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Abstract
Local natural clay from Topkhana (Sulaimani district, Kurdistan region of Iraq) was characterized with XRD, XRF, FT-IR, and gas
adsorption analyzer. The clay sample was dominated by saponite with minor amounts of chlorite. The clay was examined for its
efficiency to adsorb and remove methylene blue (MB) from clinical laboratory wastewater by a batch method. The effects of pH,
temperature, clay dosage, and initial MB concentration on the adsorption efficiency were investigated. The equilibrium experimental
data were analyzed using Langmuir, Freundlich, Temkin, and Redlich-Peterson (R-P) isotherms. Most of the MB adsorption could be
explained by cation exchange. The saponite, therefore, was the most important component in the clay. The rate of the adsorption
process was found to follow pseudo-second-order kinetics. The conventional linear least squares method was compared with the more
accurate method of non-linear curve fitting for the determination of isotherm and kinetic model parameters. Two error functions (the
sum of the squared residuals and the correlation of determination) were used to evaluate the linear and non-linear regression analysis
applied to the experimental data. Equilibrium thermodynamic parameters indicated a spontaneous and endothermic adsorption process.

Keywords Natural clay . Saponite . Methylene blue . Clinical laboratory . Adsorption isotherm . Nonlinear fitting

1 Introduction

Wastewater containing dyes is the outcome of dye manufactur-
ing industries and dye-consuming industries. During produc-
tion, up to 2% of dyes is discharged directly as effluent, and
about 10% are lost from the coloration process [1]. Methylene
blue (MB) is a cationic dye that is deep blue in the oxidized
state and is colorless in its reduced form [2, 3].

Methylene blue is used in many clinical laboratories for
initial microscopic examination of macroscopically negative
blood cultures; it is a commonly used stain to demonstrate
microscopic life in a brilliant color. The method done by

adding few drops ofmethylene blue to bacteria on a glass slide
to depict the bacteria under microscope [4].

Researchers tried to find efficient and cheap methods for
reducing the concentration of textile dyes from wastewater
and water. Different methods were used such as photo-
degradation and decolorization of MB by titania-based
photocatalysis [5, 6] and oxidative degradation by Fenton-
like reactions [7]. Adsorption techniques were also used for
the expulsion of dye contaminants from wastewater. Many
types of low-cost adsorbents were used directly after drying,
like agricultural waste [3] or carbon and activated carbon pre-
pared also from agricultural waste [7, 8]. Nanoparticles and
nanocomposite materials like carbon nanotubes [9], and iron
oxide magnetic nanoparticles [10] were also used for the re-
moval of MB. These materials, however, are expensive.
Natural clay, on the other hand, can be a cheap and ready to
use adsorbent [10–12].

1.1 Interaction of Methylene Blue with Natural Clay

Different mechanisms may be involved in the adsorption of
MB on the surface of clay minerals, including electrostatic
interaction [13], a chemical reaction like complexation or
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ion exchange between clay adsorbent and MB [14]. MB ad-
sorption on natural clay is dominated by cation exchange of
the cationic dye interlayer cations (Scheme 1) [15]..
Methylene blue ionizes in aqueous medium producing a neg-
atively charged Cl ion and a dye cation with delocalized pos-
itive charge. In the interlayer, MB may form dye aggregates
explaining excess adsorption (more MB compared to perma-
nent charges). Dye aggregation was observed for high charged
smectites [14]. To properly describe an effective adsorption
system, the accuracy of the mathematical interpretation of the
equilibrium isotherms and the kinetic data are essential [16].
Different adsorption isotherms were used to describe the ad-
sorption equilibrium. The two parameter isotherms are
conventionally linearized in several ways such as
Langmuir isotherm, and the least-squares method is
widely used to determine the best fitting line to the data
using the regression coefficent R2 [17]. The mathemat-
ical methods used in the linearization of the original
isotherms cause skew in their error structure. Recently,
nonlinear curve fitting has been used to estimate the
best fitting equation and the equation parameters can
be determined by the aid of different computer software
like OriginPro and MATLAB or by using the Solver
add-in function of Microsoft Excel [18]. The present work
aims to fully characterize the natural local clay of Topkhana
from Sulaimani-Iraq and demonstrate its efficiency to adsorb
MB as a model cationic dye.

To understand the mechanism of the adsorption and the
related factors affecting it, kinetic and thermodynamic studies
were performed at different temperatures using linear and non-
linear least-squares analysis.

2 Materials and Methods

2.1 Materials

Methylene blue dye (λmax = 665 nm) was used as a model
cationic dye adsorbate. The MB concentrations were mea-
sured using Cary 60 UV-Visible Spectrophotometer from
Agilent. 1000 mg/L stock solution of MB was prepared and
from this stock solution, the concentration series were pre-
pared by dilution with distilled water. The initial pH was

adjusted with dilute HCl (0.05 M) or NaOH (0.05 M) using
a pH meter.

The natural clay from Topkhana of Sulaimani-Iraq was
fractioned by successive dilution and sedimentation in a 1 L
cylinder. The <5 μm fraction was taken from the top of the
suspension. The sample was dried at 105 °C and ground to
pass a 200 μm sieve. The product was referred to as Topkhana
clay (TPC) and kept in plastic bottles to be used in the adsorp-
tion experiments.

2.2 Characterization of Adsorbent

The chemical composition of the powdered TPC was deter-
mined by XRF with a PANalytical Axios spectrometer
(ALMELO, The Netherlands). The clay samples were pre-
pared by mixing with a flux material (lithium metaborate
Spectroflux, Flux No. 100A, Alfa Aesar) and melting into
glass beads. The beads were analyzed by wavelength-
dispersive XRF. To determine loss on ignition (LOI),
1000 mg of sample material was heated to 1030 °C for
10 min. XRD pattern was recorded using A PANalytical
X’Pert PRO MPD θ-θ diffractometer (Cu-Kα radiation gen-
erated at 40 kV and 30 mA), equipped with a variable diver-
gence slit (20 mm irradiated length), primary and secondary
soller, Scientific X’Celerator detector (active length 0.59°),
and a sample changer (sample diameter 28 mm). The samples
were investigated from 2° to 85° 2θwith a step size of 0.0167°
2θ and a measuring time of 10 s per step. For specimen prep-
aration, the top loading technique was used. For the detailed
clay mineralogical investigation texture slides of the <2 μm
fraction was prepared. 15 mg per cm2 clay was used to record
an XRD scan. An aliquot of 1.5 mL of suspension was depos-
ited on the circular (diameter = 2.4 cm) ceramic tiles which
were 3 mm thick. The suspension was filtered through the tile
using a vacuum filter apparatus. Furthermore, the specimens
were stored overnight in an ethylene glycol (EG) atmosphere
at 60 °C. The clay films were measured from 1° to 40° 2θ
(step size 0.03° 2θ, 5 s per step) after cooling to room tem-
perature, representing EG conditions.

For measuring mid-infrared spectra, the KBr pellet tech-
nique (1 mg sample / 200 mg KBr) was applied. Spectra were
collected on a Thermo Nicolet Nexus FTIR spectrometer
(MIR beam splitter: KBr, detector DTGS TEC). The

Scheme 1 Methylene blue- clay
surface interaction
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resolution was adjusted to 2 cm−1. Measurements were con-
ducted before and after drying of the pellets at 150 °C in a
vacuum oven for 24 h.

The specific surface areas (SSA) of the clay was deter-
mined using Autosorb iQ Station 1 from Quantachrome. The
clay sample was degassed at 473 K for 20 h before analysis.

Cu(II)-triethylenetetramine method was followed for the
measurement of cation exchange capacity (CEC) of the clay
sample [19].

2.3 Adsorption Studies

All adsorption experiments were conducted using 0.1 g of clay
sample and 50 mL of dye solution in 100 mL dark
polyethylene bottles with varying concentrations. A
thermostat water bath shaker was used for agitation.
After adsorption, and at specified time intervals, 5 mL
of the dispersions were centrifuged for 5 min. at
5000 rpm. The residual concentrations of MB in the
supernatants were determined at 665 nm by a UV-
visible spectrophotometer. The amount of MB adsorbed qe
(mg/g), was calculated using Eq. 1.

qe ¼
Co−Ceð ÞV

m
ð1Þ

WhereCo andCe are the initial and equilibrium concentrations
ofMB (mg/L) respectively, V is the volume of the solution (L),
and m is the mass of the adsorbent (g).

The effect of the contact time was first investigated by
varying the contact time (0 to 360 min) at room temperature.
The effect of the initial pH of MB solution was studied in the
range of 2.0 to 9.0. Various MB concentrations, ranging from
10 to 250 mg/L, were used to study the effect of the initial MB
concentration.

2.4 Error Analysis

The best fitting isotherm and kinetic models to describe the
experimental data were tested by two methods of error analy-
sis for both linear and non-linear curve fittings. Correlation
index (coefficient of determination) (r2) is the first error anal-
ysis function used for the linearized equations Eq. 2 using
least-squares method. While for the non-linear fittings, itera-
tive non-linear least-squares was used with the aid of comput-
er programs. The goodness of the fit is determined also by
correlation index (R2) as in Eq. 3. A value close to unity ex-
presses the goodness of the fit.

r2 ¼ 1−
∑ qexp−qmean
� �2

∑ q2exp
� �

−
∑ qexp
� �2

n

ð2Þ

where qexp is the experimental data of the equilibrium adsorp-
tion capacity, and qmean is the average of qexp.

R2 ¼ 1−
∑ qexp−qfit
� �2

∑ qexp−qmean
� �2 ð3Þ

where qfit is the computed value of qexp for the fitting curve
using the model under investigation.

The second error function used was the sum of squared
residuals (SSE) as given by Eq. 4.

SSE ¼ ∑ qexp−qfit
� �2

ð4Þ

Smaller values of SSE confirm the fitness of the model
used for the interpretation of the experimental data.

2.5 Real Sample Application Test

One of the most important applications for the present work is
the clinical laboratory wastewater management. The wastewa-
ter was generated by three different clinical laboratories from
bacterial slide preparations. A drop of fresh blood is spread on
a clean glass slide. After air-drying, the blood slide is im-
mersed in MB solution for 10–15 min and washed with tap
water to remove excessMB. The washing waste was collected
in a special container. The pH and the initial concentrations
were determined. Then the waste water was used as a real
sample in the present work for adsorption application.

3 Results and Discussion

3.1 Characterization of the Adsorbent

X-Ray diffraction patterns of TPC are shown in (Fig. 1) for (a)
random powder and (b) air dried (black line) and ethylene
glycol (EG) saturated (red line) mounts. The peak observed
at 14 Å was almost entirely shifted to 17.0 Å and hence point-
ed towards the dominance of smectite. A weak shoulder at
14 Å of the EG saturated sample indicated the presence of
traces of chlorite. The 7 Å reflection is split into two, which
pointed towards the presence of a serpentine mineral. The
other 7 Å reflection could be assigned to the chlorite. The
powder pattern (randomly oriented mounts) proved the pres-
ence of quartz, dolomite, and hematite.

Figure 2 shows the FTIR spectra of the TPC clay sample.
The spectrum is dominated by a trioctahedral 2:1 claymineral,
as e.g. saponite. The sharp band at 3681 cm−1 was assigned to
both serpentine (lizardite) and OH-stretching of saponite. In
addition, the bands at 3598 cm−1, 3422 cm−1, and 3222 cm−1

were assigned to saponite, the latter two being indicative of
adsorbedwater. The bands between 2850 cm−1 and 3050 cm−1
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were assigned to both organic matter and carbonate. Band
positions, particularly the band at 3027 cm−1, indicated the
presence of dolomite rather than calcite. Quartz was identified
by its characteristic doublet band at 780 cm−1 and 800 cm−1.
The main spectral feature at about 1011 cm−1 is the SiO-
stretching of all silicates present in the sample [20]. Infrared
spectroscopy confirmed the qualitative mineral composition
determined by XRD.

X-ray fluorescence (XRF) has been utilized to determine
the chemical composition of the TPC. The results point to the
presence of a Mg-rich clay mineral (MgO % content of
15.9%) [21] which is in accordance with XRD and IR data.
The XRF values were: 44.6, 0.5, 8.3, 8.3, 0.1, 15.9, 5.0, 0.2,
0.5, 16.4, and 99.7 mass% for SiO2, TiO2, Al2O3, Fe2O3,
MnO, MgO, CaO, Na2O, K2O, LOI, and sum of elements.

The specific surface area calculated fromN2 gas adsorption
using the Brunauer–Emmet–Teller (BET) isotherm (SBET)
was 53.5 m2/g which is typical of bentonite clay [22]. The
average pore diameter (4.36 nm) and the total pore volume

(0.117 cm3/g calculated at a relative pressure p/po of 0.992)
were acquired with Barrett−Joyner−Halenda (BJH) method.
The CEC value was estimated as 36mmole/100 g asmeasured
by the Cu-trien method.

3.2 Adsorption Studies

From preliminary studies, a 70 min equilibrium time was ob-
served for adsorption of MB at 50 °C and about 120 min.
Equilibrium time at 20 °C. To ensure equilibration at all tem-
peratures, 130 min equilibrium time was fixed.

3.2.1 Effect of Initial pH

The effect of the initial pH on the adsorption of MB on TPC
was investigated at an initial dye concentration of 600 mg/g
and 2 g/L adsorbent dose (Fig. 3). The result shows no signif-
icant effect of the initial pH on the amount adsorbed. The
maximum variation percentage was less than 0.9% for the

Fig. 2 FTIR spectra of TPC

Fig. 1 XRD pattern of (a)
Random Powder and (b) air dried
(black curve) and EG saturated
(red curve)
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different pH values. Similar results (absence of pH effect)
were reported for the adsorption of MB on peanut hull, garlic
peal, and cotton stalk [7, 21]. Otherwise a preferred
adsorption at pH 7 was reported for a Moroccan clay
which possibly can be explained by the variable charge
[23]. The most relevant clay mineral of the TPC is
saponite which as swelling clay mineral is dominated
by permanent charges. The variable charge properties of sap-
onite, however, differ from those of diocthaedral smectites
because the edges are dominated by MgO functional groups
rather than aluminol groups.

3.2.2 Effect of Adsorbent Dose and Initial Dye Concentration

The effect of adsorbent dosage was studied by using different
doses of the TPC (1–5 g/L) and keeping all other experimental
conditions constant (50 mL MB, Co = 600 mg/L, pH = 6.0,
temperature = 30 °C and 200 min. Equilibrium time shaking).
The adsorption capacity (mg/g) and removal efficiency (%)
were plotted against the TPC weight dosage (Fig. 4). As the
amount of the adsorbent increases, the total surface area of the
adsorbent increases and hence the number of adsorption sites,
which leads to the increase of the removal percentage of MB.
About 100% removal was achieved after addition of 3.4 g/L
clay. The adsorption capacity increased from 149 to 165 mg/g
as the TPC amount increased from 1 to 2.4 g/L, the latter value
representing saturation. Further increase of the adsorbent dose
resulted in the reduction of the adsorption capacity because
the total amount of MB molecules per number of ad-
sorption sites decreased as the TPC dose increased
(amount of dye per unit weight). The maximum adsorp-
tion capacity range (149 to 165 mg/g) corresponds to
(46.6 to 51.6 mmol/100 g), which is higher than the
CEC value (36 mmol/100 g) of the TPC. The slightly
higher value can either be explained by dye aggregate
formation in the interlayer or by adsorption at the edges
or both.

3.2.3 Effect of Initial Concentration of MB

The effect of the initial concentration of MB on the adsorption
was studied in the range of 50 to 800 mg/L at pH 6 using 0.1 g
at 30 °C. Figure 5 shows that the adsorption capacity in-
creased from 25 mg/g to 128 mg/g with increasing initial
dye concentration from 50 mg/L to 550 mg/L which
probably corresponds to monolayer surface coverage
(cation exchange in the interlayer). The amount of
adsorbed dye (removal %) then decreases because of
saturation of the clay mineral surfaces. The maximum
adsorption capacity range (25 to 128 mg/g) corresponds
to (7.8 to 40 mmole/100 g), which is very close to the CEC
value (36 mmol/100 g) of the TPC hence indicating the dom-
inant cation exchange.

3.3 Adsorption Isotherms

The design of an adsorption system requires the understanding
of the mechanism of the adsorption which in turn requires the
study of the adsorption isotherms. The mathematical models
that describe the distribution of the adsorbent between liquid

Fig. 4 Effect of adsorbent dose of TPC on MB adsorption

Fig. 5 Effect of initial concentration of MB on the adsorption capacity of
TPCFig. 3 Effect of the initial pH on the adsorption of MB on TPC
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and solid phase at equilibrium is called adsorption isotherm. In
the present study, three of two-parameter isotherm models
(Langmuir, Freundlich and Temkin) and a three parameter
isotherm (Redlich and Peterson) were used for the interpreta-
tion of the equilibrium adsorption data. Linear and non-linear
curve fitting of the isotherms were compared as well.

3.3.1 Langmuir Isotherm

The derivation of the Langmuir isotherm model was
based on the formation of a monolayer of the adsorbate
molecules adsorbed on the adsorbent surface, and the
surface is supposed to have certain number of fixed
adsorption sites with equivalent properties. The Langmuir iso-
therm [24] can be expressed as the following equation
(Eq. 5).

qe ¼
qmKLCe

1þ KLCe
ð5Þ

where qe and qm are the amount of MB adsorbed per
unit weight of clay (mg/g) at equilibrium and monolayer
saturation respectively, KL is the Langmuir equilibrium
constant and Ce is the concentration of MB in solution
at equilibrium (mg/L). Rearrangement of the above
equation in its linear form Eq. 6 is conventionally done to
obtain the isotherm parameters from the plots of Ce/qe vs Ce.

Ce

qe
¼ 1

qmKL
þ Ce

qm
ð6Þ

The dimensionless separation factor RL given by Eq. 7 can
be calculated based on the Langmuir constant (KL). The value
of RL can be used to detect whether the adsorption is unfavor-
able (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or irre-
versible (RL = 0).

RL ¼ 1

1þ KL:Coð Þ ð7Þ

where Co is the initial concentration of MB in solution.

3.3.2 Freundlich Isotherm

The Freundlich isotherm model describes the adsorption of an
adsorbate on a heterogeneous adsorbent surface taking multi-
layer adsorption into account [25]. The isotherm can be ex-
plained as Eq. 8.

qe ¼ K f C
1=n
e ð8Þ

where Kf is the Freundlich constant (mg/g) and 1/n is the
adsorption intensity. Traditionally, the linear form of the
Freundlich isotherm Eq. (9) is plotted as ln qe vs ln Ce to
determine the isotherm constants KF and n.

ln qe ¼ lnK f þ 1

n
lnCe ð9Þ

3.3.3 Temkin Isotherm

The Temkin isotherm model can be applied to determine the
heat of adsorption of all interlayer molecules, which would
linearly decrease with coverage due to adsorbent–adsorbate
interactions. Additionally, it is characterized by a uniform dis-
tribution of binding energies, up to a maximum binding ener-
gy (Eq. 10).

qe ¼
RT
bT

ln KTCeð Þ ¼ B ln KTCeð Þ ð10Þ

where the constant B = RT/bT points to the heat of adsorption,
R is the universal gas constant (J mol−1 K−1), T is the temper-
ature (K), bT is the variation of adsorption energy (J mol−1)
and KT is the equilibrium binding constant (L mg−1) corre-
sponding to the maximum binding energy.

Figure 6 presents the linear plots of the two parameter
isotherms, Langmuir (a), Freundlich (b), and Temkin (c) at
different temperatures (20–50 °C) for the adsorption of MB
on TPC. The calculated isotherm parameters are given in
Table 1.

3.3.4 Redlich-Peterson Isotherm

Redlich-Peterson isotherm is a three-parameter isotherm that
rectifies the inaccuracy of the two-parameter isotherms
(Langmuir and Freundlich) being a combination of them.
The isotherm is given by Eq. 11.

qe ¼
KRPCe

1þ aRPCβ
e

ð11Þ

where KRP (l/mg), aRP (l/mg) are the R–P constants and β is an
exponent that varies from 0 to 1.

The experimental raw data for the isotherm studies and the
nonlinear regression of Langmuir, Freundlich, Temkin, and R-
P isotherm models are shown in Fig. 7. The isotherm param-
eters obtained from linear and nonlinear fittings are listed in
Table 1 with their SSE and R2 of error analysis. The adsorption
isotherms show an immediate increase of the amount
adsorbed (qe) at low concentrations of MB and slows down
at high concentrations of the dye (MB) reaching a plateau at
even higher concentrations. A slight increase of the adsorption
capacity was observed with increasing temperature (Fig. 7).
This effect may be attributed to the expansion of the pore sizes
of the clay particles with increasing temperature [26].

The value of RL > 1 indicates a favorable adsorption.
Overall, the adsorption data could be well described by any
of the adsorption models. Considering the error analysis func-
tions (R2 and SSE), the linearized Langmuir isotherm showed
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a better fit of the experimental data (R2 = 0.999) compared to
the linearized Freundlich fits (R2 ≤ 0.950). The non-linearized
Langmuir fits were slightly worse (0.921 ≥ R2 ≤ 0.952)
(102.7 ≥ SSE ≤ 208) compared to the non-linearized
Freundlich fits (0.937 ≥ R2 ≤ 0.950) (120.9 ≥ SSE ≤ 139.8)
(Fig. 7a) (Table 1). The Temkin fit (Fig. 7b) is better than
the Langmuir and Freundlich fits. The high values of KL indi-
cate the high affinity of TPC to MB as represented by the
initial steep slope of the sorption isotherms [27].

Since the fitting of R-P isotherm (a three-parameter iso-
therm) depends on the minimization of the error by trial and
error (with the aid of computer programs), it shows the best fit
of the experimental data (R2 ≥ 0.989) (Fig. 7b).

The R-P model includes the characteristics of both
Langmuir and Freundlich isotherms. Regardless of its
smplicity in application to the experimental data, it is
recommended to use the non-linear regression for ana-
lyzing the isotherms and applying more error functions
to ensure better results.

The efficiency of the TPC clay (present study) for the ad-
sorption of MB was compared to other natural and commer-
cial clays from the literature (Table 2). The natural TPC clay
(present study) showed higher adsorption capacity than other
kaolinitic or illitic natural clays but were lower compared to
bentonite and/or montmorillonite. MB is known to be

adsorbed mainly at permanent charge sites corresponding to
the CEC. The CEC of montmorillonitic clays (bentonites) is
commonly above 70 mmole/100 g which corresponds to the
double amount of permanent charges per gram compared with
the TPC. Clay rich in smectite, therefore, show much higher
adsorption capacity than the TPC.

3.4 Kinetic Studies

Pseudo-first-order [38] and pseudo-second-order [39] kinetic
models were used to further evaluate the mechanism of MB
adsorption on TPC and the rate determining step was further
investigated with an intra-particle diffusion kinetic model.
Lagergren’s pseudo-first-order kinetic model (Eq. 12), which
describes the adsorption of solid/liquid systems, is given in its
linearized form as Eq. 13.

qt ¼ qe 1−e−k1t
� � ð12Þ

ln qe−qtð Þ ¼ lnqe−k1t ð13Þ
where qt and qe are the amounts of MB adsorbed (mg/g) at
time t (min.) and at equilibrium, respectively, and k1 is the rate
constant of the pseudo-first-order adsorption process (min−1).
From the assumption of second order depenency of the ad-
sorption rate (Eq. 14) and its integration between q = 0 to qt

Fig. 6 Langmuir (a), Freundlich (b) and Temkin (c) plots of the adsorption of MB on TPC
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when the time is changed from 0 to t, the pseudo second-order
kinetic model given by Eq. 15 is observed which is converted
to its linearized form as Eq. 16 [40]:

dq
dt

¼ k2 qe−qtð Þ2 ð14Þ

qt ¼
k2q2e t

1þ k2q2e t
ð15Þ

t

qt
¼ 1

k2q2e
þ t

qe
ð16Þ

where k2 (g mg
−1 min−1) is the pseudo-second-order rate constant.

The intra-particle diffusion model proposed by Weber and
Morris Eq. 17 is plotted between t1/2 and qt for the adsorption
of MB on TPC [41].

qt ¼ kidt
1
2 þ I ð17Þ

where kid is the rate constant of intra-particle diffusion
(mg g−1 min−1/2). Information about the thickness of the
boundary layer is given by the value of I, i.e. the larger the
intercept the greater is the boundary layer effect [42]. All the
kinetic measurements were performed at four different tem-
peratures 20, 30, 40, and 50 °C. The linear and nonlinear
regression plots of the kinetic models are shown in (Figs. 8
and 9) respectively and the obtained kinetic parameters of the
three models are listed in Table 3.

Two linear regions with different slops can be seen in the
plots of qt vs t

0.5 and the extension of the two lines do not pass
through the origin which indicates that adsorption of MB on
TPC is a multi-step process, involving adsorption on the

Table 1 Adsorption isotherm parameters of the adsorption of MB on TPC

Isotherm Temperature (K) 293 303 313 323

Langmuir (linear) qm (mg/g) 130.4 133.0 133.3 135.5

KL (L/mg) 0.268 0.277 0.335 0.296

SSE 0.002 0.002 0.001 0.002

r2 0.999 0.999 0.999 0.999

RL 0.081–0.004 0.084–0.004 0.029–0.001 0.063–0.002

Langmuir (Non-Linear) qm (mg/g) 124.6 126.6 127.6 128.8

KL (L/mg) 4.96 7.18 7.03 6.86

SSE 102.7 146.6 153.7 208.0

R2 0.952 0.938 0.938 0.921

Freundlich (Linear) KF (mg/g)(L/mg)
1/n 85.19 87.29 87.64 87.57

N 13.1 13.3 13.1 12.7

SSE 0.011 0.009 0.010 0.009

r2 0.950 0.962 0.958 0.965

Freundlich (Non-Linear) KF (mg/g)(L/mg)
1/n 87.52 89.42 89.95 89.77

n 14.29 14.33 14.22 13.70

SSE 135.1 120.9 139.8 131.3

R2 0.937 0.949 0.943 0.950

Temkin (Linear) B (J/mol) 7.58 7.58 7.72 8.02

bT (kJ/mol) 0.321 0.332 0.337 0.335

Ln KT 11.46 11.80 11.64 11.20

SSE 69.9 56.5 67.6 61.6

r2 0.968 0.976 0.973 0.977

Temkin (Non-Linear) B (J/mol) 7.583 7.578 7.721 8.016

bT (kJ/mol) 0.321 0.321 0.316 0.304

KT 95.2 133.3 113.6 73.4

SSE 69.9 56.5 67.6 61.7

R2 0.967 0.976 0.973 0.977

Redlich Isotherm (Non-Linear) KRP (L/g) 965.5 1560.1 1501.7 1633.4

αrp (L/mg) 9.18 14.88 14.16 15.67

β 0.965 0.961 0.962 0.956

SSE 5.28 13.46 17.47 31.16

R2 0.998 0.995 0.993 0.989
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external surface from the boundary layer and then diffusion
into the interior pores. The initial curved portion of the plot
indicates boundary layer effects while the second linear por-
tion is due to intra-particle or pore diffusion, another explana-
tion is the dye aggregate formation as a second kinetic mech-
anism [43].

In addition to SSE and R2 for the prediction of the best
kinetic model, the percentage of deviation of the calculated
equilibrium adsorption capacity (qcalc.) from the experimental
one (qexp) was also taken into account and denoted as (Dev. %
of qcalc.). The error functions used (Dev. % of qcalc. and SSE)
of the pseudo first-order kinetics for the linear and non-linear
regression curves are much higher than their corresponding
values of the pseudo second-order kinetics and their R2 are
less than that of the second-order kinetics, which confirms the
better fit of the pseudo second-order kinetics to the experimen-
tal data.Whatever the source of error, variations of the order of
the experimental points can be seen clearly on the plot

between qexp vs t (Fig. 9), while the R
2 and SSE values indicate

a perfect fit of the linear regression curves for second-order
kinetics (R2 = 0.999 and SSE < 0.01) (Fig. 8b). This is due to
the skew in the error structure on linearization of the original
non-linear eqs. [18]. With the use of non-linear regression
plots, the R2 values became more realistic. This confirms the
fact that, despite of the simplicity of linearized curves, the use
of original nonlinear kinetic curves gives more accurate results
to estimate the kinetic parameters.

The activation energy was calculated from the slope of the
plot of ln k2 vs 1/T according to Arrhenius equation (Eq. 18).

lnk2 ¼ lnA−
Ea

RT
ð18Þ

where Ea (J/mol) and A (g mol−1 s−1) are the activation energy
of the adsorption and the Arrhenius per-exponential factor,
respectively. Low activation energies (< 40 kJ/mol) indicate
a physical nature of the adsorption process. A value of Ea

Table 2 Comparison of
maximum monolayer adsorption
capacity of MB on different
natural and modified clays

Clay qm (mg/g) Treatment Reference

Natural Zeolite 29.2 [28]

Raw ball clay 34.7 [29]

Chitosan/Sepiolite composite 41 [30]

Natural clay of Erzurum 58.2 [31]

Iron oxide-montmorilonite 71 [32]

Sepiolite 76 [33]

Crushed brick 96.6 [34]

Natural clay 100.0 Used in spice industry [35].

Moroccan clay 114.16 Safi and Berrechid region [36]

Moroccan clay 135 Clay particles <2 μ were used [23]

Commercial Bentonite 175 Prepared and heated to 150 °C [11]

Commercial Montmorillonite 300 Agetec Engenharia Company [12]

Commercial Montmorillonite 322.6 Thai Nippon Chemical Industrial Co. [37]

TPC 128.8 < 5 μm were used Present study

Fig. 7 Nonlinear regression curves of (a) Langmuir and Freundlich, (b) Temkin and Redlich-Peterson isotherms for the adsorption ofMB on TPC at 20,
30, 40 and 50 °C
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greater than 80 kJ/mol indicates chemisorption. In the present
case, Ea was found to be +13.47 kJ/mol which is consistent
with physisorption [12].

3.5 Thermodynamic Study

The variation of Kc with temperature was used to determine
thermodynamic parameters (Gibbs free energyΔGo, enthalpy

ΔHo, and entropy ΔSo). These parameters were calculated
from Eqs. 19, 20 and 21.

ΔGo ¼ −RT ln Kc ð19Þ
ΔGo ¼ ΔHo−TΔSo ð20Þ

ln Kc ¼ ΔSo

R
−
ΔHo

RT
ð21Þ

Fig. 8 Linear regression plots of pseudo first-order (a), pseudo second-order (b) and intra-particle diffusion (c) kinetic plots for the adsorption of MB on
TPC at 20, 30, 40 and 50 °C

Fig. 9 Nonlinear regression plots
of pseudo first-order and pseudo
second-order kinetics for the
adsorption of MB on TPC at 20,
30, 40 and 50 °C
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where Kc is the equilibrium constant given by Eq. 22, ΔGo,
ΔHo, and ΔSo are the changs in Gibbs free energy (kJ/mol),
enthalpy (kJ/mol), and entropy (J/mol/K), respectively.

Kc ¼ Cs

Ce
ð22Þ

where Cs (mg/L) is the amount of MB adsorbed on TPC at
equilibrium and Ce is the equilibrium concentration of MB.
The plot of ln Kc as a function of 1/T (Van’t Hoff’s plot) is
shown in Fig. 10 and the values of ΔHo and ΔSo were esti-
mated from the slope and the intercept of the linear curve. The
thermodynamic results are listed in Table 4. The ΔH° value
was positve pointing to an endothermic nature of the adsorp-
tion process. The positive value of ΔS° indicates an increase
in the molecular randomness at the solid/liquid interface dur-
ing the adsorption and reflects the affinity of TPC to MB. The
feasibility and spontaneous nature of the adsorption was con-
firmed by the negative values of ΔG° [32]. Furthermore, the
decreasing of the values of ΔG° with increasing temperature

Table 3 Kinetic parameters for the adsorption of MB on TPC at different temperatures

Kinetics model Kinetic Parameters Temperature (K)

293 303 313 323

Experimental qexp (mg/g) 112.1 122.6 126.1 130.1

Pseudo-first-order linear k1(min
−1) 0.0249 0.0249 0.0232 0.0222

qcalc (mg/g) 33.2 33.7 16.3 13.0

Dev. % of qcalc 70.4 72.5 87.1 90.0

SSE 14.1 13.8 23.9 21.4

R2 0.815 0.819 0.694 0.697

Pseudo-first-order nonlinear k1 0.128 0.118 0.148 0.196

qcalc 104.2 116.4 121.5 125.9

Dev. % of q 7.0 5.1 3.6 3.3

SSE 1348 985 625 606

R2 0.548 0.719 0.783 0.670

Pseudo-second-order linear k2(g/mg min) 0.00121 0.00135 0.00209 0.00297

qcalc (mg/g) 115.4 125.6 128.1 131.5

Dev. % of qcalc 2.9 2.4 1.6 1.1

SSE 0.008 0.002 0.001 0.0005

R2 0.999 0.999 0.999 0.999

Pseudo second-order nonlinear k2 0.00171 0.00151 0.00193 0.00282

qm 111.6 123.9 128.3 131.3

Dev. % of qcalc 0.4 1.1 1.7 0.9

SSE 551 286 137 133

R2 0.834 0.927 0.957 0.935

Intra-particle diffusion Kid (mg /g.min0.5) 0.469 0.516 0.108 0.134

R2 0.540 0.613 0.351 0.351

Fig. 10 Van’t Hoff’s plot for the adsorption of MB on TPC

Table 4 Thermodynamic parameters for the adsorption of MB on TPC

Temperature (K) ΔHo

(kJ/mol)
ΔSo

(J/mol)
ΔGo

(kJ/mol)

293 4.14 18.5 −1.28
303 −1.47
313 −1.65
323 −1.84
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indicates the increasing favorability of the adsorption of MB
on the natural clay at higher temperatures. Similar results were
reported for the adsorption of MB on bentonite [11].

3.6 Real Sample Application Test

Clinical laboratory waste water generated from bacterial slide
preparations were taken from three different clinical laborato-
ries as real samples contaminated by MB. The pH values of
the waste water were in the range of (7.2–7.7) and MB con-
centrations were in the range of 60 to 125 mg/L according to
the amount of distilled water that was used for washing and
releasing the excess of the MB that added for coloring the
bacteria species. The concentration of MB in the waste water
decreased after adsorption on TPC from 60 to 125 mg/L down
to 0.0–0.1 mg/L. The final concentration was low enough to
safely discharge the water to the sewage.

4 Conclusions

The present study demonstrates the ability of a local natural
clay to adsorb cationic dye (methylene blue) from wastewater.
Expectedly, MB adsorption was determined by cation ex-
change of the smectites in the clay. The high adsorption effi-
ciency, therefore, is related to the relatively high smectite con-
tent of TPC. The removal of the MB dye showed no signifi-
cant dependence on the initial pH of the solution. The adsorp-
tion of MB on TPC was found to follow pseudo second-order
kinetics. The kinetic measurements showed that the mecha-
nism of the adsorption was controlled by a fast film diffusion
mechanism at which the methylene blue molecules were
adsorbed on the surface sites of the clay, followed by a slower
step of diffusion of the adsorbate molecules into the inner sites
of the clay. Dye aggregate formation may be a second kinetic
mechanism of the slower step. Non-linear regression methods
were found to better describe the experimental data than the
conventional linear regression methods. The local natural clay
(TPC) was successfully applied for the removal of MB in the
waste water of a clinical laboratory.
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