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a b s t r a c t
A novel polyelectrolyte poly diallyl-dimethyl-ammonium chloride (PDADMAC)-modified-
montmorillonite was evaluated as low-cost adsorbent material to eliminate anionic dyes, namely 
congo red (CR) and methyl orange (MO), from the aqueous phases via batch adsorption experiments. 
The PDADMAC-modified-montmorillonite samples were characterized using X-ray diffraction, 
Fourier transform infrared, scanning electron microscopy, surface area measurement (Brunauer–
Emmett–Teller method), zeta potential, and thermogravimetric analysis techniques. The sorption 
of anionic dyes on PDADMAC-modified-montmorillonite was studied. The experimental results 
demonstrated that the adsorption of anionic dye differs when varying pH and temperature val-
ues. In the presence of interfering anions (SO4

2–, CO3
2–, and HPO4

2–), a decrease in the CR and MO 
adsorbed amounts were observed. These results highlight the pertinence of PDADMAC-modified-
montmorillonite adsorbent for the removal of organic dyes from water contaminated. For both 
two anionic dyes, the investigations of sorption kinetics and isotherm model indicated that the 
adsorption kinetic was described better by the pseudo-first-order model, and the equilibrium data 
obtained were well-described by the Langmuir model. The removal efficiency of PDADMAC-
modified-montmorillonite were beyond 90.7% and 69.2% of CR and MO dyes, respectively, 
showing that the PDADMAC-modified-montmorillonite can be utilized as an efficient adsorbent for 
anionic dye removal. The calculated thermodynamic parameters showed the spontaneous sorption 
of CR and MO on PDADMAC-modified-montmorillonite, and also its endothermic character.
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1. Introduction

Dyes applications have an important place in the 
industrial sector, whereby they are frequently used in food, 
paint, textiles, cosmetics, leather, papermaking, and plas-
tics industries [1]. The wastewaters generated by textile 
industries often contain many dyes with complex chemical 
structures. In general, there are three classes of dyes: non-
ionic dyes (disperse dyes), anionic dyes (acid and reactive 
dyes), and cationic dyes (basic dyes) [2,3]. These substances 
have adverse impacts on public and animals’ health and 
also aquatic organisms related to their low biodegradability 
and high toxicity [4,5].

For example, wastewaters discharge of industries con-
tains the anionic colorants, such as congo red, methyl 
orange, and acid red 57. Their presence in the environment 
can produce a reduction in oxygen solubility and an enor-
mous risk to human’s health, such as skin and mucous mem-
brane irritation and burns [6]. To address these diseases and 
protect the ecosystem, it is therefore necessary to degrade 
these discharges before they are discharged into the envi-
ronment. In this context, several treatment processes have 
been employed for dye removal including electrochemical 
oxidation, magnetic separation, coagulation–flocculation, 
nanofiltration, biodegradation, photocatalytic, and photo-
chemical degradation [7,8], and adsorption [9,10]. However, 
the adsorption technique seems to be the most advanta-
geous for the elimination of toxic dyes and other chemical 
pollutants from water and wastewater. Many solid sup-
ports as adsorbents have been tested using adsorption tech-
niques for dyes, such as activated carbon [11], kaolin [12], 
layered double hydroxides [13], and cellulosic materials 
[14]. A large number of research works have demonstrated 
that the activated carbon is the most successful and effective 
adsorbent, despite being expensive due to its high manu-
facturing and regeneration costs [15]. Hence, it is necessary 
to find an adsorbent that is effective and easily available 
as an alternative adsorbent for dye treatment.

Some adsorbents such as natural clay and modified 
clay have been employed for basic and acid dyes removal 
respectively, from industrial wastewater [16,17]. Some 
researchers have used bentonite as a natural mineral adsor-
bent, which showed high adsorption efficiency of posi-
tively-charged dyes, due to its cheapness and chemical 

properties, for example, high cation-exchange capacity 
(CEC), specific surface area, and tendency to retain water 
or other polar and non-polar compounds [18]. In contrast, 
another study has indicated that bentonite clay has a weak 
retention capacity of negatively charged anionic dyes [17]. 
Recently, the improvement of modified bentonite perfor-
mance for anionic dyes adsorption has been reported by 
several studies thus, confirming high adsorption efficiency 
[17]. In many works, the surfactant-modified clays and poly-
mer-modified clays have better adsorption capacity com-
pared to the original clays [19].

For example, Kang et al. [20] revealed that poly (epicholo-
rohydrin dimethylamine) modified bentonite significantly 
ameliorated the adsorption efficiency for anionic dye DFS 
removal. Similar observation was reported by Liu et al. [21]. 
They found higher adsorption of brilliant yellow (BY) on 
poly(2-(acryloyloxy)ethyl) trimethyl ammonium chloride 
modified bentonite particles. However, only few researches 
have reported the employment of modified montmorillon-
ite with cationic surface active agents as solid support for 
anionic dye elimination from wastewater. 

The aim of this work is to study the potential of cationic 
polyelectrolyte PDADMAC-modified-montmorillonite clay 
as an adsorbent toward the elimination of anionic dyes, namely 
congo red (CR) and methyl orange (MO), from the aqueous 
phase. Influence of various parameters, such as solution pH, 
temperature, interfering anions introduced in the aqueous 
solution, and the adsorbent dosage, on the dye elimination 
were studied. The adsorption data of dyes with PDADMAC-
modified-montmorillonite was analyzed utilizing three 
kinetic models, namely the pseudo-first-order, pseudo- 
second-order, and intra-particle diffusion. Finally, the results 
obtained were compared using three isotherm equations, 
namely Langmuir, Freundlich and Dubinin–Radushkevich.

2. Materials and methods

2.1. Dyes

Two different anionic dyes used in the work were CR 
and MO. The commercial dyes were supplied by Sigma-
Aldrich (France). In this work, the dyes employed were 
not purified. The chemical structures and characteristics of 
CR and MO dyes are presented in Table 1.

Table 1
Chemical structures of the studies dyes

Name Molecular structure Nature λmax (nm)

Methyl Orange 52 Anionic 461

Congo Red Anionic 497
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2.2. Montmorillonite particles

The montmorillonite powder was provided from Sigma-
Aldrich. The chemical composition of the clay is shown 
in Table 2, which contain principally SiO2 and Al2O3.

The cation exchange capacity (CEC) was determined 
using conductimetric method as 102 meq/100 g of mont-
morillonite according to calculations by Bartelt-Hunt et 
al. [22]. This method was based on exchanged species and 
was described by Khenifi et al. [23]. The average diameter 
(d50) of the unmodified montmorillonite particles was deter-
mined from laser granulometry (Malvern Instrument), and 
the d50 value was about 50 µm (Fig. 1).

This clay has undergone a pretreatment with an excess 
of Na+ cation representing 10 times the CEC of montmo-
rillonite to ensure that only the Na+-exchanged is located 
in the interlayer space. Subsequently, the montmorillon-
ite saturated with Na+ cation will be modified by cationic 
polyelectrolyte.

2.3. Cationic polyelectrolyte: poly(diallyl-dimethyl-ammonium 
chloride)

The polymer employed to change the surface of 
montmorillonite is a cationic polyelectrolyte, poly(diallyl- 
dimethyl-ammonium chloride), PDADMAC, with chemi-
cal formula (C8H16NCl)n (CAS Number 26062-79-3), and it 
was provided by Sigma-Aldrich. Its chemical structure is 
presented in Fig. 2.

2.4. Reagents

All chemical reagents employed in this study were of 
analytical grade. The aqueous solutions were prepared 
using fresh bidistilled water. The ionic strength was fixed 
using sodium chloride (NaCl). The pH of the aqueous solu-
tion was adapted to the suitable pH values by using solu-
tions of HCl or NaOH (0.1M) and indicated by a pH meter 
(Mettler Toledo, France). Dye solutions with pH 6 were used 
in all adsorption experiments unless otherwise mentioned. 
Aqueous solutions of sodium chloride (NaCl), sodium 
nitrate (NaNO3), sodium sulfate (Na2SO4), and sodium 
carbonate (Na2CO3) were prepared and used to study the 
competing effect of inorganic anion on dyes adsorption 
onto PDADMAC-modified-montmorillonite.

2.5. Preparation of PDADMAC-modified-montmorillonite

The PDADMAC-modified-montmorillonite was formu-
lated by exchanging the inorganic cation present in the 
interlayer space of montmorillonite with a cationic poly-
electrolyte PDADMAC at 100% of the clay’s CEC corre-
spond to the approach reported earlier [22]. The quantity of 
organic cation added to the montmorillonite was calculated 
according to Eq. (1) [23]:

f
m
X m

= ( )( )
cation

clay cationCEC MV  (1)

where f is the fraction of CEC satisfied by organic cation 
(dimensionless), mcation is the mass of organic cation required 
to achieve 100% of CEC (mass), CEC of clay (equivalents/
mass), X is the moles of charge per equivalent (mol/equiv-
alent), mclay is the mass of clay (mass), and MWcation: gram 
molecular weight of organic cation (mass/mol).

The preparation of PDADMAC-modified-montmori-
llonite was carried out in a closed reactor using this 
procedure: 20 g of sodium montmorillonite was first dis-
persed into 200 mL distilled water to swell the clay for 
60 min. Under stirring, a desired amount of poly(dial-
lyl-dimethyl-ammonium chloride) was added gradually 
into the slurry of sodium montmorillonite at 66°C. The 
concentrations of PDADMAC were from 20 to 100 CEC of 
montmorillonite. Then, the mixture was stirred at 66°C for 
180 min. The PDADMAC-modified-montmorillonite com-
plex was filtered and washed several times with distilled 

Table 2
Chemical composition of montmorillonite

Component SiO2 Al2O3 Fe2O3 Na2O MgO CaO K2O TiO2

Weight % 60 18 7 3 2 2.1 0.5 1.5

Fig. 2. Chemical structure of polyelectrolyte PDADMAC was used in 
this study.

Fig. 1. Distribution of granulometry of montmorillonite.
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water. The obtained product was oven-dried at 80°C and 
activated for 60 min at 105°C, and finally grounded in an 
agate mortar, and stored for further use.

2.6. Characterization methods

The solid samples (the sodium montmorillonite and 
the PDADMAC-modified-montmorillonite) were analyzed 
using X-ray diffraction (XRD), Fourier transform infrared 
(FTIR), scanning electron microscopy (SEM), surface area 
measurement (BET method), zeta potential, and thermograv-
imetric analysis (TGA) techniques, in order to get further 
insights into PDADMAC-modified-montmorillonite struc-
ture, functional groups, and surface properties.

The XRD data of the solid were collected with a 
PANalytical’s X’Pert PRO diffractometer (France). The atten-
uated total reflectance infrared spectra (ATR-FTIR) were col-
lected on an FTIR Nicolet 5700 (Thermo Electron Corporation, 
USA) spectrometer equipped with a Smart Orbit accessory.

The surface morphology and microstructure of sodium 
montmorillonite and PDADMAC-montmorillonite samples 
were observed by scanning electron microscopy SEM 
technique (PHILIPS SEM 525M, France). The SEM analyses 
were conducted under accelerating voltage at 30 kV. 

The specific surface area and average pore size of the 
sodium montmorillonite and PDADMAC-montmorillonite 
particles were determined by N2 gas adsorption–desorption 
technique at 77 K using a Micromeritics ASAP2000 surface 
analyzer and were calculated by Brunauer–Emmett–Teller 
(BET) method.

TGA analyses of sodium montmorillonite and PDAD-
MAC-montmorillonite samples were performed on a 
Setaram Instrumentation (Setsys Evolution, France). The zeta 
potential of PDADMAC-montmorillonite particles was 
measured by microelectrophoresis using a ZetaSizer Nano-
series (Malvern Instrument).

2.7. Adsorption experiments

The adsorption tests were performed which implies 
that the batch method in a 250 mL Erlenmeyer flask, and 
were conducted with a fixed amount of the PDADMAC-
modified-montmorillonite in 100 mL of different dye 
solution at a steady agitation speed. The kinetic experi-
ments were conducted to evaluate and to compare adsorp-
tion rates of MO and CR dyes on adsorbent. For this, 0.1g 
of PDADMAC-modified-montmorillonite was added 
to 100 mL of dye solution of 130 mg/L. Experiments were 
conducted at pre-determined time interval.

These series of experiments were carried out at natural 
pH = 6.5, at an ionic strength of 10–2 M of NaCl, at ambient 
temperature.

In another series of experiments examining the effect of 
the pH of the aqueous phase and nature of the interfering 
anions present in the solution, an equal amount of adsor-
bent (0.1 g organo-montmorillonite) was introduced in 
erlenmeyer flask and 100 mL of salt solutions containing 
various amounts of dyes (initial dye concentration varying 
from 10 to 150 mg/L), was added at ambient temperature.

The effect of pH on dyes was examined by fixing the 
dyes solutions (1,000 mg/L) desired pH values (3, 4, 6.5, 9, 

and 11) using HCl (1 N) or NaOH (1 N) and stirring 100 mL 
of dye solution with 0.1 g adsorbent at room temperature 
and at NaCl concentration equal to 10–2 M.

The influence of interfering anion nature was evalu-
ated by adding various salts (NaCl, Na2SO4, Na2CO3, and 
NaHPO4) to the dispersions at fixed salt concentration of 
10–2 M at pH = 6.5. The interfering anions adopted to exam-
ine this effect are chloride, sulfate, hydrogen phosphate, 
and carbonate. The selection of these anions is due to their 
predominance in the soils and groundwaters.

For adsorption isotherm experiment, the sample was 
rapidly centrifuged at 4,000 rpm for 15 min. The residual 
dye concentrations were estimated by measuring the absor-
bance of supernatant using a UV-vis spectrophotometer. 
The absorbances at a specific wavelength were measured 
for MO (λ = 461 nm), and CR (λ = 497 nm), for each dye, 
where the calibration curves were established.

The adsorbed quantity, Qads, as expressed in milligram of 
dye per gram of the solid, and the dye removal efficiency, 
were calculated using the equations, respectively:

Q C C V
mi eads = −( )×  (2)

%Removal efficiency =
−







×

C C
C
i e

i

100  (3)

where m is the amount of the PDADMAC-modified-
montmorillonite adsorbent (g), V is the volume of dye 
solution (L), Ci and Ce are initial and residual dye concen-
trations, respectively (mg/L).

To evaluate the impact of temperature on dyes removal, 
the dispersions aqueous containing 0.1 g adsorbent and 
130 mg/L of dye at natural pH, were stirring at 293, 313, and 
333 K, respectively. The dispersions obtained were mixed 
for a contact time varying from 10 to 120 min. The collected 
fractions were centrifuged and analyzed for determining the 
dye adsorbed quantity, using the same procedures described 
previously.

3. Theory section

3.1. Adsorption kinetic models

So as to investigate the behavior of adsorption process 
of dyes onto our adsorbent, the data obtained experimen-
tally were fitted by three kinetics models namely pseudo-
first- order model [24], pseudo-second-order model [25], and 
intraparticle diffusion model [26]. The pseudo-first-order 
model is given by Eq. (4):

dq t
dt

k q q te

( )
= × − ( )( )1  (4)

where q(t) and qe are, respectively, the amounts adsorbed 
per unit mass of the adsorbent (both in mg/g) at any time 
and at equilibrium, and k1 is the pseudo-first-order rate 
constant of adsorption (1/min). The linearized form of 
equation (Eq. (4)) is expressed by Eq. (5):
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ln lnq q q k te t e−( ) = − ( )1  (5)

The pseudo-second-order model is expressed as Eq. (6):

dq t
dt

k q q te

( )
= × − ( )( )2

2
 (6)

where k2 is the rate constant of pseudo-second-order 
adsorption. Integration of this equation (Eq. (6)) gives 
equation (Eq. (7)):

q t
k q t
k q t
e

e

( ) =
+
2

2

21
 (7)

Intra-particle diffusion model:
The intra-particle diffusion model used to study the 

diffusion in the adsorption system is originated from 
Fick’s second law and is written as Eq. (8) [27]:

q t K t Ci( ) = +0 5.
ste  (8)

where Ki is the intra-particle diffusion rate constant 
(mg/g/min0.5) and Cste (mg/g) is a constant.

3.2. Adsorption models

The experimental data obtained were analyzed using 
several isotherm models to determine the best-fit isotherm 
and confirm the adsorption mechanism. For each dye, 
the equilibrium adsorption data were interpreted using 
three different mathematical models, that is, Langmuir 
[28], Freundlich [29], and Dubinin–Radushkevich (D–R) 
[30], which are represented by the following equations, 
respectively:

q
q K C
K Ce

m L e

L e

=
+1

 (9)

R
K CL
L

=
+
1

1 0

 (10)

q K Ce F
n= ×
1

 (11)

q q ee m= −βε2

 (12)

ε2 1 1
= +









RT

Ce
ln  (13)

where qe (mg/g) is the amount of dye adsorbed at equilib-
rium, Ceq is the equilibrium dye concentration in aque-
ous phase (mg/L), KL is Langmuir equilibrium constant 
(L/mg), and qm the maximum adsorption capacity (mg/g). 
RL is dimensionless separation constant.

where KF (L/mg) and 1/n are the Freundlich constants. ε 
is the Polanyi potential, and β (mol2.kJ–2) is a constant related 
to the mean free energy of adsorption.

3.3. Adsorption thermodynamics

The thermodynamic parameters for adsorption of two 
dyes onto PDADMAC-modified-montmorillonite particles 
were determined consecutively to experimental data 
collected at different temperatures and were given by using 
the following equations:

∆G RT Kd° = − ( )ln  (14)

where ∆G° is the standard Gibbs free energy change 
(J/mol), R is the universal gas constant (8.314 J/mol K), 
T is the absolute temperature (°K), and Kd is the distribution 
coefficient given by equation:

ln K H
RT

S
Rd( ) = − °

+
− °∆ ∆  (15)

where ∆H° and ∆S° are the enthalpy and entropy of 
adsorption reaction, respectively. The values of ∆H°/R and 
∆S°/R can be evaluated from the slope and the intercept 
of the van’t Hoff plot of ln(Kd) vs. 1/T respectively. 

4. Results and discussion

4.1. Characterization of adsorbent

XR diffractograms of the PDADMAC-modified-mont-
morillonite samples are presented in Fig. 3. A displacement 
of the 001 diffraction peak toward small angles values was 
observed. This result shows a widening of the inter-lamel-
lar space and allocated to the intercalation of PDADMAC 
polyelectrolyte chains. Table 3 summarizes the interlayer 
distance of sodium montmorillonite and PDADMAC-
modified-montmorillonite samples at different PDADMAC 
concentration. It was found that the interlayer spacing 
increased gradually with PDADMAC polyelectrolyte 
addition.

Fig. 3. XRD spectra of unmodified montmorillonite (A), PDAD-
MAC-modified- montmorillonite with PDADMAC of 30 (B), 50 
(C), and 100 (D) CEC of montmorillonite.
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The XRD patterns of sodium montmorillonite and mont-
morillonite modified with cationic polymer (PDADMAC) 
equivalent to 100% the CEC of initial montmorillon-
ite are presented in Fig. 4a. The (001) basal reflection 
of the montmorillonite particles situated at 6.5°, which 
corresponded to the interlayer basal-spacing of 12.3 Å 
[31,32] indicating that natural montmorillonite is rich in 
sodium cation. When montmorillonite was modified with 
PDADMAC, a strong reflection at 4.6° appeared, corre-
sponding to a higher d-spacing of 18.1 Å. The expansion 
of the d-spacing of montmorillonite modified with cat-
ionic polymer was likely attributed to the incorporation 
of PDAPMAC cations into the montmorillonite structure 
through intercalation within the interlamellar space, and 
replacement of inorganic layer cations and their hydration 
water molecules with PDAPMAC chains. In addition, this 
modification was ascribed to the fixation of the positively 
charged ammonium groups of PDADMAC polyelectrolyte 
into the aluminol (>Al–O–) and silanol (>Si–O–) groups of the 
surface, which are dissociated, via the electrostatic interac-
tions. In aqueous phase, the adsorption of surfactants at the 
clay – water interface is dominated principally by electro-
static and hydrophobic interactions [33] including both the 
interaction between the surfactant and the mineral surface, 
and the mutual interaction between surfactant molecules. 
This behavior will be proven by other analysis techniques 
such as FTIR, SEM, and microelectrophoresis.

The FTIR spectra of sodium montmorillonite and PDA-
DMAC-montmorillonite are shown in Fig. 4b. The bands 
at 3,625 and 3,415 cm–1 in the FTIR spectrum are typical 
to montmorillonite, and they can be ascribed to the struc-
tural OH vibration and stretching vibration of the H–O–H, 
respectively [34]. In addition, the bands at 1,030; 523; and 
464 cm–1 were attributed to the stretching vibration of Si–O, 
bending vibration of Si–O–Al and Si–O–Si, respectively 
[35]. The band at 1,640 cm–1 is ascribed to the H–O–H bend-
ing vibration within the clay interlayer [36]. Comparison 
between the two spectra shows that the intensity of this 
band decreased after contacting sodium montmorillonite 
with PDADMAC solution due to the replacement of H2O 
with polyelectrolyte. Therefore, the surface properties of 
PDADMAC-modified-montmorillonite changed from a 
hydrophilic to a hydrophobic character. In addition, the 
FTIR spectrum of PDADMAC-modified-montmorillonite 
showed two bands at 2,851 and 2,921 cm−1, and this could be 
ascribed to the symmetric and anti-symmetric CH2 stretch-
ing vibrations, respectively [32].

FTIR spectra analysis well confirms the results of the 
X-ray analysis, thus indicating that the montmorillonite 
was well modified by PDADMAC polyelectrolyte under 
the experimental conditions used.

The SEM images of sodium montmorillonite and PDAD-
MAC-modified-montmorillonite are shown in Figs. 4c and 
d, respectively. The surface morphology of montmoril-
lonite clay was altered after contacting with PDADMAC 
surfactant. Indeed, the montmorillonite particles have a 
quite slick and non-regulated surface with different sizes of 
block structure (Fig. 4c). On the other hand, the surface mor-
phology of PDADMAC-modified-montmorillonite sample 
has a rough surface with a small number of pits (Fig. 4d).

The nitrogen adsorption–desorption at 77 K experi-
ments were carried out to determine the specific surface 
areas as well as the average pore diameter values of both 
montmorillonite and PDADMAC-montmorillonite samples. 
The values calculated from the BET method are presented 
in Table 4 indicates that the specific surface areas of mont-
morillonite and PDADMAC-modified-montmorillonite 
samples are 80.12 and 34.32 m2/g, respectively. The observed 
decrease in specific surface areas of montmorillonite after 
modification with PDADMAC can be related to the inter-
calation of PDADMAC surfactant in the montmorillonite 
structure where the interlayer space of montmorillonite 
prevents the migration of nitrogen molecules through the 
internal surface [37]. However, the average pore diame-
ter of PDADMAC-modified-montmorillonite is 9.42 nm 
liken to 5.32 nm of montmorillonite.

The thermogravimetric curves of sodium montmorillonite 
and PDADMAC-modified-montmorillonite were shown in 
Fig. 4e. Two mass loss levels for temperature below 150°C 
and between 400°C and 650°C were observed. These losses 
correspond to the vaporization of water molecules that 
solvates interlayer cations and dehydroxylation of the struc-
tural OH units of montmorillonite clay, respectively. For 
montmorillonite treated by PDADMAC, the curve shows 
lower mass loss below 150°C, related a net decrease of 
the water loss as a result of the replacement of water mol-
ecules with polymer chains in the solvatations shell of Na 
cations into the interlayer space. In addition, a significant 
loss of mass is observed within the temperature field of 
400°C–600°C, and this can be attributed to the decomposi-
tion of PDADMAC.

The zeta potential curves of sodium montmorillon-
ite and PDADMAC-modified-montmorillonite particles in 
water as function of solution pH are presented in Fig. 4f. 
It is shown that the montmorillonite particle alone has neg-
ative zeta potential and these values increases in magnitude 
with the increase of solution pH. These negatives values 
denote that the montmorillonite particle surface is nega-
tively charged in all the pH range studied. This behavior 
is associated with isomorphous substitutions in the min-
eral lattice by causing permanent negative charges the 
clay particle surface [38]. The surface charge of sodium 

Table 3
Interlayer distance of sodium montmorillonite and PDADMAC-modified-montmorillonite as function of PDADMAC concentration

PDADMAC concentration used in preparation PDADMAC-modified-montmorillonite following percentage of the clay’s CEC 
(% CEC)

CEC % 0 (Sodium montmorillonite) 20 30 50 100
d(001) (Å) 12.3 13.6 14.2 15.50 18.1
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(c)

(a) (b)

(d)

(e) (f )

Fig. 4. (a) XRD spectra of unmodified montmorillonite (A), PDADMAC-modified- montmorillonite with PDADMAC 100 CEC 
of montmorillonite (D), (b) IR spectra of unmodified montmorillonite and PDADMAC-modified- montmorillonite, (c) SEM pic-
ture of unmodified montmorillonite, (d) SEM picture of PDADMAC-modified-montmorillonite, (e) Thermogravimetric curves 
of unmodified montmorillonite and PDADMAC- modified-montmorillonite and (f) the variation of zeta potential of unmodified 
montmorillonite and PDADMAC- modified-montmorillonite in function of pH.
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montmorillonite modified by cationic polymer becomes 
positive due to the adsorption of PDADMAC ammonium 
groups on montmorillonite negative surface sites by elec-
trostatic interactions. In addition, the zeta-potential values 
for PDADMAC-modified-montmorillonite decrease slightly 
in magnitude with increasing pH from 3 to 11 but remain 
positive (Fig. 4f). This decrease can be associated with the 
compensation of PDADMAC-modified-montmorillonite 
positive charge surface sites by OH– ions. In addition, it is 
noted that the zeta potential values of raw montmorillon-
ite and modified montmorillonite were less than –30 mV 
and greater than +30 mV, respectively. This implies that the 
PDADMAC-modified-montmorillonite particles dispersion 
system was relatively stable in the aqueous phase [39].

All of the analysis results demonstrated that montmo-
rillonite is well-modified by the PDADMAC organic cation, 
as well as its surface properties. Consequently, this modifi-
cation will lead to the improvement of its capacity for the 
removal of anionic dyes from the solution; and this will be 
demonstrated later on in this work.

4.2. Effect of contact time

The effect of the contact time on the adsorption pro-
cess of dye (MO and CR) onto PDADMAC-modified-
montmorillonite (organo-montmorillonite) (Fig. 5a) was 
studied. The results of the adsorption kinetics study are 
shown in Fig. 5a. The data shows the adsorption equilibrium 

Table 4
Calculated parameter from BET method of used samples

Samples Surface area (m2/g) Pore diameter (nm)

Montmorillonite 80.12 5.32
PDADMAC-montmorillonite 34.32 9.42

(a) (b)

(c) (d)

Fig. 5. (a) Adsorption kinetics for CR and MO dyes by PDADMAC-modified-montmorillonite, (b) pseudo-first-order kinetic 
plots, (c) pseudo-second-order kinetic plots and (d) intraparticle diffusion plots for adsorption CR and MO dyes by PDADMAC- 
modified-montmorillonite.
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for MO and CR on PDADMAC-modified-montmorillonite 
can be achieved within 15 min of contact time with 118 and 
90 mg/g for CR and MO dyes, respectively. This behavior 
is probably attributed to the density of actives sites onto 
PDADMAC-modified-montmorillonite surfaces which avail-
able at the beginning for the adsorption of dyes. Meanwhile, 
the saturation of adsorption occurs with contact time due 
to a decrease of adsorption sites on the adsorbent surface 
and also to decrease of dye concentration in the solution. 
Furthermore, the decrease in the adsorption rate can be asso-
ciated with the formation of a monolayer of dyes molecules 
on the PDADMAC-modified-montmorillonite surface. 
Under our experimental conditions, the percentages of dye 
removal efficiency calculated are 90.76% and 69.23% for 
CR and MO dyes, respectively. From these results, it was 
implied that the acid dyes CR and MO have a good affin-
ity toward the basic adsorbent surface. This result proves 
that the modification of montmorillonite by the PDADMAC 
organic cation leads to an improvement in the adsorption 
capacity of the anionic dyes by the clay which was nega-
tively charged. Compared to the unmodified montmorillonite 
case, the removal percentages of CR and MO dyes are very 
low, which do not exceed 7% and 5%, respectively (fig-
ure not shown). This is due to the repulsive interactions 
developed between the anionic dyes and unmodified 
montmorillonite which is also negatively charged. In the 
next adsorption experiment, the equilibrium time for 
the adsorption of dyes (CR and MO) onto PDADMAC-
modified-montmorillonite particles was 60 min.

The rate constants adsorption of the dyes by the modified 
montmorillonite for pseudo-first-order and pseudo- second-
order models are determined graphically (Figs. 5b and c). 
For both CR dye-PDADMAC-modified-montmorillonite and 
MO dye–PDADMAC-modified-montmorillonite systems, 
the rate constants were calculated from the lines obtained. 
These rate constants and the correlation coefficient R2 
of the kinetic models are given in Table 5.

According to the constant empirical correlation R2 
value, all models seem applicable to our experimental 
data. In fact, for both dyes, the correlation coefficient esti-
mated for the pseudo-first-order and pseudo-second-order 
models are nearby to unity. However, for pseudo-second- 
order model, the calculated q-values (129.9 and 100 mg/g) 
are higher as compared to those obtained experimen-
tally (118 and 90 mg/g) for CR dye and MO dye, respec-
tively. Therefore, the pseudo-second-order model was 
not more adapted to describe the adsorption of both dyes 
onto PDADMAC-modified-montmorillonite. On the other 
hand, the pseudo-first-order was better than the pseudo- 
second-order model to fit adsorption data because the 

values of adsorbed amounts at equilibrium (qe,cal = 118.39 
and 89.74 mg/g) are coherent with the experimental results 
(118 and 90 mg/g) for CR dye and MO dye, respectively. In 
addition, the rate constants calculated (Table 5) are 0.153 
and 0.140 1/min for CR and MO dyes, respectively. It is 
noted that the rate constant of CR dye adsorption is higher, 
which correlates with its greater adsorption capacity (qm). 
This can be related to the strong affinity of PDADMAC-
modified-montmorillonite for the CR dye. The present 
results are coherent with earlier workers who have reported 
the eliminate of acid blue 113, ethyl orange and metanil 
yellow dyes onto carbonaceous adsorbent [40]. In order to 
verify the applicability of kinetic models, the calculation of 
the sum of error squares is important and it’s determined 
by the following equation [41]:

SSE
cal

%
, ,exp

=
−( )∑ q q

N
e e

2

 (16)

where N is the number of data points.
From Table 5, the higher value of R2 and the lower value 

of SSE determined in the case of pseudo-first-order kinetic 
model suggest better fitness of the data and indicates that 
the adsorption follows pseudo-first-order kinetics. Similar 
results were also reported for the eliminate of industrial 
dye Supranol Yellow AGL from aqueous samples [42].

The intraparticle diffusion model was employed in this 
study so as to understand the mechanistic step that con-
trols the sorption behavior of the dye at the PDADMAC-
modified-montmorillonite – aqueous solution interface. 
The intraparticle diffusion plots for adsorption of CR and 
MO dyes onto modified montmorillonite are illustrated 
in Fig. 5d. From this Fig. 5, for both cases, the plots have 
two linear sections corresponding to two steps of adsorp-
tion process. This implies that the adsorption phenomenon 
is done by surface boundary layer diffusion correspond to 
initial linear segments of the plot and intraparticle diffusion 
corresponding to second linear portion [42,43]. The correla-
tion coefficients and rate constant values of intraparticle 
diffusion model are indicated in Table 5. These calculated 
values are lower than those found for the pseudo-first- 
order and pseudo-second-order models. The found results 
propose that the adsorption process is controlled by the 
contribution of other sorption mechanisms.

4.3. Effect of adsorbent dose

The adsorbent dose effect on adsorption of CR and MO 
dyes onto PDADMAC-modified-montmorillonite particles 

Table 5
Kinetics parameters for adsorption of two dyes on PDADMAC-modified-montmorillonite

Dyes qe (exp) 
(mg/g)

Pseudo-first-order Pseudo-second-order Intraparticule diffusion

qe (cal) 
(mg/g)

k1 
(1/min)

R2 SSE 
(%)

qe (cal) 
(mg/g)

k2  
(g/mg min)

R2 SSE 
(%)

Ki  
(mg/g min0.5)

R2 K’  
(mg/g min0.5)

R2

CR 118 118.39 0.153 0.999 0.057 129.87 0.00211 0.996 0.0910 25.46 0.989 1.299 0.609
MO 90 89.74 0.140 0.998 0.060 100 0.00310 0.995 0.0676 22.51 0.998 0.1936 0.357
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was examined by varying the adsorbent dose from 0.5 to 
1.5 g/L (Fig. 6). The dye removal efficiency increased with 
increasing PDADMAC-modified-montmorillonite dosage 
due to the excessive availability of active sites present at 
higher adsorbent dosage [44]. However, gradual increase 
in % removal efficiency was observed from 1 to 1.5 g/L of 
PDADMAC-modified-montmorillonite adsorbent and the 
percentage removal efficiency (95.67% and 78%) for CR and 
MO dyes respectively tended to maintain a constant above 
1.5 g/L of adsorbent because the adsorption was almost 
saturated [45]. Hence, the suitable adsorbent quantity of 
PDADMAC-modified-montmorillonite is 1 g/L for the elimi-
nation of CR and MO dyes from aqueous solutions.

4.4. Effect of pH

pH effect on the removal efficiency of two dyes (CR 
and MO) from the aqueous phase by adsorption into 
PDADMAC-modified-montmorillonite surface is presented 
in Fig. 7. The removal efficiency of CR and MO was reduced 
from 97.4% to 77% and 80.3% to 45%, respectively, with 
increasing pH from 3 to 11. These results suggested that 
the adsorption of dyes is dependent on both their charge 
and the adsorbent surface charge. In fact, the zeta potential 
measurements carried out have shown that the PDADMAC-
modified-montmorillonite particles are positively charged 
in the studied pH range (Fig. 4f), due to adsorption of 
PDADMAC cation, especially the ammonium functional 
groups, onto montmorillonite sites surface negatively 
charged, indicating the inversion of unmodified montmoril-
lonite surface charge. This implies the role of PDADMAC on 
unmodified montmorillonite surface charge change.

Furthermore, the greater adsorption capacity of the 
anionic dyes (CR and MO) onto the adsorbent surface at 
acidic medium can be allocated to electrostatic interaction 
between the PDADMAC-modified-montmorillonite sites 
surface charged positively and the sulfonate groups – SO3

– 
of dye charged negatively [46]. In alkaline medium, when 
the pH of the solution increases, the number of positively 
charged sites on the PDADMAC-modified-montmorillonite 

surface decreases as resulting from the OH– ions adsorp-
tion and causing of the reduction of the adsorbed amount 
of anionic dye. Moreover, the lower adsorption capac-
ity of CR and MO dyes was explained to the presence 
of excess OH– which will compete with the anionic dye 
for the same adsorption sites [47]. These results are sim-
ilar to earlier findings for the adsorption of anionic dyes 
onto organo-bentonite [48]. According to these interpre-
tations, the chemisorption mechanism, and electrostatic 
interactions can be operative.

4.5. Effect of the type of the interfering anions

Anions effect on the adsorption of CR and MO dyes 
from aqueous phase onto the PDADMAC-modified-mon-
tmorillonite was investigated (Fig. 8a). In general, dye 
removal efficiency is dependent on the types of interfer-
ing anions introduced in the aqueous medium. Indeed, the 
results obtained denote that the adsorption capacity of CR 
and MO dyes decrease in the order: SO4

2– > CO3
2– > HPO4

2–. 
This behavior of dyes adsorption could be assigned to the 
affinity of counter-anion toward to PDADMAC-modified-
montmorillonite surface and therefore to screening of the 
solid support particles positive surface charge. The values 
of zeta potential of PDADMAC-modified-montmorillonite 
clay particles in presence of SO4

2–, CO3
2–, and HPO4

2– anions 
are presented in Fig. 8b and indicate a reduce in magnitude 
of the charge density but it remains positive, ascribed to the 
electrostatic attraction of the SO4

2–, CO3
2–, and HPO4

2– anions 
with the PDADMAC-modified-montmorillonite positive 
surface site.

Within experimental error, we note that the reduction 
of the zeta potential is important in the presence of HPO4

2– 
than CO3

2– and SO4
2– and this may be probably be assigned 

to the anionic charge density. However, the decrease of 
adsorbed amount of both CR and MO dyes could be related 
to the competition adsorption between the counter-anions 
and dyes molecules toward the sites of adsorbent surface 
which could cause repulsive interactions. This behavior 
is identical to that found when the solution pH is increased.

Fig. 6. Effect of adsorbent dose on adsorption of CR and MO 
dyes onto PDADMAC- modified-montmorillonite.

Fig. 7. Effect of pH on the removal efficiency of CR and MO 
dyes by PDADMAC-modified- montmorillonite.
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4.6. Effect of temperature

Table 6 shows the obtained results of influence of tem-
perature on the adsorption capacity of onto PDADMAC-
modified-montmorillonite solid toward each dye. The 
adsorption capacity of CR and MO dyes on PDADMAC-
modified-montmorillonite particles increase with increas-
ing adsorption temperature values from 20°C to 50°C. 
Indeed, the CR and MO adsorbed amount increased lin-
early from 118 and 90 to 129 and 102 mg/g, respectively, 
with an augmentation in the solution temperature. This 
indicates that the adsorption process is endothermic with 
chemisorption-like mechanism. Indeed, these results can 
be due to higher rate diffusion through the boundary layer 
to the solid surface and large penetration of molecules dyes 
from the bulk solution phase to PDADMAC-modified-
montmorillonite surface [32]. Generally, the increase in 
the adsorption capacity with the temperature is princi-
pally attributed to increase the electrostatic interactions 
involved between the active sites on the adsorbent and 
the adsorbate. Furthermore, high temperature promotes 
a decrease in the viscosity of the aqueous phase which in 
turn increases the mobility of the adsorbate molecules 
toward the adsorbent surface [43]. Some authors have 

been reported that the adsorption of anionic and cationic 
dyes on surfactant modified clay adsorbent increases 
with increasing of the solution temperature, concluding 
that the adsorption is endothermic process [49,50].

The plot of ln(Kd) against 1/T is represented in 
Fig. 9, and it is a straight line. Hence, ∆H° and ∆S° can be 
estimated from the slope and intercept, respectively.

Furthermore, thermodynamic parameters values obtained 
are presented in Table 6. As shown in Table 6, the values 
enthalpy change (ΔH°) in this study are 58.48 and 12.52 kJ/
mol for CR and MO dyes, respectively, and are positive. 
This confirms that the adsorption phenomenon is endo-
thermic in nature. Also, the values of entropy change (ΔS°) 
are positive indicating an augmentation in randomness at 
the solid/liquid interface during the adsorption of all dyes 
on PDADMAC-modified-montmorillonite solid. For CR 
and MO dyes, the ΔG° values are negative which implies 
that the sorption reaction of two dyes is spontaneous and 
feasible. Furthermore, ΔG° values decrease from –4.958 to 
–11.454 kJ/mol for CR dye and from –1.958 to –3.441 kJ/mol 
for MO dye proposed that the spontaneous nature of the 
adsorption increases when the temperature was increased 
from 293 to 323°K. In addition, the values ΔG° found are 
between 0 and –10 kJ/mol, implying that the process of 

(a) (b)

Fig. 8. (a) Effect of dye uptake in the presence of counter-anions. (b) Zeta potential of PDADMAC-modified-montmorillonite 
in presence of Cl–, SO4

2–, CO3
2–, and HPO4

2– anions.

Table 6
Thermodynamic parameters calculated and adsorbed amount of dyes on PDADMAC-modified-montmorillonite particles at various 
temperature

T (°K) CR dye MO dye

Qads  
(mg/g)

ΔH°  
(KJ/mol)

ΔS°  
(J/K mol)

ΔG°  
(KJ/mol)

Qads  
(mg/g)

ΔH°  
(KJ/mol)

ΔS°  
(J/K mol)

ΔG° 
(KJ/mol)

293 118 58.485 216.53 –4.958 90 12.523 49.426 –1.958
303 122 –7.123 94.3 –2.453
313 126 –9.288 98 –2.947
323 129 –11.454 102 –3.441
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adsorption of the CR and MO dyes onto PDADMAC-
modified-montmorillonite is attributed to the physisorption 
process. Our results are right accord with those reported 
by Chaari et al. [51], on the adsorption of cationic and 
anionic dyes by smectite rich natural clays.

4.7. Adsorption isotherms

The adsorption isotherms experimental results are 
illustrated in Fig. 10a. The plots of this figure describe the 
existing relationship between the amounts of adsorbed quan-
tities of each dye and its concentrations in the equilibrium 
solution at constant temperature. The adsorbed quantities 
increase with increasing concentration of CR and MO dyes 
in the solution and then reach a plateau after equilibrium. 
This indicates that the CR and MO isotherms are similar to 
H-type according to Giles et al. [52]. The result also showed 
that the CR and MO adsorption are described by strong 
ionic adsorbate molecule-adsorbent surface interactions.

The adsorption isotherms of two dyes onto PDADMAC-
modified-montmorillonite were fitted with as Langmuir, 
Freundlich, and Dubinin–Radushkevich models, Eqs. (8), 
(10), and (11).

The adjustable parameters by linear fitting of Langmuir, 
Freundlich, and Dubinin–Radushkevich (D–R), and regres-
sion coefficients (R2) are given in Table 7. The linear form 
of the isotherm equation used are also shown in this table.

The results indicate that the Langmuir model is the 
best fit of experimental data as compared to the Freundlich 
and Dubinin–Radushkevich based on the coefficient of 
correlation values. The values of R2 lower than 0.95 sug-
gested the modeling performance of Freundlich and 
Dubinin–Radushkevich models for CR and MO dyes 
adsorptions were lower than Langmuir model (R2 > 0.99). 
In addition, the maximum adsorption quantities (qm) cal-
culated (Table 7) of two dyes by PDADMAC-modified-
montmorillonite particles are almost equal to that obtained 

experimentally (Figs. 10b and c), which confirms that CR 
and MO dyes adsorption by modified montmorillonite 
agrees well with Langmuir model. This suggested that 
the surface of PDADMAC-modified-montmorillonite is 
covered by the monolayer of dye and this can be related to 
electrostatic interaction between the PDADMAC-modified-
montmorillonite groups surfaces charged positively and 
the functional groups of dye molecule charged negatively.

On the other hand, the favorability of CR and MO 
adsorptions onto PDADMAC-montmorillonite is examined 
by calculating a dimensionless parameter (RL) derived from 
the Langmuir equation (Eq. (11)) (Table 7). The obtained 
values of RL below 1 indicated the dyes – modified mont-
morillonite systems correspond to favorable adsorption 
processes [49]. In addition, these values which are close to 
zero which indicated that the adsorption is irreversible due 
to high of the dyes – PDADMAC-modified-montmorillonite 
interactions [54].

The comparison of adsorption capacity of PDADMAC-
modified-montmorillonite clay with other types adsor-
bents reported in the recent literature is presented in Table 8.

It is noted that the adsorption capacity of PDADMAC-
modified-montmorillonite clay was higher than the major-
ity of adsorbents. Therefore, it can be effectively used as 
an adsorbent for the removal of CR and MO dyes from 
the wastewater effluents.

4.8. Adsorption mechanism

The modification of montmorillonite by the canionic 
polyelectrolyte PDADMAC is due to (i) intercalation of 
PDADMAC chains in the interlayer spaces (Fig. 4a), and 
(ii) adsorption of the ammonium group of PDADMAC on 
the montmorillonite surface, negatively charged, leading to 
an inversion of its charge which becomes positive (Fig. 4f).

After the contact of the anionic dyes with PDADMAC-
modified-montmorillonite, the X-ray diffractograms of the 
recovered samples show no shift of 001 diffraction peak 
toward the small angle (2θ) (Fig. 11). This result proves 
that dye molecules do not seem to penetrate in the inter-
layer space. It seems that the anionic dyes would adsorb on 
PDADMAC-modified montmorillonite surface. This adsorption 
is established through the electrostatic interactions between 
the sulfates groups of anionic dyes, which are negatively 
charged, and the positive sites on PDADMAC-modified 
montmorillonite surface.

The results obtained, both by XRD and zeta potential 
measurements, suggest that the association between the clay/
surfactant/dye is probably occurring according to the follow-
ing general sequence:

Montmorillonite 
(clay)

↔PDADMAC- modified 
montmorillonite  
(clay-organic 
polyelectrolyte)

↔PDADMAC- 
modified 
montmorillonite 
- dye

Negative charge Positive charge Negative charge

A schematic representation illustrating the mecha-
nism involved in the adsorption process of anionic dye on 
PDADMAC-modified montmorillonite is given by the Fig. 12.

Fig. 9. Plots of LnKd vs. 1/T: Estimation of thermody-
namic parameters for the adsorption of CR and MO dyes by 
PDADMAC-modified-montmorillonite.
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(a) (b)

(c)

Fig. 10. (a) Adsorption isotherms of CR and MO dyes by PDADMAC-modified- montmorillonite, (b) the nonlinear fitting of 
Langmuir and Freundlich models for CR dye adsorption onto PDADMAC-modified-montmorillonite and (c) the nonlinear fitting 
of Langmuir and Freundlich models for MO dye adsorption onto PDADMAC-modified-montmorillonite.

Table 7
Isotherm parameters of Langmuir, Freundlich, and Dubinin–Radushkevich for CR and MO dyes adsorption by 
PDADMAC-modified-montmorillonite particle

Dye Langmuir  
Linear form of the isotherm equation: 

1 1 1
q q K C qe m L e m

+ +

Freundlich Dubinin–Radushkevich

Linear form of the isotherm 
equation: 

ln ln lnq K
n

Ce F e( ) = ( ) + ( )1

Linear form of the isotherm 
equation: 

ln ln lnq q RT
Ce m
e

( ) = − +








β 1 1

KL (L/mg) qm (mg/g) RL R2 1/n KF (L/mg) R2 β (mol/J) qm (mg/g) R2

CR 0.756 111.11 0.01 0.9988 0.149 59.38 0.889 7.515*10–4 110.38 0.9535
MO 1.053 100 0.07 0.9995 0.183 43.376 0.836 5.4327*10–4 93.59 0.9483
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5. Conclusion

In the present work, the removal of the anionic dyes 
(CR and MO) from synthetic wastewater was investigated 
using adsorbent PDADMAC-modified-montmorillonite 
clay. The adsorption was depending on initial solution 
pH, temperature, and the interfering anions. In addition, 
the CR and MO adsorbed amounts onto the PDADMAC-
modified-montmorillonite particles were found to decrease 
with increasing values of solution pH. The rise in tem-
perature of the adsorption medium increases the adsorbed 
quantities of both dyes. These results suggest that the 
adsorption of CR and MO dyes onto PDADMAC-modified-
montmorillonite solid could be chemisorption. However, 
decreases in the CR and MO adsorbed amounts were 
observed upon the increase of the interfering anions (Cl–, 
SO4

2–, CO3
2–, and HPO4

2–) affinity toward the PDADMAC-
modified-montmorillonite surface. The adsorption kinet-
ics of these dyes onto the modified montmorillonite clay 
is well described by the pseudo-first-order reaction model. 
Furthermore, the results of CR and MO equilibrium adsorp-
tions onto PDADMAC-modified-montmorillonite materials 

Fig. 11. XRD patterns of unmodified montmorillonite (A), 
PDADMAC-modified-montmorillonite (C), and PDADMAC- 
modified-montmorillonite after adsorption of dyes (B).

Fig. 12. Conceptual illustration of the proposed mechanism for MO and CR dyes adsorption on PDADMAC-modified 
montmorillonite.

Table 8
Comparison of CR and MO dyes adsorption on various adsorbents

CR dye MO dye

Adsorbent qmax (mg/g) References Adsorbent qmax (mg/g) References

Natural pumice (PN) 3.87 [30] Na-MMT 24 [54]
Surfactant modified pumice (SMP) 27.32 [30] Chitosan intercalated 

montmorillonite
70.42 [55]

Kaolin 5.44 [53] Alumina nanoparticles 93.3 [46]
Na-Bentonite 35.84 [53] activated organo-bentonite/

sodium alginate
116 [56]

PDADMAC-modified-montmorillonite 118 This work PDADMAC-modified- 
montmorillonite

90 This work
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follow the Langmuir isotherm with a very good correla-
tion coefficient. The PDADMAC-modified-montmorillonite 
clay particles had adsorption capacity 118 and 90 mg/g for 
the removal of CR and MO dyes from aqueous solution, 
respectively.

These results indicate PDADMAC-modified-montmoril-
lonite materials have an important role as potential adsor-
bent for the efficient removal of dyes normally found in the 
effluent of various industries.
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Symbol

R — Gas constant, J/mol K
T — Temperature, K
t — Contact time adsorbate–adsorbent, min
q(t) —  Amount of adsorbate in the adsorbent at any 

time t, mg/g
qe —  Amount of adsorbate in the adsorbent at equi-

librium, mg/g
Q, Qads —  Adsorbed amount of the solute (the dye) on 

the solid surface, mg/g
Cinitial —  Initial concentration of the solute (the dye), 

mg/L
Ce, Ceq —  Residual concentration of the solute (the dye), 

mg/L
Cste — Constant, mg/g
ms — Amount of the adsorbent solid, g
qmax, qm — Maximum adsorption capacity, mg/g
KL — Langmuir equilibrium constant, L/mg
RL — Dimensionless separation constant
KF — Freundlich constant, L/mg
k1 —  Pseudo-first-order rate constant of adsorption, 

1/min
n — Freundlich constant, -
k2 —  Pseudo-second-order rate constant of adsorp-

tion, 1/min
Ki — Particle diffusion constant, mg/g/min0.5

ε — Polanyi potential, –
β —  Constant related to the mean free energy of 

adsorption, mol2 kJ–2
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