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bstract

Raw Kaolinite clay obtained Ubulu-Ukwu, Delta State of Nigeria and its sodium tetraborate (NTB)-modified analogue was used to adsorb
niline blue dye. Fourier transformed infrared spectra of NTB-modified Kaolinite suggests that modification was effective on the surface of the
aolinite clay with the strong presence of inner –OH functional group. The modification of Kaolinite clay raised its adsorption capacity from 1666

o 2000 mg/kg. Modeling adsorption data obtained from both unmodified and NTB-modified Kaolinite clay reveals that the adsorption of Aniline
lue dye on unmodified Kaolinite clay is on heterogeneous adsorption sites because it followed strongly the Freundlich isotherm equation model
hile adsorption data from NTB-modified Kaolinite clay followed strongly the Langmuir isotherm equation model which suggest that Aniline blue
ye was adsorb homogeneous adsorption sites on the NTB-modified adsorbent surface. There was an observed increase in the amount of Aniline
lue adsorbed as initial dye concentration was increased from 10 to 30 mg/L.

It was observed that kinetic data obtained generally gave better robust fit to the second-order kinetic model (SOM). The initial sorption rate was
ound to increased with increasing initial dye concentration (from 10 to 20 mg/L) for data obtained from 909 to 1111 mg kg−1 min−1 for unmodified
nd 3325–5000 mg kg−1 min−1 for NTB-modified adsorbents. Thereafter there was a decrease in initial sorption rate with further increase in dye
oncentration. The linearity of the plots of the pseudo-second-order model with very high-correlation coefficients indicates that chemisorption is
nvolved in the adsorption process.
From the design of a single-batch adsorber it is predicted that the NTB-modified Kaolinite clay adsorbent will require 50% less of the adsorbent
o treat certain volumes of wastewater containing 30 mg/L of Aniline blue dye when it is compared with the unmodified adsorbent. This will be
ost effective in the use of NTB-modified adsorbent for the adsorption of Aniline blue dye from water and wastewater.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Synthetic dyes have been used extensively in the textile,
aper, cosmetics, pharmaceuticals and food industries and more

o in medical/research laboratories were they were used for
taining substances for analysis. Strong color is an important
actor in considering the safety of wastewater before its dis-
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harge into water bodies [1]. Neglecting the aesthetic problem,
he greatest environmental concern with dyes is their absorp-
ion and reflection of sunlight entering the water body which
nterferes with the growth of bacteria to levels insufficient to bio-
ogically degrade impurities in the water resulting in ecological
mbalance.

Color in effluents can cause problems in several ways: dyes

an have acute and/or chronic effects on exposed organisms
epending on the exposure time and dye concentration; dyes
re inherently highly visible meaning that concentrations as low
s 0.005 ppm capture the attention of both the public and the

mailto:iyaemma@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.01.047
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uthorities; dyes absorb and reflect sunlight entering water and
o can interfere with the growth of microorganisms and hinder
hotosynthesis in aquatic plants [2,3]. Beyond these, dyes have
een found to be stable to light, and oxidizing agents.

There is difficulty in removing this dyes/colorant from aque-
us using the conventional methods such as precipitation,
olvent extraction, membrane filtration and biological oxidation
ecause these methods are only economical and efficient at high
oncentrations of these colorants/dye-stuffs. These and the high-
apital/operational cost in addition to secondary sludge disposal
ost have made these methods less attractive in the removal of
yes from wastewater. However, adsorption have been proven to
e an excellent method of removing dyes from aqueous solutions
ecause of its significant advantages like cheap, easy availability,
ost profitable, ease of operation, most efficient and no sludge

ormation, over the conventional methods from economic and
nvironmental point of view [4,5].

Different low-cost adsorbents have been employed by scien-
ist in an attempt to remove dyes and dye-stuffs from aqueous
olutions. Such adsorbents include, Sepiolite [6], waste coir pith
7], Zncl2 activated agricultural waste bagasse [8], fly ash [9],
pent brewery grains [10], treated sawdust [11], orange peels
12], and spent activated clay [13].

However, there appears to be dearth of information on the
dsorption of acidic dyes such as Aniline blue water solu-
le (WS) on Kaolinite and its modified analogues. Aniline
lue (WS) is used in the rapid identification of Candida
lbicans [14] in medical laboratories, in the Mallory’s con-
ective tissue stain and Gomoric’s one-step trichrome stain,
n differential staining for fluorescence microscopy study, as
ntermediates for dyestuffs in the textile industry, and anchor-
ng dye on fibers and leathers in the tanning industry [15].
he release of Aniline blue from these processes into water
ody has been largely neglected and much attention has been
ocused on reactive dyes used in the textile industries. The
resence of Aniline blue dye in water body would certainly
educe the quality of the water body and therefore renders
he water undesirable for any good use. Beyond these, Ani-
ine blue has been established as a hazardous substance [16]
ith the ability of causing irritation of the gastrointestinal

ract, shortness of breath and coughing. Lengthy exposures may
ffect the ability of blood to carry oxygen (Methemoglobine-
ia), resulting in bluish discoloration of lips and tongue

cyanosis) [16]. Its environmental toxicity and fate are not yet
nown.

In this study the efficiency of sodium tetraborate (NTB)-
odified Kaolinite clay adsorbent in adsorbing Aniline blue

WS) is measured against that of the unmodified Kaolin-
te clay adsorbent. The main objective of this work is to
tudy the equilibrium and kinetics of the adsorption of Ani-
ine blue (WS) onto both NTB-modified and unmodified
aolinite clay adsorbents. The effects of some operating
ariables such as pH, agitation speed, adsorbent weight

nd initial dye concentration on the kinetics of the adsorp-
ion Aniline blue (WS) are also considered. The design of

single-batch adsorber is studied in this work in order
o consider the industrial (large scale) applicability of the

(
t

a
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dsorbents in the removal of Aniline blue dye from wastewa-
er.

. Materials and methods

.1. Purification of Kaolinite clay

Kaolinite clay was obtained from Ubulu-Ukwu, Delta State,
igeria. On collection, it was purified by method described by
debowale et al. [17].
Once dried, the very hard Kaolinite-resin was broken into

articles and sieved into +220 �m using the appropriate mesh
ieve. The specific surface area of the unmodified adsorbent was
etermined using the Sear’s method [18]. The infrared spec-
ra of the adsorbents were obtained by method described by
nuabonah et al. [19]. The point of zero charge of both adsor-
ents was determined using the method described by Ofomaja
20].

.2. Preparation of sodium tetraborate (NTB)-modified
aolinite

The Kaolinite clay was first treated with 2 M HNO3 for
h and was then washed several times with distilled-deionized
ater until filtrate attained pH 7 and dried in the oven at 333 K.
o 50 g of Kaolinite sample, 500 mL of a certain concentration
f sodium tetraborate was added. This suspension was stirred
n a power stirrer for 6 h. The suspension which had a pH of 9.6
as washed several times with distilled-deionized water until pH
.98. The sample was then centrifuged at 1500 rpm for 15 min
nd dried in an oven at 333 K. It was then sieved with a +220 �m
esh size sieve. The cation exchange capacity (CEC) of both

nmodified and NTB-modified Kaolinite clay adsorbents were
etermined by modified Ammonium acetate method [21]. In
his method, 50 mL of 1 M sodium acetate (CH3COONa) was
dded to two gram of the adsorbent. The suspension was then
gitated for 1 h at 200 rpm. This was then filtered and the residue
ashed with distilled-deionized water several times to remove

xcess sodium acetate from the adsorbents. They were filtered
nd air-dried. The samples were then added to 50 mL of 1 M
mmonium acetate (pH 7.0) and agitated. This step was repeated

hree times and each time the supernatant were collected and kept
or Na+ analysis using Flame Photometry. A Philip XL30 Scan-
ing Electron Microscope/EDAX was used to obtain microgram
cans of both the unmodified and NTB-modified Kaolinite clay
inerals. Fourier transform infrared spectrometer (Nexus 870
T-IR) was used for the infrared spectroscopic analysis of the
amples.

.3. Adsorption reaction

The acid dye used in this adsorption study is Aniline blue

WS). Aniline blue is a water-soluble acid dye which is some-
imes referred to as China blue.

Aniline blue is a mixture of methyl blue and water and it may
lso be either of them (a and b).
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Constituents of Aniline blue (Acid blue 22 CI 42755) are:

olecular weight of aniline blue: 737.74 g/mol.
V range: 594–610 nm.
olecular formula: C32H25N3Na2O9S3.
ppearance: purple brown powder.

The Aniline blue dye used in this study was BDH product.
he stock solution of Aniline blue (WS) (1000 mg/dm3) was pre-
ared in distilled-deionized water. All working solutions in the
ange of 10–40 mg/L were prepared by diluting the stock solu-
ion with distilled-deionized water. Some sample bottles were
ashed and air-dried for collection of samples. A 15, 20, and
5 g/L of the adsorbent-adsorbate was prepared using 10 mg/L
f the dye solution at pH 9.0 ± 0.1. Variation of pH was in the
ange of 4.0 ± 0.1 to 9.0 ± 0.1 and 20 g/L solution of 20 mg/L
f adsorbent–adsorbate solution was used. The effect of initial

ye concentration was studied with a range of 10–30 mg/L dye
oncentrations. These samples were agitated at 240 rpm using
power stirrer with a three-flat-blade impeller driven by an

lectric motor. 500 �L was taken with a micropipette into sample

2

p

ous Materials 157 (2008) 397–409 399

ottles at time intervals in a range of time of 10 s to 30 min.
ach of these samples was made up to 5.0 mL with deionized
ater. Each of the diluted samples was properly filtered and the

bsorbance values at 594 nm were used to monitor the adsorption
rocess and the color measured according to the Lambert–Beer’s
aw. The filtered dye-free effluent was used as blank.

For the effect of agitation speed, the stirrer speed was var-
ed between 240 and 350 rpm. The power stirrer was mounted
nd positioned along side with Cary-1E-UV Visible Spectropho-
ometer (Varian).

Samples were also collected and dye concentrations read like
n previous experiments.

Data collected were treated at statistical significance of
≤ 0.05.

.4. Theory of adsorption kinetics
.4.1. Modified pseudo-first-order kinetic model
Lumped kinetic models such as the pseudo-first-order and

seudo-second-order kinetics models have without doubts pro-
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ided simple but satisfactory explanation to an adsorption
rocess in many systems. Nevertheless, for many adsorption
ystems, the plot of either ln(qe − qt) against t, t/qt against t, or
t against t0.5 may be multilinear as with the case of the adsorp-
ion of Basic Magenta and Basic Brilliant Green dyes [22]. To
olve this problem it is common to segment the plot into two
r more straight lines and to therefore suggest that different
dsorption mechanisms control each step represented by each
traight line. This practice may be quite “artificial” as it is up to
he researcher to decide where to segment the multilinear plot.
lthough, this might help to understand the adsorption mech-

nism to some extent, yet the practical significance of such an
pproach is quite limited. To resolve this problem, Yang and Al-
uri [23] postulated the idea of incorporating a qt-dependent

ate constant into the lumped kinetic models since the rate con-
tants of multilinear plots may vary with parameters such as time
r more specifically with the solid-phase concentration qt.

To set up the new model for the pseudo-first-order kinetic
odel:

dqt

dt
= k1(qe − qt) (1)

Yang and Al-Duri [23] modified Eq. (1) through the modi-
cation of its rate constant. The rate constant in the modified
seudo-first-order kinetic model was denoted by K1 and the
ollowing equation was proposed:

1 = K1qe

qt

(2)

As qt < qe, the above equation implies that the rate constant
1 is minimum when equilibrium is reached.

The modified pseudo-first-order rate equation can be derived
s follows:

dqt

dt
= K1qe

qt

(qe − qt) (3)

Eq. (3) can be rearranged into

dqt + qe dqt

(qe − qt)
= K1qe dt (4)

Integrating Eq. (4) over time t during which the solid-phase
oncentration increases from zero to qt, the following algebraic
quation can be obtained:

qt

qe
+ ln(qe − qt) = ln(qe) − K1t (5)

If the adsorption process follows the modified pseudo-
rst-order kinetic model represented by Eq. (5), a plot of
t/qe + ln(qe − qt) against t should be a straight line.

.4.2. Second-order kinetic model
The second-order Lagergren equation was given by Ban-
uella and Benaissa [24] and is represented as

1

(qe − qt)
= 1

qe
+ k2t (linear form) (6)

q

ous Materials 157 (2008) 397–409

t = q2
ekt

qekt + 1
(non-linear form) (7)

here qt is the amount of dye adsorbed (mg/kg) by the adsor-
ents at time t (min), qe the amount adsorbed at equilibrium,
nd k2 is the second-order rate constant of the adsorption
kg mg−1 min−1).

.4.3. Pseudo-second-order kinetic model
For the rate constant of the pseudo-second-order chemical

orption process the kinetic expression can be written as follows:

t = kq2
e t (8)

The differential equation is as follows:

dqt

dt
= k(qe − qt)2

1 + kt

(9)

Integrating Eq. (1) for the boundary conditions t = 0 to t = t
nd qt = 0 to qt = qt, gives

1

(qe − qt)
= 1

qe
+ kt (10)

When this is linearized it gives

t

qt

= 1

kq2
e

+ t

qe
(linear form) (11)

nd

t = t

(1/h) + (t/qe)
(non-linear form) (12)

here qe is the amount of dye adsorbed at equilibrium (mg/L),
t amount of dye adsorbed at time t (mg/g) and k is the rate
onstant of the pseudo-second-order sorption (g/(mg min)).

The initial sorption rate can be obtained as qt/t approaches
ero:

= kq2
e (13)

here h is the initial sorption rate (mg/(g min)).
The pseudo-second-order model constants can be obtained

y plotting t/qt against t [25].

.5. Isotherm models

.5.1. Langmuir isotherm
The Langmuir isotherm has been used extensively by many

uthors for the sorption of heavy metal ions in clay, metal oxides,
oils, etc. The Langmuir isotherm is a valid monolayer sorp-
ion on a surface containing a finite number of binding sites.
t assumes uniform energies of sorption on the surface and
o transmigration of sorbate in the plane of the surface. The
angmuir equation may be written as

QobCe

e =

1 + bCe
(non-linear form) (14)

Ce

qe
= 1

Qob
+ Ce

Qo (linear form) (15)
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Fig. 1. (a) PZC plot for unmodified adsorbent. (b) PZC plot for NTB-modified
adsorbent.

Fig. 2. Infrared spectrum of NTB-modified Kaolinite clay.

Table 1
IR spectra band assignments for unmodified and NTB-modified Kaolinite clay

IR frequencies (cm−1) Band assignments

Unmodifieda NTB-modified

3668.3 3695.40, 3649.40 Inner surface –OH stretching vibration
2919 – CH3-Nujol mull
1733.6 1635.39 OH bending vibration
1034.4 1027.86 Si O, Si O MR bending vibration

918.7 912.90 Al O, Al O MR bending vibration
792 794.32, 752.53 Si O stretching vibration
E.I. Unuabonah et al. / Journal of H

here qe is the amount of solute adsorbed per unit weight of
dsorbent (mg/g), Ce the equilibrium concentration of solute in
he bulk solution (mg/L), Qo the monolayer adsorption capacity
mg/g) and b is the constant related to the energy of adsorption
L g−1). It is the value reciprocal of the concentration at which
alf the saturation of the adsorbent is attained.

.5.2. Freundlich isotherm
The Freudlich isotherm theory says that the ratio of the

mount of solute adsorbed onto a given mass of sorbent to the
oncentration of the solute in the solution is not constant at dif-
erent concentrations. The Freundlich equation may be written
s

e = KFC1/n
e (non-linear form) (16)

n qe = ln q + 1

n
ln Ce (linear form) (17)

here qe is the amount of solute adsorbed per unit weight of
dsorbent (mg/g), Ce the equilibrium concentration of solute in
he bulk solution (mg/L), q the constant indicative of the rela-
ive adsorption capacity of the adsorbent (mg/g) and 1/n is the
onstant indicative of the intensity of the adsorption.

. Results and discussions

.1. Physicochemical characteristics

Some of the physicochemical characteristics of the unmodi-
ed Kaolinite adsorbent used in this study have been described

n Adebowale et al. [17]. However, for NTB-modified Kaolinite
lay, its point of zero charge (PZC) was determined to be 3.70 as
gainst 4.40 for the unmodified Kaolinite clay adsorbent. This
uggest that modification of Kaolinite clay with sodium tetrabo-
ate reduces the PZC of Kaolinite clay and this enhances the use
f Kaolinite clay in adsorbing metal ions from aqueous solutions
ven at low pH. The PZC plots for both adsorbents are shown
n Fig. 1a and b.

The specific surface area for NTB-modified Kaolinite was
bserved to be 15.84 m2 g−1 while that of the unmodified
as 10.56 m2 g−1. The unmodified Kaolinite clay adsorbent
ave CEC of 7.81 mequiv/100 g of Kaolinite clay [17]. How-
ver, the cation exchange capacity of NTB-modified adsorbent
as determined to be 32.18 mequiv/100 g of NTB-modified
aolinite clay. This is four times that of the unmodified adsor-
ent.

From the infrared spectroscopy NTB-modified adsorbent
howed broader inner –OH peaks that were not as prominent
s those of the unmodified adsorbent (Fig. 2). These peaks had
alues shifted from those of the unmodified adsorbent (Table 1)
hich suggests that the –OH on the NTB-modified is quite
ifferent from that on the unmodified adsorbent via the atom
hey are attached to. This further confirms the surface modi-

cation of the unmodified adsorbent. However, there was the
bsence of the outer –OH peak which rules out the possibil-
ty for the adsorption of Pb2+ and Cd2+ onto this site on these
dsorbents.

693.8 – Si O stretching vibration
– 538.05 Al O Si deformation

MR, modifying reagent.
a Values reproduced from Adebowale et al. [30].
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Table 2
Equilibrium constants for Langmuir and Freundlich isotherms

Unmodified NTB-modified

Langmuir
Qo (mg/kg) 1666.67 2000
b (L kg−1) 6.316 × 10−2 2.17 × 10−1

R2 0.9821 0.9927
χ2 112.05 7.01

Freundlich
kf (mg/kg) 222.34 904.78
n 2.29 7.59
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Fig. 3. SEM of unmodified Kaolinite clay.

The Si–O and Al–O peaks were found to shift from 1034.4
nd 918.7 cm−1 in the unmodified Kaolinite clay adsorbent to
006 and 912.62 cm−1, respectively in the NTB-modified Kaoli-
ite clay adsorbent. However, because of the structure of sodium
etraborate, it is possible to say that the –OH site may not be
he only site available for the adsorption of Aniline blue dye

olecule but there could also be the presence of lone pairs of
lectrons present on the boron atom.

The scanning electron microgram (SEM) of both adsorbents
Figs. 3 and 4) presents the NTB-modified adsorbent having

articles bearing more whitish substance than the unmodified
dsorbent. These substances have been described to be non-clay
aterials [26] which in this case will include sodium tetraborate

eagent.

Fig. 4. SEM of sodium tetraborate-modified Kaolinite clay.
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R2 0.9940 0.8322
χ2 7.27 68.47

.2. Adsorption equilibrium

To effectively analyze and design an adsorption process there
eed to understand the relevant adsorption equilibria which is
n important piece of information in any adsorption process.
dsorption equilibrium provides the basic physicochemical data

or evaluating the applicability of the adsorption process as a
nit operation. Two isotherm models are commonly employed
n this regard: Langmuir and Freundlich isotherm models. The
inear and non-linear forms of these isotherms are shown in Eqs.
14)–(17).

From Table 2 it can be seen that the modification of Kaolinite
lay with sodium tetraborate enhanced its adsorption capac-
ty for Aniline blue dye as there was an observed increase
f adsorption capacity of the Kaolinite clay from 1666.67 to
000 mg/kg. The binding energy constant, b, also showed an
ncrease from 0.06316 to 0.217 L kg−1. This implies that the
dsorption complex formed between the NTB-modified Kaoli-
ite clay and Aniline blue dye could be more stable than that
ormed between the dye and the unmodified Kaolinite clay.

To predict the adsorption capacity of both adsorbents at equi-
ibrium using both the Langmuir and Freundlich isotherms, the
ollowing equations were produced.

For unmodified Kaolinite clay:

Langmuir isotherm

qe = 105.3Ce

1 + 0.063Ce
(18)

Freundlich isotherm

qe = 222.3C0.437
e (19)

For NTB-modified Kaolinite clay:

Langmuir isotherm

qe = 434.0Ce

1 + 0.217C
(20)
e

Freundlich isotherm

qe = 904.1C0.132
e (21)
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ever, the adsorption of the dye was found to be more favorable
with NTB-modified adsorbent.
E.I. Unuabonah et al. / Journal of H

These predicted Langmuir and Freundlich isotherm equa-
ions for the adsorption of Aniline blue onto both Kaolinite
lay and NTB-modified Kaolinite could be useful for design
alculations in the adsorption of Aniline blue dye onto
oth natural Kaolinite and NTB-modified Kaolinite clay
dsorbents.

In modeling the experimental equilibrium adsorption capac-
ty data obtained against those obtained from predicted
angmuir and Freundlich isotherm equations, the Chi-square
ethod of model analysis was used. In Chi-square method of
odel analysis, an error is required to evaluate the fit of an

quation to the experimental data obtained from the optimiza-
ion process employed. In this study, a non-linear Chi-square
est was used [27]. The Chi-square test statistic is basically the
um of the squares of the differences between the experimental
ata and data obtained by calculating from the models, with each
quared difference divided by the corresponding data obtained
y calculating from the models. The equivalent mathematical
tatement is

2 =
∑ (qe − qe,m)2

qe,m
(22)

here qe,m is the equilibrium capacity obtained by calculat-
ng from the model (mg/g) and qe is experimental data of the
quilibrium capacity (mg/g). If data from model are similar
o the experimental data, χ2 will be small in number, while
f they differ, χ2 will be a bigger number. Therefore, it is
ecessary to also analyze the data set using the non-linear Chi-
quare test to confirm the best-fit isotherm for the sorption
ystem.

From Table 2 it was observed that experimental data
btained for the unmodified adsorbent showed better fit to
he Freundlich isotherm model. This is seen from the lower
2 of 7.27 and higher correlation coefficient R2 of 0.9940
s against those obtained for NTB-modified Kaolinite clay.
owever, equilibrium data obtained for the NTB-modified

dsorbent showed better fit to the Langmuir isotherm model.
his may suggest that the unmodified Kaolinite clay has het-
rogeneous adsorption sites as suggested by the Freundlich
sotherm model but on modification with sodium tetraborate,
he sites became homogeneous as suggested by the Langmuir
sotherm model. Although, we have both –OH and perhaps
ome lone pairs of electrons as possible adsorption sites on
TB-modified adsorbent, it is therefore plausible to perhaps

ssume that only one of either adsorption site was involved
n the adsorption of Aniline blue onto the NTB-modified
dsorbent. Model plots with experimental data are shown in
igs. 5 and 6.

The dimensionless constant separation factor or equilibrium
arameter was used to determine the favorability of the adsorp-
ion of Aniline blue onto both adsorbents. The equation is given
y

R = 1

1 + bCo
(23)

here KR is a dimensionless separation factor, Co the initial
etal ion concentration (mg/L) and b is Langmuir constant

F
o

ig. 5. Langmuir isotherm model curves for the adsorption of Aniline blue onto
oth unmodified and NTB-modified Kaolinite clay adsorbents at 298 K.

L/mg). The parameter KR indicates the shape of the isotherm
ccordingly.

alues of KR Type of Isotherm

R > 1 Unfavorable

R = 1 Linear
< KR < 1 Favorable

R = 0 Irreversible

The calculated KR values at various initial concentrations of
he dye for both adsorbent are shown in Fig. 7. Values of KR
btained for both adsorbents were found to be in the range of
–1 which confirms the favorable uptake of Aniline blue onto
oth adsorbents. The adsorption of the dye was found to be more
avorable with increasing initial concentration of the dye. How-
ig. 6. Freundlich isotherm model curves for the adsorption of Aniline blue
nto both unmodified and NTB-modified Kaolinite clay adsorbents at 298 K.
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ig. 7. Separation factor for the adsorption of Aniline blue on both unmodified
nd NTB-modified Kaolinite clay.

.3. Kinetics of adsorption

.3.1. Modified pseudo-first-order kinetic model (MPFOM)
nd second-order kinetic model (SOM)

Table 4 shows the modified pseudo-first-order and second-
rder rate constants for a range of various operating variables.
igs. 8 and 9 show the modified pseudo-first-order plots for

he adsorption of Aniline blue dye onto both unmodified and
TB-modified Kaolinite clay adsorbents, respectively. Increas-

ng initial concentration of the dye and increasing agitation speed
ere found to reduce the rate constant of the modified pseudo-
rst-order (MPFOM). NTB-modified adsorbent showed similar
rend with increasing initial dye concentration but a reverse trend
ith increasing agitation speed. Although, Yang and Al-Duri

23] had similar findings when they studied the adsorption of
eactive dyes on activated carbon with increasing concentra-

ig. 8. Modified pseudo-first-order plot for the adsorption of Aniline blue by
nmodified Kaolinite clay adsorbent.
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ig. 9. Modified pseudo-first-order plot for the adsorption of Aniline blue by
TB-modified Kaolinite clay adsorbent.

ion of the dyes, yet no explanation could be proffered for this
rend. It might be reasonable to assume that the trend is as a
esult of the fact that with increasing dye concentration there are
ess adsorption sites available on the surface of the unmodified
aolinite clay to meet the increasing concentration of the dye

nd thus there will be competition between the dye molecules
or the adsorption sites. This might have had a negative effect
n the rate of adsorption of the dye onto unmodified Kaolinite
lay. Increasing agitation speed may possibly have caused some
esorption of the dye molecules from the unmodified adsor-
ent’s surface thereby slowing down its rate of adsorption of
he dye.

However, with increasing pH (from 4 ± 0.1 to 9 ± 0.1) and
ith increasing adsorbent dose the modified pseudo-first-order

ate constant was found to increase for unmodified adsorbent
Table 4). This might be because increasing both variables
ncreases the number of adsorption sites available for the
dsorption of Aniline blue dye. MPFOM rate constant for NTB-
odified adsorbent decreased with increasing pH but increased
ith increasing adsorbent dose. Increasing adsorbent dose was

ound to give higher MPFOM rate constants than those obtained
rom other operating variables for unmodified adsorbent while
or NTB-modified adsorbent increasing initial dye concentration
ave higher MPFOM rate constants than those obtained from
ther operating variables. This may signify that the adsorption
f Aniline blue dye onto both adsorbents is more of an exter-
al/film diffusion controlled adsorption process especially for
TB-modified adsorbent.
Similar trends were obtained when data were fitted into

he SOM except with increasing agitation speed where NTB-
odified adsorbent showed a decrease in SOM rate constant.
From the correlation coefficient, R2, of both kinetic models,

t was observed that kinetic data obtained generally gave better
obust fit to SOM than to MPFOM. By implication, this could

ean that the adsorption of Aniline blue dye onto both unmod-

fied and NTB-modified Kaolinite clay adsorbent is not only
ime dependent as suggested by MPFOM but also concentration
ependent as suggested by SOM.
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ig. 10. Pseudo-second-order plot for the adsorption of Aniline blue by unmod-
fied Kaolinite clay adsorbent.

.3.2. Pseudo-second-order kinetic model (PSOM)

.3.2.1. Adsorption capacity. Parameters obtained from the
seudo-second-order kinetic model are shown in Table 3.
igs. 10 and 11 depict the pseudo-second-order plots for the
dsorption of Aniline blue dye onto both unmodified and
TB-modified Kaolinite clay adsorbents respectively. Increas-

ng initial dye concentration and increasing agitation speed were
bserved to increase the adsorption capacity qe of the unmodi-
ed adsorbent for Aniline blue dye while increasing adsorbent
osage increased adsorption capacity of unmodified adsorbent
p to 20 g/L and thereafter this variable did not change its adsorp-
ion capacity. The same trend was observed with increasing
H.

NTB-modified adsorbent showed an increase in qe with
ncreasing initial dye concentration, increasing agitation speed
nd increasing adsorbent dosage. However, increasing pH did
ot change qe for this adsorbent. No explanation can be yet prof-
ered for this trend shown by increasing pH for both adsorbents.
Increasing initial dye concentration produces a higher driving
orce across the film that forms a boundary layer between the
dsorbate and the adsorbent. This increases the amount of the
ye adsorbed and hence the qe of the adsorbent. Increasing agita-

ig. 11. Pseudo-second-order plot for the adsorption of Aniline blue by NTB-
odified Kaolinite clay adsorbent.
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ion increases the shear force on this boundary film layer between
he adsorbate and the adsorbent and subsequently decreases
he boundary layer surrounding the suspended adsorbent par-
icle. This again increases the adsorption capacity, qe, of the
dsorbent.

.4. Initial sorption rate

The initial sorption rate, h, was found to generally increase
ith increasing initial dye concentration for adsorbent as

he overall pseudo-second-order rate constant rate constant
ecreased for both unmodified and NTB-modified Kaolinite
Table 3). Although Vadivelan and Kumar [1] observed a
eversed trend when they studied the sorption of methylene Blue
n rice husk, it is likely that the adsorption of Aniline blue onto
oth unmodified and NTB-modified adsorbent is initially rapid
ecause increasing initial dye concentration produces higher
riving force that reduces the film layer between the adsor-
ate and adsorbent surface but as equilibrium is achieved, the
verall rate of sorption of the dye reduces. Ho et al. [28] have
lso suggested that to maintain the initial sorption rate of an
dsorption process there is the need to have a higher adsorption
apacity as initial concentration of adsorbate increases which is
nly possible with more adsorption sites on the adsorbent’s sur-
ace or increased adsorbent weight per unit volume of adsorbate
olution. Since this cannot be achieved while adsorption reac-
ion is on, the rate of adsorption will thus drop. This accounts
or reducing pseudo-second-order rate constant but increasing
nitial sorption rate of Aniline blue onto unmodified and NTB-

odified Kaolinite clay adsorbents as initial dye concentration
ncreases.

Increasing pH and increasing adsorbent dosage tend to
ncrease the initial sorption rate as well as the PSOM rate
onstant in the unmodified adsorbent. This likely so as dye con-
entration in both variables remain constant but more adsorption
ites are produced by increasing pH and increasing adsor-
ent dosage. Increasing agitation speed decreased both initial
orption rate and PSOM rate constant for the unmodified adsor-
ent. This could be linked to the fact that since shear force is
reater than electrostatic attraction force, desorption of the dye
olecules from the adsorbent’s surface with increasing speed

f agitation applied to the adsorption system will result. This
ill thus decrease both the initial sorption rate of the dye and its
verall kinetic adsorption rate constant.

For NTB-modified adsorbent, increasing pH reduced both
nitial sorption rate and PSOM rate constants. It very likely that
ncreasing pH do not favor the adsorption of Aniline blue onto
TB-modified adsorbent as this trend was also observed with
PFOM and SOM kinetic models in this study (Table 4). How-

ver, increasing adsorbent dosage only increased initial sorption
ate and PSOM rate constants for NTB-modified adsorbent up
o 10 g/L. Above this solid–liquid ratio the PSOM rate con-
tant decreased but the initial sorption rate increased. The might

e that increasing adsorbent dose could have resulted in some
article–particle aggregation that may have affected the overall
inetic rate of adsorption of the dye onto NTB-modified adsor-
ent. Increasing agitation speed enhanced both initial sorption
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Table 3
Data for the pseudo-second-order rate constant for the different operating variables

Unmodified NTB-modified

10a 20a 30a 10a 20a 30a

Effect of initial dye concentration (unmodified: pH 9.0, w/v = 20 g/L, speed = 240 rpm; NTB-modified: pH 4.0, w/v = 20 g/L, speed = 350 rpm)
qe (mg/kg) 500 1000 1666.67 500 1000 1728.57
h (mg kg−1 min−1) 435 1111.11 1000 3325 5000 3326.53
k (kg mg−1 min−1) 1.74 × 10−3 1.11 × 10−3 3.60 × 10−4 1.33 × 10−2 5.00 × 10−3 1.63 × 10−3

R2 0.9970 0.9984 0.9917 0.9989 0.9999 0.9988

Unmodified NTB-modified

4.0b 7.0b 9.0b 4.0b 7.0b 9.0b

Effect of pH (concentration = 20 mg/L, w/v = 20 g/L, speed = 240 rpm)
qe (mg/kg) 769.23 1000 1000 1000 1000 1000
h (mg kg−1 min−1) 212.77 434.78 1111.11 5000 2500 2000
k (kg mg−1 min−1) 3.60 × 10−4 4.35 × 10−4 1.11 × 10−3 5.00 × 10−3 2.50 × 10−3 2.00 × 10−3

R2 0.9697 0.9940 0.9984 0.9999 0.9997 0.9991

Unmodified NTB-modified

240c 300c 350c 240c 300c 350c

Effect of agitation (unmodified: concentration = 30 mg/L, pH 9.0, w/v = 20 g/L; NTB-modified: concentration = 20 mg/L, pH 9.0, w/v = 20 g/L)
qe (mg/kg) 1666.67 1428.37 1250 909.09 909.09 1000
h (mg kg−1 min−1) 1000 232.56 161.29 1111.11 1428.92 5000
k (kg mg−1 min−1) 3.60 × 10−4 1.14 × 10−4 1.032 × 10−4 1.34 × 10−3 1.73 × 10−3 5.00 × 10−3

R2 0.9917 0.9342 0.8305 0.9986 0.9986 0.9999

Unmodified NTB-modified

15d 20d 25d 5d 10d 20d

Effect of adsorbent weight (Unmodified: conc. = 10 mg/L, pH = 9.0, speed = 240 rpm; NTB-modified: conc. = 20 mg/L, pH 4.0, speed = 350 rpm)
qe (mg/kg) 476.19 500 500 833.33 909.09 1000
h (mg kg−1 min−1) 303.04 435 555.56 909.08 1000 5000
k (×10−3 kg mg−1 min−1) 1.34 1.74 2.22 1.31 9.20 5.00
R2 0.9941 0.9970 0.9986 0.9961 0.9950 0.9999
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a Concentration (mg/L).
b pH.
c Speed (rpm).
d Weight (g/L).

ate and PSOM rate constant for NTB-modified adsorbent. This
s in contrast to observations made with unmodified adsorbent.

.5. Sorption mechanism

Although, the modified pseudo-first-order, second-order and
seudo-second-order kinetic model mechanisms have been
pplied to kinetic data obtained in this study, however, for the
dsorption of dyes, which are large molecules, it will more
ppropriate to study the data using a diffusion-controlled mech-
nism. The intraparticle diffusion model have been used but the
ouble nature of the intraparticle plot confirms the presence of
oth film and pore diffusion. However, since we are dealing
ith a large molecule in this study, adsorption into pores of the

dsorbents would be most unlikely.
Therefore, from this study, it was observed that agitation
peed reduced the both adsorption capacity, modified pseudo-
rst-order rate constant and overall pseudo-second-order rate
onstant of the adsorption of Aniline blue onto the unmodi-
ed adsorbent but the reverse was the case with NTB-modified

3

n

dsorbent. Furthermore, pH enhanced the adsorption capacity,
odified pseudo-first-order rate constant and the overall pseudo-

econd-order rate constant of the adsorption of Aniline blue onto
he unmodified adsorbent and vice-versa for the NTB-modified
dsorbent.

These may suggest that adsorption of Aniline blue onto NTB-
odified is by chemisorption mechanism perhaps via the lone

air of electron on the modified surface of the adsorbent since
ncreasing agitation speed enhances surface adsorption. For the
nmodified it could be by ion-exchange mechanism which is
urther strengthened by the positive effect pH has on the adsorp-
ion of the dye onto its surface. The linearity of the plots of
he pseudo-second-order model (Figs. 10 and 11) with very
igh-correlation coefficients (Table 3) indicates that chemical
eaction is the main rate-controlling step throughout most of the
dsorption process.
.6. Design of batch adsorption from isotherm data

Adsorption process is known to proceed by various mecha-
isms: external mass transfer of solute onto the surface of the
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Table 4
Data for the pseudo-first-order rate constant for the different operating variables

Unmodified NTB-modified

10a 20a 30a 10a 20a 30a

Effect of Initial dye concentration (unmodified: pH 9.0, w/v = 20 g/L, speed = 240 rpm; NTB-modified: pH 4.0, w/v = 20 g/L, speed = 350 rpm)
k1 8.30 × 10−2 7.17 × 10−2 4.70 × 10−2 6.43 × 10−1 2.49 × 10−1 1.36 × 10−1

k2 1.70 × 10−3 7.00 × 10−4 2.0 × 10−4 1.99 × 10−2 1.20 × 10−3 8.00 × 10−4

R2 0.9688 (0.9792) 0.9315 (0.9559) 0.9679 (0.9914) 0.9585 (0.9466) 0.8855 (0.9810) 0.9468 (0.9646)

Unmodified NTB-modified

4.0b 7.0b 9.0b 4.0b 7.0b 9.0b

Effect of pH (concentration = 20 mg/L, w/v = 20 g/L, speed = 240 rpm)
k1 (×10−2) 1.92 6.15 7.17 9.05 8.99 7.08
k2 9.00 × 10−5 5.00 × 10−4 7.00 × 10−4 1.20 × 10−3 1.10 × 10−3 8.00 × 10−4

R2 0.9812 (0.9719) 0.9898 (0.9645) 0.9315 (0.9559) 0.8028 (0.9810) 0.8553 (0.9724) 0.9442 (0.9684)

Unmodified NTB-modified

240c 300c 350c 240c 300c 350c

Effect of agitation (unmodified: concentration = 30 mg/L, pH 9.0, w/v = 20 g/L; NTB-modified: concentration = 20 mg/L, pH 9.0, w/v = 20 g/L)
k1 (×10−2) 4.70 1.94 1.28 5.13 5.25 7.94
k2 2.00 × 10−4 5.00 × 10−5 3.00 × 10−5 4.00 × 10−3 4.00 × 10−3 1.20 × 10−3

R2 0.9679 (0.9914) 0.9782 (0.9751) 0.9940 (0.9898) 0.9390 (0.9744) 0.9148 (0.9618) 0.8487 (0.9810)

Unmodified NTB-modified

15d 20d 25d 5d 10d 20d

Effect of adsorbent weight (unmodified: concentration = 10 mg/L, pH 9.0, speed = 240 rpm;
NTB-modified: concentration = 20 mg/L, pH 4.0, speed = 350 rpm)

k1 1.14 × 10−1 1.15 × 10−1 1.29 × 10−1 2.81 × 10−2 3.46 × 10−2 7.37 × 10−1

k2 7.00 × 10−4 3.30 × 10−3 4.60 × 10−3 1.00 × 10−4 2.00 × 10−4 1.20 × 10−3

R2 0.8879 (0.9391) 0.9271 (0.9773) 0.9931 (0.9021) 0.8546 (0.8906) 0.8776 (0.8915) 0.8730 (0.9810)

k1, modified pseudo-first-order rate constant (min−1); k2, second-order rate constant (kg mg−1 min−1); R2 in bracket is for k2.
a Concentration (mg/L).
b
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pH.
c Speed (rpm).
d Weight (g/L).

dsorbent followed possibly by intraparticle diffusion mecha-
ism.

Thus, to predict the adsorber size and efficiency in the
emoval of Aniline blue by unmodified and NTB-modified
aolinite clay adsorbent, an empirical procedure based on the

dsorption equilibrium is designed. Adsorption equilibrium is
dynamic concept based on the equal rate of both adsorp-

ion and desorption process taking place on the adsorbent’s
urface. The complex nature of adsorption has made it impos-
ible to use a single-adsorption theory to explain all adsorption
ystems. However, adsorber design engineering requires equi-
ibrium data. Vadivelan and Kumar [1] have previously predicted
he efficiency of a single-batch adsorber for the adsorption
f methylene blue onto rice husk using equilibrium data
btained.

A schematic diagram for a single-batch adsorber for the
dsorption of Aniline blue onto both unmodified and NTB-

odified Kaolinite clay adsorbent is shown in Fig. 12. The

esign objective is to reduce the dye solution of volume V (L)
rom an initial concentration of Co to C1 (mg/L). The amount
f the adsorbent is M and the solute loading changes from qo

Fig. 12. Schematic diagram for a single-batch adsorber for the adsorption of
Aniline blue.
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ig. 13. Predicted unmodified Kaolinite clay adsorbent mass against volume of
astewater containing Aniline blue dye.

mg/kg) to q1 (mg/kg). At time t = 0, qo = 0 and as time proceeds
he mass balance equates the dye removed from the liquid to that
dsorbed by the adsorbents. The mass balance for the adsorption
ystem in Fig. 13 can be written as

(Co − C1) = M(qo − q1) = Mq1 (24)

Under equilibrium conditions:

1 → Ce and q1 → qe

From adsorption studies and from model results it was
bserved the Langmuir model gave better robust fit to equilib-
ium data from NTB-modified adsorbent while the Freundlich
odel gave the better robust fit the experimental from unmodi-
ed adsorbent. On this basis, Langmuir and Freudlich isotherm
quations were designed for NTB-modified and unmodified
aolinite clay adsorbents to predict the amount of the adsor-
ents required to remove a certain percentage of Aniline blue
ye from various volumes of wastewater.

The equations include:

For Langmuir isotherm:

M

V
= (Co − Ce)

q1
= (Co − Ce)

qe
= (Co − Ce)

QobCe/(1 + bCe)
(25)

For Freundlich isotherm:

M

V
= Co − Ce

q1
= Co − Ce

qe
= Co − Ce

kfC
1/n
e

(26)

Figs. 13 and 14 shows the plot for the predicted amount
f unmodified and NTB-modified Kaolinite clay adsorbents
equired to remove certain percentage of 30 mg/L of Aniline
lue dye from specific volumes of wastewater solutions in a
ingle-batch adsorber. For example to remove 95% of 30 mg/L

niline blue dye from 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 L aque-
us solution at 298 K using unmodified Kaolinite clay, requires
07.4, 214.8, 322.1, 429.5, 536.9, 644.3, 751.7, 859.1, 966.4,
nd 1073.8 kg of unmodified Kaolinite clay adsorbent. For NTB-

i
a
o
s

ig. 14. Predicted NTB-modified Kaolinite clay adsorbent mass against volume
f wastewater containing Aniline blue dye.

odified Kaolinite clay under same adsorption conditions it is
8.0, 116.1, 174.1, 232.1, 290.1, 348.1, 406.2, 464.2, 522.3,
nd 580.3 kg of NTB-modified Kaolinite clay adsorbent. To
dsorb 95% of 30 mg/L of Aniline blue from a ton of wastewater
olution, 107.38 kg of unmodified Kaolinite clay and 58.03 kg
f NTB-modified Kaolinite clay would be required. The ratio
f clay to wastewater volume for the unmodified adsorbent is
pproximately 1:10 which supports Coles and Yong’s [29] sug-
estion for the ratio of Kaolinite clay to volume of adsorbate
olution during an adsorption process. However, this ratio is sig-
ificantly changed by the modification of Kaolinite with sodium
etraborate reagent.

The above data suggest that the use of NTB-modified Kaolin-
te clay adsorbent reduces by approximately 50% the amount of
aolinite needed to adsorb Aniline blue from wastewater solu-

ions. The could further suggest that NTB-modified is far more
ost effective and efficient for use in treatment plants for the
dsorption of Aniline blue dye from aqueous solutions.

. Conclusion

This research has shown that modification of Kaolinite clay
ith Sodium Tetraborate reagent not only increases the adsorp-

ion capacity of the adsorbent from 1666.67 to 2000 mg/kg for
niline blue dye but also its initial sorption rate for the dye.

ncrease in pH, and adsorbent weight increased the adsorption
f Aniline blue dye onto the unmodified adsorbent. However,
or NTB-modified adsorbent, increasing pH did not increase
ts adsorption capacity but increased its overall pseudo-second-
rder rate constant while increasing adsorbent dose increased
oth initial sorption rate and adsorption capacity of NTB-
odified Kaolinite clay.
Increasing agitation speed increased the adsorption capac-
ty of both adsorbents but decreased the initial sorption rate
nd overall pseudo-second-order rate constant for the adsorption
f Aniline blue onto the unmodified adsorbent. NTB-modified
howed a reversed trend.
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Fitting kinetic data obtained to modified pseudo-first-order,
econd-order and pseudo-second-order kinetic models suggest
hat adsorption of Aniline blue onto unmodified Kaolinite clay
dsorbent could be by ion-exchange while for NTB-modified it
s possibly by chemisorption mechanism.

Modeling equilibrium data against non-linear isotherm equa-
ion of Langmuir and Freundlich, data from NTB-modified
dsorbent showed better fit to Langmuir isotherm which sug-
est that adsorption sites on this adsorbent is homogeneous in
ature while those for the unmodified adsorbent showed better
t to the Freundlich isotherm which indicates that its sites is
eterogeneous in nature.

From the design of a single-batch adsorber it is predicted that
he NTB-modified adsorbent will require 50% less of the adsor-
ent to treat certain volumes of wastewater containing 30 mg/L
f Aniline blue dye when it is compared with the unmodified
dsorbent. This will be cost effective in the use of Kaolinite
lay for the adsorption of Aniline blue dye from water and
astewater.
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