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" Methylene blue was adsorbed on both raw and modified Ball clay.
" Modification of the clay was done by acid treatment, cation exchange and calcinations.
" The modification increased the surface area and pore volume of the clay.
" Modified Ball clay gave better adsorption capacity than the raw Ball clay.
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Adsorptive uptake of methylene blue (MB) by both raw and modified Ball clay (MBC) were investigated
through batch adsorption experiment. Modification of the raw clay was done by acid treatment, cation
exchange and calcination; the raw and modified clays were molded into beads and freeze dried. Brunauer
Emmett Teller (BET), scanning electron microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDX)
and Fourier transformed infrared spectroscopy (FTIR) analysis were carried out on both clays. The mes-
oporous modified Ball clay (MBC) had percent increase of adsorption capacity and surface area of 188.60%
and 820%, respectively than the raw Ball clay (RBC). Langmuir, Freundlich and Redlich–Peterson models
were used to obtain isotherm parameters. Pseudo-second-order kinetic model described the adsorption
processes which were more favorable at higher pH. Increase in temperature from 30 to 50 �C of MB
adsorption on both RBC and MBC increased the degree of dispersion and the process was found to be
physiosorptive, endothermic and spontaneous for MBC but non-spontaneous for RBC; this was obtained
from the thermodynamic studies. The results showed that MBC can be used adequately to adsorb MB
more efficiently than RBC.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Most environmental problems have their solutions from the
environment which are identified through research [1]. Clays are
among the cheapest, abundant, environmentally friendly, ion
exchangeable and non-toxic adsorbents that can be used to
substitute the expensive commercial activated carbon in tackling
environmental pollution problems [2,3]. They have found useful
applications in adsorption process which is one of the simplest
and effective methods with easy operational conditions for the
treatment of aqueous textile effluents [4,5]. Some of the clays are
either used in their natural state or beneficiated before usage
through processes such as calcinations, acid activation, pillaring,
anion and cation exchange, organic modification with polymers or
molecules and so on [6].
ll rights reserved.

eed).
Clays are composed of the octahedral (Al3+, Fe2+, Fe3+, or Mg2+)
and tetrahedral (Si4+) structures depending on the type of clay
[7]. Pillaring or basal plane spacing (001) is carried out to expand
the silica layer of clay through intercalation of cations from com-
mon sources such as hydroxyl aluminum, iron, titanium, gallium,
chromium and zirconium. Pillaring of clays helps in transforming
them into microporous and mesoporous materials and the pillars
are stabilized through calcinations. The charge of the pillaring
agent and cation exchange capacity (CEC) is considered to guaran-
tee the stability of the pillared clay [8]. The resulting porosity adds
value to the pristine clay and making them useful for environmen-
tal pollution control in relation to dyes adsorption, organic
pollutants removal and so on [9]. Thermal analysis helps in com-
prehending variation in acidity and dehydroxylation calcination
temperature of clays for high performance [10,11]. Acid treatment
of clays aimed at increasing the surface area as well as the pore size
is promoted through series of reactions. These includes reaction of
the acid with different cations to form sulfates and chlorates that
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can easily be eliminated, leaching of the cations with hydrogen
ions and substitution of exchangeable cations Ca2+, Na+ or K+ with
protons, Si4+ with Al3+, and Al3+ with Mg2+ [12,13].

Aside kaoline and montmorrillonite which are the major classi-
fications of clays, other sub types of clays exists which are identi-
fied according to their chemical composition in relation to the
major classification [8]. Ball clay has over 70% of kaolin and com-
posed of some little amount of quartz and other impurities [14].
It has been used to adsorb some heavy metal [15], and dyes [14],
from aqueous solutions. Ball clay like other clays are negatively
charged adsorbents often effective for binding of cationic dyes
[16]. Several studies on methylene blue adsorption on clay have
been extensively carried out. It has been used as a model for cat-
ionic dye effluent adsorption studies and for assessing the removal
capacity of a specific adsorbent from aqueous phase; it has been
one of the most recognized probe molecules often times when
dealing with average pore size pollutant molecules greater or equal
to 1.5 nm [17,18]. The abundance and low cost of this mineral re-
source Ball clay motivated the research of converting it to valuable
adsorbent for the adsorption of methylene blue from waste water.

This study is aimed at beneficiating Ball clay, characterizing it
for morphology, surface area, porosity, functional groups identifi-
cation and testing adsorption capacity of both the modified and
raw Ball clay as low cost adsorbents for Methylene blue (MB). It
will encompass study of effect of initial MB concentration, effect
of solution pH; thermodynamic, kinetic and isothermal studies of
the adsorption process.
2. Materials and methods

2.1. Materials

The Ball clay was sourced locally from Malaysia. Analytical
grade of Methylene blue (MB), aluminum hydroxide (Al(OH)3)
and sulfuric acid (H2SO4) were purchased from Sigma–Aldrich
chemicals, R & M marketing Essex, UK and Merck chemical com-
pany, respectively; and used without further purification. The clay
material was crushed, ground, sieved to a particle sizes of 20–
45 lm and then dried in oven overnight at 100 �C. Chemical struc-
ture of the MB is shown in Scheme 1.

2.2. Preparation of clay adsorbents

The oven dried Ball clay was measured and mixed with sodium
alginate to form paste that was transformed into beads; the beads
were freeze dried and 1–2 mm sizes of the beads obtained were
named raw Ball clay (RBC). The Ball clay was activated using 2 M
H2SO4 solution through wet process at 90 �C for 3 h in a ratio of
0.2 g clay/mL (clay/acid). The clay was washed with distilled water
to remove the excess acid. This was done until neutrality was at-
tained in the activated clay solution. It was then dried in an oven
for 6 h at 110 �C for further process. Thereafter, about 100 mL of
0.5 M Al(OH)3 was prepared and added to the acid treated clay
and refluxed for 2 h at 90 �C. The refluxed solution was allowed
overnight before washing, after which it was dried in an oven at
110 �C and then calcined for 3 h at 500 �C. The calcined clay was
Scheme 1. Molecular structure of MB.
made into paste using sodium alginate and the paste was trans-
formed to beads (1–2 mm) and then freeze dried. The freeze dried
clay were tagged modified Ball clay (MBC). Pictorial view of the
RBC and MBC are shown in Fig. 1.
2.3. Characterization of the clay adsorbents

Elemental analysis, scanning electron microscopy (SEM) and
surface area of the RBC and MBC were carried out using scanning
electron microscope and Brunauer Emmett Teller (BET) analyzer,
respectively.

Energy-dispersive X-ray spectroscopy (EDS or EDX) for elemen-
tal analysis and SEM were both carried out using scanning electron
microscope (Model EMJEOL-JSM6301-F) with an Oxford INCA/EN-
ERGY-350 microanalysis system.

The BET was carried out by nitrogen adsorption–desorption
method using nitrogen temperature (�196 �C) with an autosorb
BET apparatus, Micrometrics ASAP 2020, surface area and porosity
analyzer. The analysis procedure was automated and operated
with static volumetric techniques. The samples were first degassed
at 200 �C for 2 h before each measurement was recorded.

Fourier transformed infrared spectroscopy (FTIR) analyses of
MBC samples were performed using Perkin-Elmer Spectrum GX
Infrared Spectrometer in the range of 4000–400 cm�1 with
4 cm�1 resolution. MBC sample and analytical grade KBr were
dried at 100 �C over night and then ground together in a mixture
ratio of 0.25 mg MBC to 100 mg of KBr. The mixture was used to
produce disc which was used for FTIR analysis.
2.4. Batch equilibrium studies

An equilibrium adsorption study is an invaluable component of
adsorption because it is the first requirement in the design of any
adsorption process [19]. Batch equilibrium adsorption studies were
carried out in a set of Erlenmeyer flasks (250 mL) with 200 mL of
MB solutions at different initial concentration (30–300 mg/L) in
them. About 0.2 g (1–2 mm) of RBC adsorbent was added, mixed
and placed in water-bath isothermal shaker at 30 �C for 24 h, at
140 rpm shaker speed to attain equilibrium. Afterwards, tempera-
ture of water-bath shaker was adjusted to 40 �C and 50 �C, and
similar procedure was repeated with another set of flasks contain-
ing same MB concentration. The final concentration of MB solution
in the flasks after equilibrium was determined using UV–Vis spec-
trophotometer (Shimadzu UV/Vis 1601 spectrophotometer, Japan)
at maximum wavelength of 668 for MB. The same procedure was
repeated using MBC as adsorbent. The amount of the MB adsorbed
Fig. 1. Pictorial view of the MBC and RBC adsorbents.
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Fig. 2. The BET plot for raw and modified Ball clay.
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at time t, at equilibrium Qe (mg/g) was calculated using the follow-
ing equation:

Q e ¼
ðCo � CeÞV

W
ð1Þ

where Co and Ce (mg/L) are the liquid-phase concentration of MB at
initial and equilibrium, respectively; V (L) is the volume of the solu-
tion; and W (g) is the mass of the dry RBC or MBC adsorbent used.

2.5. Effect of solution pH

Effect of initial pH on the adsorption of MB on RBC and MBC was
carried out by varying the initial pH of the solution from 3 to 12.
The pH was adjusted using either 0.1 M HCl or 0.1 M NaOH solu-
tions, and was measured using pH meter (Model Delta 320, Mettler
Toledo, China). The study was conducted in a set of 250 mL Erlen-
meyer flasks charged with 100 mg/L MB and 0.20 g of either RBC or
MBC beads at a temperature of 30 �C for 24 h.

2.6. Batch kinetic studies

The study was conducted by determining the concentration of
the MB solution at pre-set intervals of time. The amount of the
dye adsorbed at time t, Qt (mg/g) was calculated using equation:

Q t ¼
ðCo � CtÞV

W
ð2Þ

where Co and Ct (mg/L) are the liquid-phase concentration of the
dye at the initial and any time t respectively; V (L) is the volume
of the solution; and W (g) is the mass of the dried RBC or MBC
adsorbent used.

2.7. Statistical analysis

Chi-square v2, statistical test is a ratio of sum of square differ-
ence between calculated data and experimental data to calculated
data is expressed mathematically as:

v2 ¼
P
ðqe � qe;mÞ

2

qe;m
ð3Þ

where qe is the theoretical data and qe,m is the experimental data.
The magnitude of v2 was used to determine the closeness of the cal-
culated model data to the experimental data; the larger the v2 va-
lue, the higher the discrepancy between the data. Chi-square v2 test
was used to determine the level of conformation of the calculated
model values with the experimental values, a further check on
the correlation coefficient R2 results.

3. Results and discussion

3.1. Characterization of the adsorbents

Surface area and pore size of adsorbents are among important
parameters that describe quality of adsorbents as they affect di-
rectly their analyte retention abilities. The RBC and MBC BET sur-
face area, pore width and total pore volume obtained from the
analysis were 10 m2/g, 19.62 nm, 0.0519 cm3/g and 92 m2/g,
9.54 nm, 0.2183 cm3/g, respectively. The RBC and MBC were
mainly mesoporous in nature with physisorption isotherm of Type
IV and H3 hysteresis loop features according to IUPAC classification
[20]. Type IV physisorption isotherms are associated with capillary
condensation taking place in mesopores, a limiting uptake over a
range of high p/po and monolayer-multilayer adsorption features
at the initial part of the isotherm. Similarly, TiO2 mesoporous thin
films studied by Atmospheric Ellipsometric Porosimetry reported
type IV when mesoporosity measurement was carried out [21].
The isotherm plot showed that adsorption was not limited even
at high p/po, an attribute of hysteresis H3. The BET surface area
and sum of internal volume of pores in a gram of MBC, were higher
than those of RBC. This may be attributed to leaching of some cat-
ions and loss of some sulfates compounds formed during the acid
treatment and calcinations processes. The presence of these sub-
stances in the RBC were responsible for impeding diffusion of
nitrogen into the core of the adsorbent during the BET analysis
and eventually their removal after modification lead to recording
of larger pore volume for nitrogen adsorption. Similar result has
been reported when SP(0.0)-cal was treated ultrasonically and
the treatment increased both surface area and pore volume of
spheres [22]. The observed decrease of pore width after modifica-
tion of the adsorbent was attributed to calcinations it was sub-
jected to, which also resulted in the collapse of the pore
structure. A similar report is found in literature stating the collapse
of pore structure when porous titania was calcined at 550 �C [23].
The N2 adsorption/desorption isotherms for the RBC and MBC are
shown in Fig. 2.

The elemental analysis and morphological structure of RBC and
MBC obtained are illustrated in Fig. 3. Depletion of some cations
was observed in MBC signifying that leaching of such ions had oc-
curred as well as loss of the affected ions in form of oxides and sul-
fate during calcinations; before modification we had 30.23 wt% of
O, 2.51 wt% of Mg, 17.04 wt% of Al, 26.93 wt% of Si, 3.73 wt% of
K, 0.72 wt% of Ca, 2.89 wt% of Ti, 15.96 wt% of Fe and after modifi-
cation, we had 45.31 wt% of O, 0.00 wt% of Mg, 30.43 wt% of Al,
21.24 wt% of Si, 1.97 wt% of K, 0.50 wt% of Ca, 0.55 wt% of Fe. It
has been reported that during acid treatment, some cations react
with the acid to form sulfates, chlorates and oxides which can eas-
ily be loss from the adsorbent; also, leaching of some cations such
as Na+, K+, Ca2+ occurs during acid treatment [24]. The morpholog-
ical structure obtained revealed that the MBC particles were more
clustered together in the RBC than the dispersed particles arrange-
ment of the modified clay. The spaces between the dispersed MBC
particles could be attributed to the loss of some volatile com-
pounds. Similar observation was recorded for analysis of raw, pil-
lared and calcined montmorillonite clay in a study for reactive
adsorption of methylene blue via an ESI-MS [18].

The FTIR analysis was carried out to identify the functional
groups present on the adsorbent and also study their effect on the
adsorption. Points of symmetry on the spectra for MBC and modi-
fied Ball clay after adsorption (MBC-AA) were on wavenumbers



Fig. 3. The EDX and SEM analysis: (a) RBC spectrum, (b) RBC SEM, (c) MBC spectrum, (d) MBC SEM.
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3429 and 1390 cm�1, these points depicted �OH and NH2 func-
tional groups and NO2 symmetric stretch of some Nitro functional
groups, respectively. Some O–H stretching of silica group attributed
to molecules coupling on surface of clays has been reported for Ball
clay on similar wavenumbers [14]. In the course of the adsorption,
some functional groups peaks became conspicuous which were not
found in the MBC spectrum. These include S–O bends of inorganic
sulfates at 617 cm�1 and scissors of NO2 functional groups at
880 cm�1. This was attributed to the MB molecule adsorbed on
the MBC. Shifting and stretching of some functional groups peaks
were noticed between the MBC and MBC-AA spectra. The CH, CH2

and CH3 functional groups located at wavenumbers 2957 cm�1 on
MBC spectrum, shifted to 2927 cm�1 on MBC-AA spectrum. Simi-
larly, saturated functional groups of carbon/hydrogen were also
found on band width <3000 cm�1 [25,26]. The C@C benzene peak
on 1570 cm�1 (MBC) shifted to 2927 cm�1 on MBC-AA spectrum
at wavenumber 1554 cm�1. There was no much difference in the
SiAOASi asymmetric stretch of silica between the spectra, but
vibration in their wavenumbers was observed with 1045 and
1157 cm�1 on MBC and MBC-AA, respectively. SiAOASi functional
group on band width 1019 cm�1 due to effect of vibration elonga-
tion has been reported on Kaolin clay spectrum [27]. The numerous
OAH and sulfonate functional groups on the surface of MBC may
have contributed to adsorption of MB molecules. The FTIR of MBC
and MBC-AA are shown in Fig. 4.
3.2. Effect of solution pH

Potency of hydrogen pH, of the MB solution was done to check
favorability of ion-exchange process-common characteristics of
MB adsorption on clay minerals [28]. The pH (3–12) studies results
revealed that electrostatic and ion-exchange activities between the
MB and adsorbent surface increased at elevated pH. The percent-
age removal of MB increased from 12% to 47% for RBC and 53%
to 96% for MBC when the pH of the process was correspondingly
increased from pH 3–12. It was attributed to presence of more neg-
ative charges adhering to positive charges of MB which resulted to
high MB adsorption. Also, reduction of pH retarded the MB adsorp-
tion on both RBC and MBC which may be attributed to repulsion
activities by similar ionic charges present that is the prevalence
of H+ in the acidic medium and cations of MB. Similar observations
have been reported on MB adsorption on heat-treated palygorskite
clay [29] and also on MB adsorption by activated carbon produced
from steam activated bituminous coal [30]. The graph of effect of
pH on MB adsorption by RBC and MBC is shown in Fig. 5.



Fig. 4. The FTIR spectra of MBC and MBC-AA.
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3.3. Effect of initial dye concentration and contact time on adsorption
process

The effect of contact time on MB adsorption is shown in Fig. 6.
The result obtained showed fast MB adsorption at initial stage with
respect to the contact time and gradually became slower as equi-
librium position was approached. Numerous and vacant active sur-
face sites of the RBC and MBC were available at the initial stage of
the reaction, and as the time lapsed, the vacant sites reduced in
number thereby slowing down the adsorption process. Similarly,
increase in initial MB concentration increased the loading rate of
the adsorbate molecules for adsorption. It was attributed to in-
crease in the driving force to the vacant active pores of the RBC
and MBC [31]. But in terms of the percentage removal, the reverse
was the case since at higher initial concentrations; outrageous MB
molecules were in solution as compared with the available active
vacant sites of the adsorbent. At lower initial MB concentration,
the possibility of absolute uptake of limited MB molecules was
higher leading to faster attainment of dynamic equilibrium; a con-
dition where the amount of adsorbate in adsorbent was at equilib-
rium to the solute in the solution. The concentration adsorbed was
determined with the aid of the UV–Vis spectrophotometer.
3.4. Effect of temperature on adsorption

The temperature variation from 30 to 50 �C on MB uptake by
both RBC and MBC revealed that increase in temperature of the
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Fig. 5. Effect of pH of solution on MB adsorption by RBC and MBC (Co = 100 mg/L,
V = 200 mL, W = 0.20 g, shaking speed: 140 rpm, temperature = 30 �C).
process enhanced better adsorption of MB from the bulk solution.
Increase in temperature increased entropy of the system resulting
to more successful collision of solute and adsorbent activities
which yielded more chances of adsorption. The variation in adsorp-
tion at different temperatures was glaring from adsorptions capac-
ities evaluated which are summarized in Table 1.

3.5. Adsorption isotherm studies for MB on RBC and MBC

The adsorbate distribution between the liquid phase and solid
phase when the MB uptake had reached equilibrium was assessed
by various adsorption isotherms. Three isotherm models namely:
Langmuir, Freundlich and Redlich–Peterson were considered for
the studies.

The non-linear form of the Langmuir isotherm model [32] is
given as:

Qe ¼
Q mCeb
1þ bCe

ð4Þ

where Ce (mg/L), is the equilibrium concentration of MB adsorbed,
Qe (mg/g), is the amount of MB adsorbed, Qm and b (Langmuir con-
stants), the monolayer adsorption capacity and affinity of adsorbent
towards adsorbate, respectively. Values of the Langmuir constants
and profiles of sorption data are shown in Table 1 and Fig. 7,
respectively.

Freundlich isotherm is based on the assumption that adsorption
occurs on heterogenous surfaces with different energy of adsorp-
tion and non-identical rare sites. The non-linear form of the Fre-
undlich model equation [33] used to investigate the MB
adsorption process is given as:

Qe ¼ KFC1=n
e ð5Þ



Table 1
Langmuir, Freundlich and Redlich–Peterson parameters for MB adsorption on RBC and MBC at 30–50 �C.

Isotherms Parameters Raw Ball clay Modified Ball clay

30 �C 40 �C 50 �C 30 �C 40 �C 50 �C

Langmuir Qm (mg/g) 25.010 30.179 34.652 62.500 66.670 100
b (L/mg) 0.011 0.013 0.014 0.181 0.381 0.294
R2 0.982 0.980 0.974 0.913 0.898 0.902
v2 6.603 2.553 3.262 1.846 4.656 5.612

Freundlich KF 1.530 2.099 2.475 3.155 15.031 14.256
1/n 0.456 0.439 0.438 0.722 0.396 0.426
R2 0.994 0.982 0.987 0.924 0.915 0.905
v2 5.983 0.499 1.552 1.193 2.314 4.413

Redlich–Peterson g 0.693 0.616 0.595 0.374 0.224 0.046
B (L/mg) 1.502 7.052 5.117 1.046 5.195 7.465
A (L/g) 5.215 19.526 15.564 6.171 19.937 12.981
R2 1.000 0.983 0.990 0.973 0.917 0.912
v2 0.669 0.175 0.101 1.000 0.897 0.122
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Fig. 7. Langmuir, Freundlich and Redlich–Peterson isotherms for MB adsorption on
(a) RBC and (b) MBC at 30 �C.

Table 2
Comparison of monolayer adsorption of MB onto various adsorbents.

Adsorbents Maximum monolayer adsorption
capacities (mg/g)

Refs.

Raw Ball clay 34.652 This
work

Modified Ball clay 100 This
work

SBA-15 51.176 [5]
Al-PILC 21 [9]
Zn-PILC 27 [9]
Montmorillonite 556 [18]
Pillard

montmorillonite
81 [18]

Heated
montmorillonite

62 [18]

Alkaline treated
clinoptilolite

47.3 [1]
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where Qe (mg/g) is the amount of dye adsorbed at equilibrium; Ce

(mg/L) is the equilibrium concentration of the adsorbate; KF and n
are the Freundlich equilibrium constants. The heterogeneous factor
n, gives information on favorability of adsorption process and 1/n
values are related to the adsorption intensity; while KF is the adsorp-
tion capacity of the adsorbate. Freundlich isotherm profile and
parameters obtained are shown in Fig. 7 and Table 1, respectively.

The Redlich–Peterson isotherm model [34] contains three
parameters and it involves features of both Langmuir and Freund-
lich isotherms. The equation is as follows:

Q e ¼
ACe

1þ BCg
e

ð6Þ

Taking the natural logarithm gives the linear form of the equa-
tion as follows:
ln A
Ce

Q e
� 1

� �
¼ g lnðCeÞ þ lnðBÞ ð7Þ

The involvement of three parameters A, B, and g in the equation
lead to development of a general trial and error procedure which is
applicable to computer operations to determine the coefficient of
determination, R2 for series of values of A for the linear regression
of In(Ce) on In[A(Ce/Qe) � 1] and to obtain the best value of A which
yields a maximum optimized value of R2 was used [35]. The values
of the Redlich–Peterson model parameters estimated and its pro-
file are shown in Table 1 and Fig. 7, respectively.

Langmuir isotherm model evaluation in this study showed that
the adsorption process was described by monolayer coverage of
MB over both the RBC and MBC surfaces although there was low
affinity on interaction between the adsorbate- adsorbent [36]; this
was revealed by the low values of their correlation coefficients R2.
Modification carried out on the Ball clay lead to development of
internal volume of the adsorbent as seen in the specific pore vol-
ume values which increased to 0.2183 cm3/g from 0.0519 cm3/g.
The ability of this larger pore volume to retain more of the MB mol-
ecules was manifested in the higher adsorption capacity of MBC
(100 mg/g) as compared with that of RBC (34.652 mg/g). The
adsorption capacities obtained in this study are comparable with
other adsorbents adsorption capacities of MB as shown in Table
2. The nature of the Freundlich model parameters KF, n and 1/n ob-
tained as seen in Table 1, showed that the adsorption process was
favorable (n > 1) and there was high possibility of multilayer
adsorption of MB through percolation process on the active heter-
ogeneous surface (0 < 1/n < 1) sites of both RBC and MBC. The ac-
tive energetic heterogeneity of MBC may be due to its irregular



Table 3
Pseudo-first and pseudo-second-order models parameters for MB adsorption on RBC and MBC at 30 �C.

Clay Dye conc. (mg/L) Qexp. (mg/g) Pseudo-first-order parameters Pseudo-second-order parameters

k1 (h�1) Qcal R2 k2 (104) Qcal R2

RBC 30 3.620 0.020 3.532 0.992 65.900 3.926 0.991
60 10.981 0.014 10.629 0.952 18.000 11.754 0.984

100 13.477 0.048 12.256 0.837 55.300 13.118 0.926
200 17.296 0.073 15.992 0.921 59.900 17.021 0.978
300 19.031 0.082 17.176 0.854 65.300 18.207 0.934

MBC 30 18.154 0.004 19.156 0.985 2.070 23.248 0.983
60 26.944 0.007 26.910 0.912 3.770 29.690 0.952

100 52.567 0.023 47.837 0.874 5.830 52.407 0.950
200 103.079 0.007 98.360 0.917 1.030 108.575 0.955
300 132.599 0.006 128.151 0.887 0.666 141.457 0.925
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Fig. 8. Pseudo-second-order kinetic model plot for MB adsorption on (a) RBC and (b) MBC (V = 200 mL, W = 0.20 g, shaking speed = 140 rpm, temperature = 30 �C).
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pore shape, pore size, surface functional groups and the presence of
impurities [37]. The relatively high correlation coefficient R2 value
of Freundlich model further depicted the assertion that Freundlich
adsorption isotherm gives an excellent representation of data for
moderate partial pressures and concentrations but performs poorly
with dilute concentrations [34]. The Redlich–Peterson isotherm
parameter’s values g determined revealed that the model was
tending towards Freundlich and not Langmuir. This was because
the g values obtained were far from unity as opposed to Langmuir
model which is satisfied when the Redlich–Peterson g = 1. This fur-
ther revealed that the adsorption of MB on MBC was not by mono-
layer arrangement, but by ion-exchange and complexation
interactions as a result of full coverage of surface functional groups
of the adsorbent via surface exchange reactions [3]. The order of
fitness models from the best to the least was Redlich–Peterson,
Freundlich and Langmuir isotherms based on their R2 values; this
is similar to methods of evaluation reported [38,39]. Also, in the
study carried out to determine the regression analysis for the
sorption isotherms of basic dyes on sugarcane dust, a similar trend
of sequence as obtained in this study was the order reported [35].

The assertion that sometimes correlation coefficient, R2 does
not justify basis for selection of best fit of adsorption model [40],
was investigated by use of Chi-square v2 statistical test. Chi-square
v2 test was the best method of error fitting for adsorption of Congo
red on palm kernel seed coat and lead on kernel fiber [41,42]. Using
Chi-square error test, it has been reported in a study of Cr (VI) re-
moval from Aqua system that Temkin isotherm model which had
lowest R2 than Langmuir and Freundlich models, showed more
conformity of predicted values to the experimental values [43].
However, the v2 test results obtained in this study further sup-
ported that Redlich–Peterson was the best model that described
the process of adsorption of MB on both RBC and MBC as revealed
by correlation coefficient exitus. This was revealed by smaller val-
ues of v2 signifying stronger alliance between theoretical and
experiment data as compare with Freundlich and Langmuir mod-
els. At temperatures of 30 and 50 �C for RBC and MBC respectively,



Table 4
Thermodynamics parameters for MB adsorption on RBC and MBC.

Clay DH (kJ/mol) DS (kJ/mol) DG (kJ/mol)

303 K 313 K 323 K

RBC 47.831 0.141 5.209 3.289 2.462
MBC 76.115 0.260 �1.765 �6.941 �6.799
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both Freundlich and Langmuir models’ data conformity with the
theoretical data were similar, as seen by smaller variations in the
magnitude of their v2 values.

3.6. Adsorption kinetic models

3.6.1. Pseudo-first order model
The non-linear pseudo-first order equation [44] is given as:

Q t ¼ Q eð1� ek1tÞ ð8Þ

where Qe and Qt (mg/g), are the amount of MB dye adsorbed at
equilibrium and at time t (h) respectively; k1 (h�1), is the rate con-
stant of adsorption. Plots of Qt against t, at various temperatures
studied were plotted (figures not shown) for the two adsorbents
and the parameters obtained are presented in Table 3.

3.6.2. Pseudo-second order model
The pseudo-second order equilibrium adsorption model [45]

equation is given as:

Q t ¼
k2Q 2

e t
ð1þ k2Q etÞ ð9Þ

where k2 (g/mgh) is the rate constant of second order adsorption.
The Fig. 8 represents plots of Qt versus t at 30 �C which gave very
good curves. The model’s parameters generated from the plots for
adsorption of MB on RBC and MBC are presented in Table 3.

When the initial MB concentration was 30 mg/L, its adsorption
on the two adsorbents RBC and MBC was found to fit very well the
pseudo-first-order kinetics as shown by the values of correlation
coefficient R2 which were the highest. But on the whole, the asser-
tion that Lagergren model does not fit well in an entire contact
time but mostly suitable over the initial stage of the adsorption
process was glaring [46]. This was revealed by the low R2 values
obtained as compared with those of pseudo-second-order model’s
values. The MB adsorption mechanism on either RBC or MBC was
the rate controlling step going by the good correlation between
the calculated and experimental data of the entire range of adsorp-
tion behavior explained by pseudo-second-order kinetic model.
This shows that pseudo-second-order model with the least R2 val-
ues of 0.926 for RBC and 0.925 MBC were more applicable for
description of the whole MB adsorption as compared with their
pseudo-first-order model least R2 values of 0.837 and 0.874,
respectively. This observation is consistent with similar phenome-
non on sorption of MB reported [47,48].

3.7. Adsorption thermodynamics

Thermodynamic studies are useful for interpretation of adsorp-
tion behaviors especially as it concerns equilibrium of the process
[49]. Adsorption of MB on both RBC and MBC thermodynamic stud-
ies were carried out at various temperatures of 30, 40 and 50 �C.
The Gibb’s free energy of the process was determined using the fol-
lowing equation:

DG ¼ RT ln Ko ð10Þ

where R is the universal gas constant (8.314 J/Kmol); T (K) the abso-
lute temperature; Ko is the distribution coefficient expressed as
Ko = Qe/Ce; and, DG is the Gibbs free energy.

The average standard enthalpy change of MB adsorption on RBC
and MBC were determined using Van’t Hoff equation which is ex-
pressed as:

ln Ko ¼
DG
RT
¼ DS

R
� DH

RT
ð11Þ

The values of DS and DH were obtained from intercept and
slope, respectively of plot of InKo against 1/T (figure not shown).
The absolute value of change of Gibbs free energy for physical
adsorption is �20 to 0 kJ/mol which is smaller than that of chem-
isorptions �80 to �400 kJ/mol [50,51]. Negative values of Gibbs
free energy obtained as seen in Table 4, show that the MB adsorp-
tion on MBC was spontaneous and physical in nature; but MB
adsorption on RBC was non-spontaneous which was revealed by
the positive values of DG at all temperatures under study. A non-
spontaneous adsorption of Cr(III) on activated carbon has been re-
ported at all temperatures under investigation [52]. The results
also showed that both enthalpy and entropy’s values were positive
signifying that the adsorption process was endothermic and the
degree of dispersion increased with increase in temperature. The
endothermic behavior observed from enthalpy values further con-
firmed the trend of adsorption of MB on the adsorbents which
were found to increase as the temperature was increased. This is
in line with report on the study of adsorption of Rhodamine B unto
low cost adsorbents [53].
4. Conclusion

This study revealed that modification of the mesoporous Ball
clay lead to development of large surface area and pore volume,
this was revealed by the characterization analysis of the adsor-
bents. The MBC was found to be a better and more effective adsor-
bent than RBC that can be used to remove MB from aqueous
solution. The adsorption processes for the two adsorbents were
found to be dependent on the solution pH, initial concentration
of MB and solution temperature. Redlich–Peterson, Freundlich
and Langmuir models in downward manner, was the order of fit-
ness of the isotherms to the adsorption process for the adsorbents
which both followed pseudo-second-order kinetic model. Thermo-
dynamic studies revealed that physisorption was the nature of MB
adsorption on both RBC and MBC which were also found to be
endothermic and the degree of dispersion increased with increase
in temperature. The MB adsorption on RBC was non-spontaneous
while it was spontaneous on MBC.
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