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a b s t r a c t
To improve the performance of organophilic clay in water treatment, it was treated with a neu-
tral amine and a source of silica tetraethyl orthosilicate with formula Si(OC2H5)4. The obtained 
materials were called PCHs (porous clay heterostructures). To allow us to better appreciate their 
properties, PCHs samples were subjected to different characterizations as Fourier-transform infra-
red spectroscopy, X-ray diffraction and Brunauer–Emmett–Teller analysis, then they were applied 
in batch reactor adsorption of the model cationic dye methylene blue (MB). The prepared PCHs 
adsorbents have high affinity towards MB. The most known Langmuir and Freundlich models 
were applied to analyze experimental isotherm data. The maximum adsorption capacity founded 
was of 274 and 361 mg/g for the prepared samples. The adsorption mechanism was based on the 
hydrophobic–hydrophobic interactions. These results are important in selecting the most effective 
and suitable adsorbent for cationic dyes removal from polluted environments.

Keywords:  Porous adsorbent; Dye; Batch adsorption; Porous clay heterostructures; Kinetics; 
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1. Introduction

Porous clay heterostructures (PCHs) are new materi-
als, having favorable features, such as combined micro- 
and mesopores, large surface area (until 900 m2/g), high 
mass transfer rates and high adsorption capacities [1]. 
The unique structural characteristics give PCHs poten-
tial applications as adsorbents [2], catalysts [3,4], carri-
ers [5]) and templates [6]. In general, PCHs are synthe-
sized through the organic modification of inorganic clay, 
the intercalation of tetraethyl orthosilicate (TEOS), and 
removal of the organic templates by calcination or solvent 
extraction. To obtain a PCH with desirable surface prop-
erties (i.e., particle size and morphology, porous struc-
ture, type of active sites) synthesis conditions should be 
correctly adjusted. Physicochemical properties of these 

materials can be regulated through various parameters 
including nature of the pillaring agent, type of clay, par-
ticle size distribution of starting material, pillaring proce-
dure, thermal treatments etc.

Industrial wastewater contains many contaminating 
organic and inorganic materials, such as metals, aromatic 
compounds and dyes. They are classified as hazardous pol-
lutants because of their potential toxicity both to human 
health and environment. The dyes pose significant health 
threat to humans due to their high carcinogenicity and poten-
tial toxicity [7]. Methylene blue is one of such as cited dyes. 
MB dye is harmful to aquatic organisms. It is therefore nec-
essary to avoid release into the environment. For example for 
fish, the dose of 40.0 mg/L (96 h) is toxic. For humans MB 
used at doses below 7 mg/kg is associated with few adverse 
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effects. However, doses above 7 mg/kg associated with cases 
of nausea, abdominal pain and confusion [8].

Adsorption has been vastly reported as the most widely 
used technique for the removal of toxic organic and inor-
ganic pollutants. Several authors have successfully used 
adsorbents for removal of various environmental pollutants 
including dyes [9–17], metal ions [18–20] and micropollut-
ants [21,22] from wastewater because of its performance and 
ease of operations [23,24]. Several clays are used as effec-
tive adsorbents. There are many reports about the modified 
bentonite such as organophilic–bentonite, inorganic-orga-
no-bentonite and acid-activated bentonite. They showed 
outstanding performance on the separation and removal 
of pollutants and micropollutants [25–29]. However, until 
recently, there is some lack of knowledge about the adsorp-
tion as an effective method of dyes removal using PCHs as 
adsorbent. In this study, methylene blue (MB) as a typical 
dye was used to evaluate the adsorption properties of the 
prepared PCHs.

2. Materials and methods

2.1. Chemicals

The bentonite (Bent) used in this study was obtained 
from MAGHNIA (West Algeria). Its chemical composition 
was found to be: 56.8% SiO2, 18.5% Al2O3, 3.7% MgO, 0.03% 
MnO, 1.4% K2O, 0.5% CaO, 2.9% F2O3, 1.6% Na2O, 0.1% TiO2, 
13.6% loss of ignition and its cation exchange capacity (CEC) 
is of 97 meq/g [30]. Cetyltrimethylammonium bromide 
(CTAB: C19H42NBr, 99%) and butylamine (BA: C4H11N, 98%) 
were purchased from Sigma-Aldrich Chemicals. Tetraethyl 
orthosilicate (TEOS: Si(OCH2CH3)4, chemically pure), MB, 
sodium hydroxide (NaOH), hydrochloric acid (HCl) and 
peroxide (H2O2) were purchased from Fluka Chemicals.

2.2. Synthesis of adsorbents “PCHs”

The organo-montmorillonite (OMt) was prepared by 
the exchange of an amount of CTAB equal to the CEC 
of montmorillonite (Mt) which is approximately equal 
to 97 meq/g. The surfactant was dissolved in 1 L of dis-
tilled water at 80°C and stirred for 3 h. A total of 10 g of 
Mt was added to the surfactant solution. The dispersion 
was stirred for 3 h at 80°C. The separated organo-montmo-
rillonite (OMt) was washed with distilled water. Washing 
was repeated until the supernatant solution was free of 
bromide ions, as indicated by the AgNO3 test. The OMt 
was oven-dried at 80°C until the water was completely 
evaporated, grounded and then stored in hermetic bottles 
until they are used. In the second-step, the PCH precursor 
was prepared from OMt as follows: the OMt was reacted 
with butylamine (BA) and a source of silica (TEOS) at OMt/
BA/TEOS molar ratio of 1/20/150 and 1/20/10. The mixture 
was stirred for 4 h at room temperature. The resulting sam-
ple was recovered by filtration and air-dried overnight. 
The amine molecules were removed from the resulting 
sample by calcination at 550°C for 6 h in air to produce 
the PCH-cal. Another route used in PCHs for removing 
the amine molecules is the extraction using solvents. For 
this process the PCH was washed with an HCl/Ethanol 

solution (0.1 M). It was filtered and air-dried overnight to 
produce PCH-HCl.

2.3. Characterization of adsorbents

The point of zero charge (pHpzc) was determined accord-
ing to the method described by Nandi et al. [31]. Briefly, 
50 mL of distilled water was adjusted to pHi from 2 to 12 
using 0.1 M HCl or NaOH. Then 0.5 g of adsorbent was 
added to each solution. Mixtures were agitated for 48 h at 
room temperature (≈24°C) and the final pH of the solutions 
(pHf) was measured. The point of zero charge (pHpzc) was 
determined by plotting pHf – pHi vs. pHi and the intersection 
of the x-axis with the curve gives the value of the pHpzc.

Fourier-transform infrared spectroscopy (FTIR) study 
was carried out using FTIR 8400S Shimadzu having a stan-
dard mid-IR DTGS detector. FTIR spectra were recorded, 
in the range of 400–4,000 cm−1 with KBr pellet technique. 
Nitrogen gas adsorption–desorption isotherms were mea-
sured using a Quanta Chrome Autosorb-1 instrument at 
77 K. The measurements were made after degassing under 
vacuum at 180°C for 6 h. The specific surface area (S.B.E.T) 
was calculated by the B.E.T method using the adsorption 
and desorption isotherms, respectively. The total pore vol-
ume was calculated from the maximum amount of nitrogen 
gas adsorption at partial pressure (P/P0) = 0.999 [32].

2.4. Adsorption studies

Adsorption experiments were carried out in a batch 
equilibrium mode. The MB concentrations were deter-
mined using a UV-1700 UV spectrophotometer at 664 nm. 
The amount of MB adsorbed was derived from initial and 
final concentrations of MB in the liquid phases. All exper-
iments were run in triplicate to ensure reproducibility. 
Isotherms were studied from 100 to 1,200 mg/dm3 initial 
concentrations at room temperature (T = 24°C ± 1°C) and at 
pH of the dispersion (MB solution + adsorbent: pH = 6.4). 
The effects of pH (2 to 11), and initial MB concentration 
C0 (50, 100 and 150 mg/dm3) vs. time were investigated. 
The amount of adsorption at equilibrium, qe (mg/g) and 
at time t was calculated using the liquid-phase concentra-
tions of dye at initial time C0 (mg/dm3), the liquid-phase 
concentrations of dye at equilibrium and at time (t) respec-
tively Ce and Ct (mg/dm3), the volume of the solution 
(L) and the mass of dry adsorbent used (g).

3. Results and discussion

3.1. Characterization of adsorbents

Adsorbents used for characterization are PCH-HCl 
and PCH-cal with OMt/BA/TEOS molar ratio of 1/20/10. 
The plots of pHf – pHi vs. pHi gave the intersections with 
the x-axis which are the values of points of zero charge 
(pHpzc) of the adsorbents (Fig. 1). These values are respec-
tively of 4.9 and 5.0 for PCH-HCl and PCH-cal. This 
result confirms that PCH-HCl and PCH-cal surfaces are 
acidic. It well known that acidity is a specific property 
of PCHs [33]. The precursor of PCHs is OMt and when 
the prepared adsorbent was washed with HCl or was 
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calcined the surfactants degrade and thus generate excess 
protons, which make acidic supports [34].

The FTIR spectra of OMt and PCHs with different treat-
ments were not shown and results are as follow: FTIR spec-
trum of OMt, PCH-HCl and PCH-cal exhibit band located 
between 3,200 and 3,800 cm–1 (3,630 cm–1) with an intense 
peak and shoulders around 3,630 and 3,430 cm–1 character-
izing bentonite. This band corresponds to the elongation 
vibrations of OH groups of the octahedral layer coordinated 
at an aluminum or magnesium atom, or else two aluminum 
atoms. The band located at 2,924 cm–1 and at 2,869 cm–1 cor-
responds to the antisymmetric (νas (CH2)) and symmetric 
(νs (CH2)) vibration mode of CH2 respectively. The appear-
ance of two bands between 2,800 and 3,000 cm–1 correspond 
to the CH3 and CH2 groups showing the insertion of the 
surfactant CTAB in the montmorillonite. Intensity of these 
two bands decreases from spectrum of OMt to PCH-HCl 
and PCH-cal. This is because in the case of washing sample 
with HCl, part of the surfactant was dissolved by HCl and 
the surfactant was degraded when the sample was calcined. 
The band centered at 1,639 cm–1 is attributed to the defor-
mation vibrations of the water molecules absorbed between 
the sheets. The intense band located between 900–1,200 cm–1 
and centered at 1,060 cm–1 corresponds to the valence vibra-
tions of the Si–O bond. The two bands in the PCH-HCl spec-
trum shift from 1,060 to 1,077 and from 1,113 to 1,202 cm–1. 
The different bands at 915, 844 and 793 cm–1 decreased in 
intensity or disappeared completely on the PCH-HCl spec-
trum. This is due to the partial dissolution of Fe, Mg and 
Al caused by the acid wash. During the acid wash, the 
mechanism proposed by [35] would be as: when the PCH is 
brought into contact with the acid solution, the interfoliary 
cations compensating for the negative charges of the layers 
(in our case it is the alkylammonium ions) are progressively 
replaced by the abundant H+ ions in the acid solution to 
maintain the neutrality clay. The octahedral AlOH groups 
are simultaneously protonated in AlOH2

+, in particular those 
located at the edge of the layers. These protonated groups are 
very unstable which causes the dissolution of the octahedral 

Al3+. This phenomenon resulted in the decrease of aluminum 
ions and the disappearance of the frequency bands associ-
ated with Si–O–Al and Al–OH–Al on the PCH-HCl spec-
trum. The vacancy left by the octahedral ions released into 
the solution leaves access to the acid to attack the deeper ions 
of the tetrahedral layers of the clay particles, depending on 
whether the acid is strong or weak. The band at 3,449 cm–1 
and the intense band centered at 1,621 cm–1 corresponds to 
the elongation vibrations of the NH groups and to deforma-
tion vibrations of the butylamine compound respectively. 
The intense band centered at 1,041 cm–1 corresponds to the 
C–N elongation vibrations. The intense band centered at 
806 cm–1 corresponds to the N–H deformation vibrations.

The N2 adsorption/desorption isotherms of the het-
erostructured samples (Figure not showed) gave results 
as follow: the isotherm of PCH-HCl and PCH-cal are 
type IV according to the IUPAC classification [32] sug-
gesting higher porosity. An increase in the quantity of the 
adsorbed volume at relative pressures (P/P0 < 0.02) indi-
cates micropores. The upward deflection of the pressure 
of 0.02 to 0.3 and the quasi-linear portion in approximate 
relative pressures of 0.05 to 0.25 are an indication of mes-
opores having sizes in the small area of mesopores or in 
the super-micropore region (between 15 and 25 Å). Based 
on these characteristics, PCHs are the only materials that 
combine micro and mesoporosity. This is confirmed by the 
values of the porous volumes found [34]. In addition, the 
layered textural character of the base clay was preserved, 
which was manifested by the unchanged H3 hysteresis 
loop of the curves for PCHs. Results of texture parameters 
of the samples are given in Table 1 where aBET is the surface 
BET, aext is the external surface, aint is the internal surface, 
VpT is the total volume of porous, Vmicro is the volume of the 
microporous; Vmeso is the volume of mesoporous and Av. 
diameter is the average diameter of the pores.

From this table, we see that the specific surface area 
of Mt increases from 80 to 297 and 448 m2/g respectively 
for PCH-cal and PCH-HCl. The same results are found by 
Aguiar et al. [2]. We can also see that the porous volumes 
increase considerably for heterostructured materials, from 
0.048 (Mt) to 0.418 and 0.463 respectively for PCH-HCL and 
PCH-cal.

3.2. Adsorption isotherm studies

Adsorption isotherm is very important in describing 
the relationship between the adsorbate and adsorbent. 
Moreover, by isotherm analysis, the adsorption capacity 
of the adsorbent, which is an important parameter in the 
industrial design for adsorption process, is predicted. The 
Langmuir and Freundlich isotherm models were used to 
determine the MB adsorption isotherm parameters on the 
PCHs templates. The Langmuir model [36] explains the 
monolayer adsorption process that occurs on the homoge-
neous adsorbent surface, whereas the Freundlich isotherm 
[37] presumes that the multilayer of the adsorption process 
occurs on a heterogeneous surface. The nonlinear form of 
Freundlich [Eq. (2)) and Langmuir [Eq. (3)] isotherm models 
can be described by the following equations, respectively:
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Fig. 1. Isoelectric points of the adsorbents.
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where Kf is the Freundlich adsorption coefficient and n is 
the exponential coefficient that is related to the adsorption 
intensity, qm (mg/g) is the Langmuir maximum adsorption 
capacity of the adsorbent and KL is the Langmuir’s constant 
related to the adsorption energy.

The applicability of these two models was evaluated 
by the R2 values. The highest R2 values determine the best 
isotherm model followed by this study.

To know the effect of the ratio OMt/BA/TEOS and 
treatment on adsorption capacities of prepared samples, 
isotherm study was investigated and results are shown 
in Fig. 2. For the same initial MB concentrations of 100–
1,200 mg/dm3, the experimental maximum adsorption 
capacities are of 361 and 274 mg/g respectively for the 
PCH-HCl (washed with HCl/ethanol) and PCH-cal with 
molar ratio of 1/20/10. It was of 175 and 146 mg/g respec-
tively for the PCH-HCl and PCH-cal with molar ratio of 
1/20/150. From these results, the high adsorption capac-
ity is attributed to the PCH-HCl adsorbent prepared with 
OMt/BA/TEOS molar ratio of 1/20/10 (361 mg/g) and to the 
PCH-cal adsorbent prepared with OMt/BA/TEOS molar 
ratio of 1/20/10 (274 mg/g). From the obtained results, 
we can conclude that the molar ratio influenced more on 
the adsorption capacity. Fig. 2B and C show that the PCH 
prepared with the molar ratio OMt/BA/TEOS 1/20/10 had 
adsorption capacity higher (two times) than the adsorption 
capacity of the PCH prepared with molar ratio OMt/BA/
TEOS of 1/20/150. This tendency can be explained by sam-
ple which was treated with more silica TEOS became more 
organophobic and adsorbs less organic dye MB. Fig. 4A 
shows the effect of treatment used to remove surfactants. 
The surfactants were removed using calcination at 600°C 
(PCH-cal) and washing with solvent HCl/ethanol (PCH-
HCl). From this figure we can see that adsorption capac-
ity of PCH-HCl is greater than PCH-cal. This is due to the 
fact that when PCHs were calcined the surfactants were 
completely removed at 600°C, but extraction with sol-
vent generates a remaining amount of surfactant present 
in the pores. In this case PCH-HCl is more organophilic 
than PCH-cal, so adsorbs more organic dye MB.

Adsorption isotherms are of type L according to the 
classification of Gilles characterized by the electrostatic 

interaction between adsorbate and adsorbent surfaces. High 
affinity is observed from the low concentrations. Sample’s 
adsorption capacity increases with increasing initial concen-
tration until attains equilibrium to form plateau.

To calculate maximum adsorption capacities of sam-
ples, Langmuir and Freundlich models were applied 
using non linear form of Eqs. (1) and (2). Parameters 
of the two models are given in Table 2. The maximum 
adsorption capacities of samples founded by Langmuir 
model are reasonably similar to qe,exp and the values of 
R2 (0.977 ≤ R2 ≤ 0.993) are higher than that of Freundlich 
model (0.882 ≤ R2 ≤ 0.956). These results showed that iso-
therms were well described by Langmuir model with 
the monolayer and the homogeneous distribution of the 
adsorbates on the surfaces of the adsorbents.

Based on the preliminary assessment of the different 
adsorbents in terms of the experimental and calculated 
maximum adsorption capacity, PCH-HCl and PCH-cal 
with molar ratio 1/20/10 were the best adsorbents among 
the samples tested. Therefore, all further experiments were 
performed using PCH-HCl and PCH-cal with molar ratio 
1/20/10.

3.3. Effect of initial pH on the adsorption of MB onto 
PCH-cal and PCH-HCl

The initial pH is a very important parameter in adsorp-
tion because it can change: (1) the surface charge of the 
adsorbent, (2) the degree of ionization of the adsorbate and 
(3) the degree of dissociation of the functional groups of the 
active sites of the adsorbent [31]. The pKa of MB is of 3.8, 
so at pH > 3.8, MB is ionized (99% at pH = 6.5). In the same 
time our samples have two behaviors according the pH 
value. In acidic medium, pH less than pHpzc, our samples 
are positively charged, in medium where pH higher than 
pHpzc (pHpzc of 4.9 and 5), they are negatively charged. In 
this case there are strong attraction between positive MB 
ions and negative surfaces of adsorbents. From Fig. 3, it can 
be seen that there is no variation in the adsorbed amount 
of MB on the two samples. It can be said that there are no 
pH effect in the studied pH variation.

3.4. Effect of the adsorbent mass

The effect of adsorbent mass on the adsorption was 
studied by varying the mass from 10 to 100 mg with 20 mL 
volume of MB solution, which gives adsorbent concen-
trations ranging from 0.5 to 5 g/dm3. Fig. 4 shows that the 
removal of MB by the two adsorbents increases with increas-
ing the adsorbent mass until reaching total elimination of the 
dye with only 40 mg of PCH-HCl (2.5 g/dm3) with an ini-
tial MB concentration of 300 mg/dm3, then the removal of 
MB remained constant. For PCH-cal, the total elimination 
of MB dye was observed for PCH-cal mass of 100 mg. This 
phenomenon can be explained by the specific surface area 
of adsorbents which are very different. Specific surface area 
of PCH-HCl (448 m2/g) is greater (1.5 times) than the PCH-
cal specific surface area which is 297 m2/g. It well known 
that the adsorbent surface increases with increasing the 
adsorbent mass. In this case for having total removal of MB 
by PCH-cal with the same concentration (300 mg/dm3), it is 

Table 1
Experimental data from textural studies of PCHs with molar 
ratio OMt/BA/TEOS of 1/20/10

Sample Mnt-Na PCH-HCl PCH-cal

aBET (m2/g) 10.00 448 297
aext (m2/g) 9.00 110 213
aint (m2/g) 1.00 338 84
VpT (cm3/g) 0.048 0.418 0.463
Vmicro (cm3/g) 0 0.198 0.370
Vmeso (cm3/g) 0.049 0.230 0.093
Av. diameter (Å) 19 37 62
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Fig. 2. Isotherms of adsorption of MB onto samples: (A) effect of treatment to remove organic compounds and (B) and 
(C) effect of molar ratio OMt/BA/TEOS.

Table 2
Langmuir and Freundlich isotherm parameters for adsorption of MB onto samples with two molar ratio and two treatments

OMt/BA/TEOS molar ratio 1/20/10 1/20/150

Langmuir parameters Qmax KL R2 Qmax KL R2

PCH-HCl 361.21 0.006 0.991 175.28 0.034 0.972
PCH-cal 274.12 0.011 0.993 146.72 0.002 0.977
Freundlich parameters Kf n R2 Kf n R2

PCH-HCl 36.21 0.34 0.918 38.28 0.22 0.956
PCH-cal 75.34 0.15 0.882 38.46 0.19 0.917
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necessary to increase the adsorption surface, so it is necessary 
to increase PCH-cal mass.

3.5. Adsorption kinetic and modeling

A kinetic study has a great significant consideration 
in the adsorption process as it offers information about 
adsorption and mass transfer mechanism. It helps to 
determine the time necessary to obtain equilibrium of 
adsorption. For this, the adsorption kinetics was investi-
gated using initial concentrations of 50, 100 and 150 mg/
dm3 and results are given in Fig. 5. The obtained curves 
showed, as the initial concentration of the solution 
increases, the adsorbed amounts also increase. From the 
appearance of the curves, it can be said that there is a 
great affinity between the MB and the samples studied. 
The amount of MB adsorbed increased gradually when 
initial concentration of MB increases from 50 to 150 mg/
dm3 until equilibrium. The equilibrium time was reached 
quickly for low concentrations (40–60 min) contrary to 

the high concentrations, the equilibrium contact times 
were 120 to 160 min. For the first few minutes, the exis-
tence of free sites on the surface of the adsorbent allows 
a rapid fixation of the adsorbate molecules. This step is 
followed by diffusion to less accessible sites before reach-
ing an adsorption balance where all sites will be occupied. 
Having low contact equilibrium time is very important 
in adsorption processes. It reduces the cost and energy 
of the process and makes it very interesting.

The pseudo-first and pseudo-second-order models 
were employed to correlate the kinetics data. The pseudo-
first- order kinetics model was suggested by Lagergren [38] 
for adsorption of solid/liquid systems and can be expressed 
by non- linear form as:

q qt e
k t= −( )−1 1exp  (3)

where qe and qt are the adsorption amounts at equilibrium 
and at time t (min) respectively, and k1 (1/min) is the rate 
constant of pseudo-first-order adsorption.

Table 3
Kinetic parameters of adsorption of MB onto samples

C0 qe,exp

Pseudo-first-order Pseudo-second-order

qe,cal k1 R2 RMSE qe,cal k2 R2 RMSE

PCH-HCl
50 47 47.41 0.667 0.746 0.711 47.81 0.1050 0.993 1.047
100 99 96.50 0.178 0.834 1.125 102.78 0.0030 0.982 2.918
150 140 135.54 0.078 0.917 2.441 152.60 0.0006 0.979 2.476

PCH-cal
50 32.01 30.36 0.223 0.678 5.594 32.32 0.0128 0.997 3.152
100 62.84 59.96 0.224 0.844 1.199 63.70 0.0058 0.991 0.214
150 96.17 91.85 0.204 0.923 1.947 97.76 0.0042 0.954 31.319

k1 (1/min), k2 (g/mg min), qe(exp,cal) (mg/g), C0 (mg/dm3)
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Fig. 3. Effect of the initial pH solution on the adsorption of 
MB onto PCH-HCl and PCH-cal (C0 = 50 mg/dm3; V = 20 mL; 
m = 20 mg; T = 23°C ± 1°C; contact time = 2 h).
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Fig. 4. Effect of adsorbent dosage on removal of MB by 
PCH-HCl and PCH-cal (C0 = 300 mg/dm3; V = 20 mL; 
T = 23°C ± 1°C; contact time = 2 h).
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The nonlinear form of pseudo-second-order kinetic 
model can be expressed as [39]:

q
q k t
q k tt
e

e

=
+

2
2

21
 (4)

where k2 (g/mg min) is the rate constant for the second-order 
kinetic model.

Nonlinear regression has been shown to be better than 
linear regression such that more realistic values of qe and k 
values, and often a higher correlation coefficient (R2) value 
are obtained. During nonlinear regression, model parame-
ters are first estimated and then continuously evolve toward 
the values that minimize a predefined error function [40].

The pseudo-first and pseudo-second-order kinetic para-
meters determined at 24°C ± 1°C are presented in Table 3. 
The coefficient correlation R2 and the root-mean squared 
error (RMSE) were used to ascertain the applicability of the 
models. The RMSE and R2 can be determined by the follow-
ing equations:

R
q q

q q

n

n

t n t n

n

n

t n t n

2 1

2

1

2
1= −

∑ −( )
∑ −( )

=

=

.exp, . ,

.exp, .exp,

cal
 (5)

RMSE cal=
−

∑( )
=

−1
1 1

2

n
q t n

n

n

t n
q
.exp, . ,  (6)

From Table 3 we can see that the high correlation coeffi-
cient (R2) values showed that adsorptions of MB onto PCHs 
are well described by the pseudo-second-order model. 
Moreover the values of qe,exp are reasonably similar to qe,cal 
and RMSE values are very low. The value of k2 decreases 
from 1,051 × 10–4 to 6.88 × 10–4 g/mg min with increasing 
initial concentration from 50 to 150 mg/dm3.

3.6. Adsorption mechanism

The intraparticle diffusion is another model of kinet-
ics to determine the reaction rate of MB adsorption on 
adsorbents. The kinetic data of MB sorption onto PCHs 
were fitted into Morris–Weber intraparticle diffusion. 
Its equation can be written as follows [41]:

q K t Ct = × +id
0 5.  (7)

Eq. (7) is an empirical equation where adsorbed 
quantity qt varies proportionally with t0.5 rather than with  
t, Kid is the rate constant of intraparticle diffusion expressed 

Table 4
Intraparticle diffusion parameters for adsorption of MB onto PCH-HCl and PCH-cal

C0

PCH-HCl PCH-cal

Step1 Step2 Step1 Step2

Kid R2 Kid R2 Kid R2 Kid R2

50 0.155 0.592 0.155 0.591 2.428 0.886 0.351 0.941
100 9.736 0.958 1.424 0.856 8.759 0.887 0.039 0.777
150 13.500 0.968 1.589 0.966 6.216 0.966 1.303 0.932

C (mg/dm3), Kid (mg g−1 min−0.5)
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Fig. 5. Effect of contact time and initial concentration in the adsorption of MB: (A) on the sample PCH-HCl and (B) on the sample 
PCH-cal (Vsol = 50 mL; adsorbent mass = 50 mg; agitation speed = 100 rpm; T = 24°C ± 1°C, pHsol = 6.4 (not adjusted)).
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in mg/g min0.5 obtained by tracing qt according to t0.5. 
Fig. 6A and B show the results. The linearity of the data 
in qt vs. t0.5 plot ensured the intraparticle diffusion pro-
cess mechanism. Based on Fig. 6 and the low R2 values 
for the intraparticle diffusion model presented in Table 4,  
the plots are non-linear for the whole range of concentra-
tions studied, indicating that intraparticle diffusion is not 
the only rate-limiting step, but other process may also be 
involved in the adsorption process. Two different stages 
are clearly observed in Fig. 6. The first stage describes 
the instant adsorption which can be attributed to exter-
nal surface adsorption. In this stage the MB molecules 
are transported to the external surface through film dif-
fusion and rate of adsorption is very fast. This rapid and 
instantaneous adsorption is due to the large surface area 
and the low competition between the dye molecules. The 
second-part describes the slow adsorption stage caused 
by the low concentration gradients and the final stage 
to the adsorption reaction for attained the equilibrium  
conditions [42].

4. Conclusion

This study showed that the synthesized PCHs had 
important adsorption capacity for the adsorption of MB dye. 
The results showed that the MB adsorption was dependent 
on initial concentration, contact time, and not on initial pH 
solution. The MB adsorption kinetic and equilibrium data 
at various process parameters were analyzed using the non-
linear equations. The obtained results indicated the good 
applicability of pseudo-second-order kinetic model accord-
ing to the high R2 values and low values of RMSE. Weber’s 
intraparticle diffusion model indicated that two steps have 
taken place during the adsorption process. The intraparticle 
diffusion was not the rate-limiting step. The experimental 
equilibrium data were fitted well to Langmuir model with 
0.977 ≤ R2 ≤ 0.993 and monolayer adsorption capacity of 
361.21 and 274.12 mg/g.

We have also studied adsorption of MB onto commer-
cial activated carbon (AC) (DARCO) and we found that 
adsorption capacity of AC is of 111.68 mg/g. Compared to 

Table 5
Comparison of monolayer MB adsorption onto various adsorbents

Adsorbents Maximum monolayer 
adsorption capacities (mg/g)

References

Porous clay heterostructures PCH-HCl 361 This study
Porous clay heterostructures PCH-cal 274 This study
Jackfruit peel 286 [43]
Charred citrus fruit peel 26 [44]
Activated banana peel 20 [45]
Activated carbon produced from buriti shells 274 [46]
Activated lemon peels 208 [47]
Glutamic acid modified chitosan magnetic 180 [48]
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Fig. 6. Weber and Morris intraparticle diffusion plot for the removal of MB by: (A) PCH-HCl and (B) PCH-cal at 24°C ± 1°C.
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the adsorption capacity of the prepared PCHs, we have con-
cluded that PCHs are more efficient and they are potential 
adsorbents for the removal of MB and other cationic dyes.
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