isotherm plots for the adsorption of BY 28 onto BW at various
emperatures.

ollowing form [28]:

n
[

qmax

qe
− 1

]
= ln K − n ln Ce (10)

here K is the saturation constant (mg l−1); n is the co-operative
inding constant; qmax is the maximum adsorption capacity of the
dsorbent (mg g−1); qe (mg g−1) and Ce (mg l−1) are the equilibrium
ye concentration in the solid and liquid phase, respectively. A plot
f the equilibrium data in form of ln (qmax/qe − 1) versus ln Ce gives
and n constants.

Parameters related to each isotherm for the adsorption of dyes
n BW were determined by using linear regression analysis and the
quare of the correlation coefficients (r2) have been calculated. A
ist of the obtained parameters together with r2 values is provided
n Table 6. The comparisons of the experimental isotherms with
he adsorptions isotherm models are shown in Figs. 20 and 21.
he results showed that the equilibrium data of both sorption

ystems were well explained by the generalized isotherm model
s compared to the other isotherm equations (Figs. 22 and 23).
or the Freundlich and Langmuir models, significant fluctuations
ere observed in the model parameters at different temperatures.

his limits the general application of these models to our system.
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ig. 23. Generalized isotherm plots for the adsorption of BR 46 onto BW at various
emperatures.

lthough, the Langmuir model parameters fluctuated significantly
t different temperatures, its parameter can still provide valuable
nformation. The maximum adsorption capacity, qmax has been

idely used to compare the efficiency of an absorbent. The values
btained for BR 46 and BY 28 adsorption onto BW at 25 ◦C were
ound to be 99.80% and 99.77%, respectively. The values obtained
or the two systems were significantly higher than that of other
atural adsorbents. Yener et al. [29] obtained a value of 59.6 mg g−1

or cliniptilolite at 20 ◦C and Davila et al. [30] obtained a value of
5 mg g−1 for maize waste at 25 ◦C. This indicates the superiority
f BW in removing basic dyes as compared to other adsorbents.

. Conclusions

The present study revealed that waste material from boron
rocessing plant could be employed as a potential adsorbent for
he removal of basic dyes. The adsorption of BY 28 and BR 46
as found to be dependent on the electrokinetic behavior of
oron waste, pH, contact time, and adsorbent dosage. The max-

mum adsorption capacities of BY 28 and BR 46 are reported at
5.00 and 74.73 mg g−1, respectively. The adsorption of both dyes
nto BW was exothermic in nature with dye removal capacity
lightly decreasing with increasing temperature. Experimental data
ere best correlated by generalized isotherm. A good agreement

f the experimental kinetic data with the pseudo-second-order
nder different temperatures was obtained. The value obtained
or the activation energy of adsorption confirms the nature of
hysisorption of basic dyes onto BW. The �G◦ values for the dyes
ere negative, therefore, the adsorption was spontaneous and the
egative value of �S◦ suggests a decreased randomness at the
olid/solution interface.

From the reported results, it would appear that boron waste
s an adsorbent offering greater wastewater treatment potential
han other waste materials. However, further experiments with
ifferent dyes are now needed to fully investigate the potential of
oron waste in order to establish if it is an alternative to the other
bsorbents.
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