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a b s t r a c t
Titanium oxide nanoparticles-modified smectite (SMC-nTiO2) as a low-cost adsorbent was inves-
tigated for the removal of Rhodamine B (RhB) from aqueous solutions. The adsorbents (SMC and 
SMC-nTiO2) were characterized by scanning electron microscopy, Fourier transforms infrared 
spectroscopy, and energy-dispersive X-ray spectroscopy. The effects of various parameters like 
contact time, adsorbent weight, pH, and temperatures were examined. Three kinetic equations 
(pseudo-first-order (PFO), pseudo-second-order (PSO), and intra-particle diffusion) were used to 
evaluate the experimental kinetic of the data and the results showed that the adsorption process is in 
line with the PSO kinetic model. Adsorption equilibrium isotherms were modeled using Langmuir, 
Freundlich, and Temkin equations. The removal processes of RhB onto SMC and SMC-nTiO2 were 
fitted well by the Freundlich isotherm. The maximum cationic dye removal of 91.4% and 99.9% were 
obtained at pH 9.04, for the adsorbent surfaces SMC and SMC-nTiO2, respectively. Thermodynamic 
parameters such as ∆G°, ∆H°, ∆S°, and Ea were also estimated for the whole process. The error 
function, the nonlinear Chi-square test (χ2) have been also determined. Titanium oxide nanopar-
ticles- modified smectite clay sample shows very good potential as a low-cost adsorbent for the 
removal of RhB from aqueous solutions.
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1. Introduction

The synthetic dye (Rhodamine B), which is one of the
basic xanthene dyes is widely employed in the industries of 
photographic, food stuffs, printing, textile, and as a water 
tracer fluorescent material [1]. It has been medically proven 
that contamination of drinking water with cationic dyes is 
highly carcinogenic and leads to irritation of the skin, eyes, 
and respiratory tract [2]. Several well-known treatment 
technologies can be used to minimize the major problem 
associated with the pollution caused by this dye. These 
include physical and chemical processes such as filtration 
[3], ozonation [4], precipitation [5], photodegradation [6], 

coagulation [7], etc. Adsorption technology is one of the 
attractive treatment methods to remove the dyestuff, pig-
ments, phenolic compounds, and other chemicals from the 
wastewater due to its high efficiency, ability to treat differ-
ent kinds of dyes in concentrated form, low-cost, and sim-
plicity of design [8]. Many absorbents have been used to 
remove dyes from wastewater. Among them, are bentonite 
[9], peanut husk [10], polydopamine microspheres [11], and 
tin oxide nanoparticles [12]. Several research studies have 
been carried out to investigate the importance and applica-
tions of dye treatment via adsorption on natural and syn-
thesized adsorbents. Gupta et al. [13] studied the removal 
of rhodamine B by bagasse fly ash, solid waste of the 
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sugar industry, by converting it into an inexpensive adsor-
bent material. The adsorption data have been correlated 
with both Langmuir and Freundlich’s adsorption models. 
Thermodynamic parameters have been studied and indi-
cated the feasibility of the process.

Khan et al. evaluated the adsorption efficiency of 
Rhodamine B (RhB) removal from an aqueous solution by 
kaolinite as an adsorbent. The Fourier transforms infra-
red (FTIR) spectra and scanning electron micrographs 
of the adsorbent, before and after adsorption, indicated 
dye binding on the kaolinite surface. The optimized con-
ditions for adsorption were studied such as initial con-
centration of dye, pH, contact time, adsorbent dose, and 
temperature. The obtained data followed Langmuir iso-
therm model with monolayer adsorption capacity (qm) 
equal to 46.08 mg/g (83%). The kinetic data agreed well 
with the pseudo- second-order (PSO) model. Adsorption of 
Rhodamine B dye onto kaolinite was spontaneous, endo-
thermic, and accompanied by an increase in entropy. The 
study revealed that kaolinite can be used as an efficient low-
cost adsorbent for the removal of RhB dye [14]. Yu et al. [15] 
successfully grafted Graphene oxide (GO) nanosheets and 
a carboxylated diazonium salt to Zeolite particles surface 
for the adsorption of rhodamine B from aqueous solutions. 
The adsorption isotherm was fitted to Langmuir isotherm 
and shown to follow a PSO reaction model. Neto et al. [16] 
investigated the removal of Rhodamine B from aqueous 
solutions using natural and purified bentonite clay. The 
adsorbents were characterized by X-ray diffraction (XRD), 
thermogravimetric analysis (TG), it is derivative (DTG), 
and differential thermal analysis (DTA). The Freundlich 
isotherm produced the best fit for the adsorption data. The 
experimental data were the best fit by the PSO. The purified 
clays efficiently removed the rhodamine B [16].

Iraqi smectite (SMC), (as a representative) clay min-
eral, is composed of the octahedral sheet placed between 
two side tetrahedral sheets Fig. 1 [17]. Smectite possesses 
negative charges on the layer sheets, caused by the isomor-
phous substitution of Mg2+ with Al3+ in the octahedral layer 
and Al3+ with Si4+ in the tetrahedral layer, which is balanced 
by the presence of exchangeable cations like (Na+, Ca2+, or 
Mg2+). These cations have strong hydration capabilities in 

the presence of water and facilitate the expansion of smec-
tite after wetting [18]. Nano-scale materials have shown 
many advantages, such as high surface area, effectiveness, 
high adsorption capacity [19], and the high number of 
surface reactive atoms in porous matrices. Commonly the 
nanoparticles would easily aggregate (due to their mag-
netic property) [12]. In this study, the removal efficiency of 
TiO2 nanoparticles modified smectite (as a new adsorbent) 
towards basic dye RhB has been investigated and charac-
terized. The optimization of all adsorption experiments 
and conditions such as contact time, pH, adsorbent dos-
age, and temperatures were optimized. Moreover, mech-
anisms with kinetic, thermodynamic models, and RhB 
adsorption isotherm were measured and discussed.

2. Experimental

2.1. Materials and chemicals

The cationic dye (RhB) C28H31ClN2O3 was used without 
any further purification and molecular structure given in 
Fig. 2. Nano-TiO2 (Mwt 79.86 g/mol, 60 nm, purity > 99.8%) 
was purchased from Micxy company. Smectite clay 
(SMC) was supplied from the general company for 
Geological Survey and Mining, Baghdad, Iraq. The 
major components of SMC were (K2O 0.6%, Na2O 1.1%, 
MgO 3.4%,CaO 6.0%, Fe2O3 5.1%, Al2O3 15.7%, SiO2 56.7%, 
and L.O.I 9.5%).

2.2. Preparation of SMC and SMC-nTiO2

SMC was firstly washed several times using deionized 
water to remove impurities and dried in an oven at a tem-
perature of (90°C) for 5 h, cooled at room temperature, then 
SMC was crushed and sieved to the desired particle size 
(≤75 μm) and after that kept in airtight container to use in 
the chemical experiment. 4.0 g nano-TiO2 was dissolved in 
100 mL deionized water, SMC powder (10.0 g) was added 
into the solution and was sonicated by using Ultrasonic 
Cleaner Sonicater (Power Sonic 040S) for 30 min at 30°C. 
Then, the suspension was filtered out, washed with deion-
ized water and dried for 5 h at 90°C. Finally, the mod-
ified SMC grounded, sieved to particle size (≤75 μm) and 
stored in tightly closed bottles to be used for adsorption [20].

2.3. Characterization of SMC and nano-TiO2 modified 
SMC (SMC-nTiO2)

SMC and SMC-nTiO2 surface functional groups were 
detected using the FTIR spectroscopy (Shimadzu 8400, 

Fig. 1. Structure of smectite clay [17].

 

Fig. 2. Molecular form of RhB (cationic and zwitterionic forms).
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Japan) in the scanning range of 4,000–400 cm–1. The SMC 
and SMC-nTiO2 surface morphology were examined by 
scanning electron microscopy (SEM) T-SCAN Mira3 France. 
Energy-dispersive X-ray spectroscopy (EDS, Hitachi, Ltd., 
Tokyo, Japan) was then performed. Surface area and pore 
parameters were recorded with a Brunauer–Emmett–Teller 
surface area analyzer (TriStar II Plus 2.03).

2.4. Determination of zero-point charge of the SMC and 
SMC-nTiO2 adsorbents

20 mL of 0.01 M NaCl solution were put into different 
100 mL Erlenmeyer flasks with the initial pHs adjusted 
between 4.37 and 9.63 by adding a few drops of 0.1 M 
HCl and NaOH in each flask. Then 0.2 and 0.1 g SMC and 
SMC-nTiO2 were added to each flask, respectively, and the 
suspensions were left for 24 h at 25°C. They were centri-
fuged, and the final pHs of the solutions were determined. 
The point of intersection of the curves in the plot of ∆pH vs. 
pH initial gave the pHpzc of the two adsorbents [5].

2.5. Adsorption procedures of SMC and SMC-nTiO2

A stock solution of RhB of 1,000 mg/L concentration 
was prepared by dissolving an appropriate amount of 
dye powder in deionized water. For adsorption isotherms, 
0.2 and 0.1 g of SMC and SMC-nTiO2 were added respec-
tively and separately to 10 mL of RhB solutions of differ-
ent initial concentrations ranging from 10 to 70 mg/L taken 
in 100 mL conical flasks. The temperatures of 25°C, 35°C, 
and 45°C were controlled using an isothermal shaker. After 
each adsorption process, the samples were centrifuged 
(Hettich EBA-20, Germany, 6,000 rpm) at 3,000 rpm for 
10 min. The clear supernatants were analyzed by a UV-VIS 
spectrophotometer double beam type T-80 England at 
543 nm wavelength.

The RhB removal percentage (R%) and amount of RhB 
adsorbed qe were calculated via Eqs. (1) and (2):
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where C0 and Ce (mg/L) are the initial RhB and equilibrium 
RhB concentrations, respectively. While qe is the amount 
of RhB dye adsorbed after equilibrium in (mg/g). V (L) is 
the volume of solution and Wt (g/L) is the weight of the 
adsorbent.

3. Results and discussion

3.1. FTIR analysis results of SMC and SMC-nTiO2

The FTIR measurements of SMC and SMC-nTiO2 sur-
faces are shown in (Figs. 3a and b). A characteristic band 
at 3,618 cm–1 is attributed to the stretching vibrations of the 
hydroxyl group. The broadband that appears at 1,631 cm–1 may 
be explained by the bending vibration of the OH group [1].  

The absorption bands at 1,035 and 470 cm–1 are assigned 
to the stretching vibration of Si–O–Si group. The band at 
918 cm–1 represents the bending vibrations of Al–OH [21]. 
After modification of SMC with nano-TiO2 (Fig. 3b), the 
bands around 3,436 and 3,419 cm–1 were ascribed to the 
Ti–OH on the surface of nano-TiO2. The band at 628 cm–1 
indicates the stretching vibration of the Ti–O bond of a 
TiO2 [22,23]. The weak band at 2,362 cm–1 corresponds to 
the stretching vibration of TiOO–H [24].

3.2. SEM characterization

The SEM images of SMC and SMC-nTiO2 are illustrated 
in Figs. 4a and b. The image (Fig. 4a) reveals the drusy tex-
ture with high porosity, enveloped crystalline tubular habits. 
The surface morphology of smectite clay can be supported 
by different reports available in literature that alumina sili-
cates sheets consist of silica SiO4 tetrahedra bonded to alu-
mina octahedra in a variety of ways, which have a sheet-like 
layered structure. A 2:1 ratio of the tetrahedra to the octahe-
dral [25,26]. On the other hand, when the SMC surface was 
modified with nano-TiO2 (Fig. 4b), spherical TiO2 nanopar-
ticles are agglomerated in considerable amounts [22,23]. 
In addition to this Fig. 4b reveals that the TiO2 nanoparti-
cles successfully modified the surface of SMC resulting in 
the formation of the SMC-nTiO2 adsorbent.

3.3. EDS analysis

Figs. 5a and b show the results of the energy-dispersive 
X-ray spectroscopy (EDS) of SMC and SMC-nTiO2. From 
Table 1, the EDS analysis of SMC revealed the presence 
(at %) of O (56.54), Si (16.78), Al (6.04), Ti (0.30), Mg (2.01), 
Ca (14.45), Fe (3.65), and K (0.24). However, after modify-
ing the composition changed to (at %) O (52.52), Si (10.53), 
Al (4.25), Ti (21.51), Mg (1.21), Ca (7.83), Fe (2.06), and K 
(0.09). The EDS confirmed the modifying of nano-TiO2 onto 
the smectite.

3.4. BET surface area and pore characteristics

Specific surface areas of SMC and SMC-nTiO2 parti-
cles were determined using BET analysis to be 28.121 and 
46.255 m2 g−1, respectively. The increase in surface area is 
due to the coating of TiO2 nanoparticles on the surface of 
the smectite [15].

3.5. Effect of SMC and SMC-nTiO2 dosage

The effect of SMC and SMC-nTiO2 dosage on the 
removal of RhB from their aqueous solutions is presented 
in Fig. 6. The removal percentage of RhB was studied at 
an initial concentration of 30 mg/L onto two adsorbents 
surfaces at 25°C. When the sorbent dosage was increased 
from 0.05 to 0.8 g, the removal of dye by SMC and SMC-
nTiO2 surfaces increased from 59% to 86% and from 92% 
to 99%, respectively. This may be simply attributed to the 
increase of SMC and SMC-nTiO2 surface area and the avail-
ability of a greater number of sorption sites for the removal 
of RhB dye molecules [27]. Similar results were found by 
other authors [28,29].
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Fig. 3. FTIR spectra of: (a) SMC and (b) SMC-nTiO2.

3.6. Effect of contact time

The effect of contact time on the removal of RhB onto 
SMC and SMC-nTiO2 adsorbents was investigated at 
30 mg/L, temperature 25°C, and pH 6.5. The results are 
presented in Fig. 7. The dye removal occurred rapidly 

within a short period of time reaching equilibrium within 
45 min for SMC and 35 min for SMC-nTiO2, after which 
the adsorption became constant. There was also an evident 
significant increase in the amount of RhB adsorbed (qe) 
for the two adsorbents studied due to greater availability 
of the active sorption sites and easier dye adsorption on 
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the same sites, because the active sorption sites are more 
available and the dye ions are easily adsorbed on these 
sites. Similar observations have been made earlier [29,30].

3.7. Effect of pH solution on the RhB removal

The effect of pH on the RhB removal by SMC and 
SMC-nTiO2 surfaces was studied at 25°C, initial dye con-
centration of 30 mg/L and adsorbent weight of 0.2 and 
0.1 g, respectively. To obtain the required pH a few drops 
of 0.1 M HCl and NaOH were added. In Fig. 8a, the pH 
effect on the removal of cationic dye was presented. As the 
pH of the dye solution was increased, the R% increased 
from 60.0% to 91.4% and from 81.5% to 99.9% for SMC and 

SMC-nTiO2 surfaces, respectively. Lower adsorption of 
RhB at acidic pH is due to the presence of excess H+ ions 
competing with the positive species of dye for the active 
adsorption sites [31]. Moreover, the chief constituents of 
smectite are mainly Al and Si oxides. These metal oxides 
in aqueous solution tend to form metal-hydroxide com-
plexes to yield a positively charged surface and dye mol-
ecules are highly in protonated form thus, electrostatic 

Table 1
Quantitative analysis results of EDS of SMC and SMC-nTiO2

ELT Wt% (SMC) Wt% (SMC-nTiO2)

O 56.54 52.52
Mg 2.01 1.21
Al 6.04 4.25
Si 16.78 10.53
K 0.24 0.09
Ca 14.45 7.83
Ti 0.30 21.51
Fe 3.65 2.06

(b) (a) 

Fig. 4. SEM images of: (a) SMC surface and (b) SMC-nTiO2 surface.

Fig. 6. Effect of adsorbent dosage on the removal of RhB onto 
SMC and SMC-nTiO2 at 25°C and pH 6.5.
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repulsion between the positively charged RhB mole-
cules and the positively charged surface leads to lower 
removal of dye [32]. The pHpzc of the SMC and SMC-nTiO2 
was found to be 5.5 and 4.8, respectively, as presented in 
Fig. 8b, which further confirms the SMC and SMC-nTiO2 
surfaces can obtain positive charge at pH < pHpzc. By con-
trast, the surfaces of SMC and SMC-nTiO2 are negatively 
charged in basic medium, which causes the electrostatic 
attraction between the negatively charged surface and 
the dye cation. So, maximum removal of dye by smectite 
occurred at basic pH. Similar observation was reported by 
other investigators for the adsorption of basic dye [14,33].

3.8. Kinetic analysis

The kinetic data of RhB removal were tested using three 
types of mathematical models, pseudo-first-order (PFO) 
(Eq. (3)) [34], PSO (Eq. (4)) [35], and intra-particle diffusion 
models (Eq. (5)) [36]:

ln lnq q q k te t e�� � � � 1  (3)

t
q k q q

t
e e e

� �
1 1

2
2  (4)

q k t It � �id
0 5.  (5)

where k1 (min–1) and k2 (g/mg min) are the rate constants 
[37], qe and qt (mg/g) are the amount of the RhB adsorbed 
at equilibrium and any contact time of adsorption t (min), 
respectively. The parameters (qe, k1, k2, and kid) in three 
models (first, second-order, and intra-particle diffusion) 
can be calculated experimentally from plotting ln(qe – qt) 
vs. t (Figs. 9a and b) and (t/qt) vs. t (Figs. 10 a and b), 
respectively. kid, the intra-particle diffusion rate constant 
(mg/g min0.5) can be determined from the slope of the lin-
ear plot of qt vs. t1/2 and I (mg/g) is a constant (Figs. 11a 
and b). Table 2 reveals that R2 is better fitted to a PSO 
model than to the PFO and intra-particle diffusion mod-
els. Furthermore, the calculated (qe) values (Table 2) are 
also closer to the unity of experimental (qe) values for the 
PSO model than that for the PFO and intra-particle diffu-
sion models at various temperatures. This indicates that 
the empirical second-order model can provide a more 
suitable description of the adsorption kinetics of RhB by 
SMC and SMC-nTiO2 surfaces [15,38]. The low values of 
R2 (Table 2) for the intra-particle diffusion model show 
that this model is not applicable [39]. Similar results were 
found by other authors [33,40]. The rate adsorption con-
stant (k2) can be explained as a function of temperature 
by the following Arrhenius equation:

ln lnk A
E
RT
a

2 � �  (6)

where Ea is the activation energy (kJ mol−1), k2 is the PSO 
rate constant of dye removal, A is the Arrhenius fac-
tor, R is the gas constant (8.314 J K−1 mol−1), and T is the 

 
Fig. 7. Effect of contact time on the removal of RhB onto SMC 
and SMC-nTiO2 at 25°C and pH 6.5.

Fig. 8. (a) Effect of pH solution on the removal of RhB onto SMC and SMC-nTiO2 surfaces and (b) pHpzc of SMC and 
SMC-nTiO2 surfaces at 25°C.
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Fig. 9. Pseudo-first-order kinetics for RhB dye removal onto: (a) SMC and (b) SMC-nTiO2 at different temperatures.

Fig. 10. Pseudo-second-order kinetics for RhB dye removal onto: (a) SMC and (b) SMC-nTiO2 at different temperatures.

Table 2
Kinetics parameters for the removal of RhB onto SMC and SMC-nTiO2 surfaces (C0 = 30 mg/L)

Adsorbent T (K) Pseudo-first-order Pseudo-second-order Intra-particle diffusion

k1 
(min–1)

qe,exp 
(mg/g)

qe,calc 
(mg/g)

R2 k2 (g/mg min) qe,calc 
(mg/g)

R2 kid 
(mg/g min0.5)

I 
(mg/g)

R2

SMC
298 0.1114 1.3070 0.4596 0.9706 2.7669 1.2722 0.9989 0.1242 0.7564 0.9471
308 0.0920 1.3779 0.4472 0.9602 3.2312 1.3642 0.9982 0.1286 0.8157 0.9747
318 0.1254 1.4507 0.4137 0.9703 5.3174 1.4326 0.9995 0.1188 0.9501 0.9215

SMC-nTiO2

298 0.0775 2.8813 0.5932 0.9596 62.8949 2.7472 0.9997 0.1418 2.1626 0.9521
308 0.0707 2.9522 0.5556 0.9592 76.9242 2.8011 0.9997 0.1258 2.2842 0.9624
318 0.1055 2.9992 0.5080 0.9164 92.0268 2.9411 0.9999 0.1492 2.3521 0.8677
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temperature (Kelvin). A linear plot of lnk2 vs. 1/T (K−1) for 
the RhB dye removal onto SMC and SMC-nTiO2 is used to 
generate the value of Ea from the slope. The value of 25.57 
and 14.99 kJ mol−1 for the activation energy of cationic 
dye onto SMC and SMC-nTiO2 respectively, suggests that 
the removal mechanism is physisorption [41].

3.9. Equilibrium modeling

Figs. 12a and b show the adsorption isotherms of 
RhB at various temperatures. The adsorption capacity for 
RhB increases with the increasing equilibrium concentra-
tion of cationic dye. Higher temperature results in higher 
adsorption capacity.

Models of adsorption isotherms are used to describe 
the adsorption properties between the molecules of 
adsorbed dye and the adsorbent surface, the adsorbent 
capacity and to deduce the possibility of the adsorp-
tion process mechanism [42,43]. The Langmuir model 

assumes that the homogenized adsorbent surface would 
be monolayer coverage of the adsorbate at a constant tem-
perature [44]. The linearized Langmuir model is presented 
by the following equation:

C
q K q

C
q

e

e L m

e

e

� �
1  (7)

The Freundlich model, is typically used to describe 
the adsorption process on heterogeneous surfaces and 
is not limited to the formation of the monolayer [45]. 
The linearized form is expressed as:

log log logq K
n

Ce f e� �
1  (8)

where qm is the maximum amount of RhB dye adsorbed 
(mg/g), Ce is the equilibrium concentration of the cationic 

Fig. 11. Intra-particle diffusion for RhB dye removal onto: (a) SMC and (b) SMC-nTiO2 at different temperatures.

Fig. 12. Adsorption isotherms of RhB onto: (a) SMC and (b) SMC-nTiO2 at different temperatures.
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dye in solution (mg/g), KL is Langmuir constant related to 
the adsorption energy (L/mg). qm and KL can be calculated 
from the slope and intercept of the plots of Ce/qe vs. Ce. 
Kf and 1/n represent the Freundlich constants corresponding 
to the amount of dye adsorbed and the adsorption inten-
sity, the magnitude of Kf and 1/n can be determined from 
the intercept and slope of the linear plot of logqe vs. logCe.

The Temkin model suggests that the heat associated 
with the adsorption process of all molecules in the layer 
would decrease linearly with surface coverage because 
of the interactions between adsorbate and adsorbent [46]. 
The Temkin isotherm has been generally represented by 
the following equation:

q B A B Ce T e� �ln ln  (9)

where B = RT/b, b is the Temkin constant related to the heat of 
adsorption (J/mol), A is the Temkin isotherm constant (L/g), 
R is the gas constant (8.314 J/mol K), and T is the absolute 
temperature (K). The values of (B) and (AT) can be deter-
mined from the slope and intercept, respectively, by the 
graph plotted between qe and lnCe.

The detailed parameters of Langmuir, Freundlich, 
and Temkin model equations are reported in Table 3. 
The values of R2 in Table 3, strongly indicate that the 
removal of basic dye (RhB) by SMC and SMCTiO2 fol-
lows the Freundlich isotherm model. Since the 1/n value 
is <1.0, it indicates favorable adsorption for natural SMC 
and nano-TiO2 modified SMC [1,47] and high adsorp-
tion capacity [19]. Various adsorbent materials and their 
maximum adsorption capacities are listed in Table 4.

3.10. Thermodynamic investigation

Thermodynamic parameters including the change in 
standard free energy (ΔG°), standard enthalpy (ΔH°), and 
standard entropy (ΔS°) for the removal of RhB by SMC and 
SMC-nTiO2 are estimated according to Eqs. (10) and (12) 
at three various temperatures – 298, 308, and 318 K [55]:

�G RT K� � � ln 0  (10)

where R is the gas constant (8.314 J/mol K) and T (Kelvin) 
is the temperature.

The distribution coefficient (Kd) can be expressed as:

K
C C
C

V
Wd

e

e

�
�

�0  (11)

where C0 is the initial basic dye concentration and Ce is the 
equilibrium basic dye concentration in mg/L. V (mL) is 
the volume of the sample and Wt (g/L) is the weight of the 
adsorbent.

The change in standard enthalpy (ΔH°) and the change 
in standard entropy (ΔS°) were obtained using the following 
equation: 

lnK S
R

H
RT

0 �
�
�

�� �  (12)

The equilibrium constant (K0) was estimated by plot-
ting lnKd against Ce and extrapolating Ce to 0. The value 
of the intercept is that of lnK0. The values of ΔH° and ΔS° 
were determined by plotting lnK0 vs. 1/T (K–1) [32]. For 
(SMC and SMC-nTiO2) systems, the negative magnitudes 
(–14.34, –16.35, and –19.80 kJ/mol), (–19.65, –24.20, and 
–29.55 kJ/mol), respectively, of standard free energy (∆G°) 
at each temperature indicate the thermodynamic feasi-
bility and spontaneity [56,57]. For two systems (SMC and 
SMC-nTiO2) ∆H° positive magnitudes (66.68 and 127.81 kJ/
mol) suggests that the removal of RhB is an endother-
mic process [58]. Moreover, endothermic nature is also 
reflected by the increase in the adsorbed amount of RhB 
with the raise of temperature [59]. Similarly the positive 
magnitudes of ∆S° indicate the increased randomness 
during the removal of dye by adsorption process so that 
increased entropy creates the replacement of hydrated 
ions of RhB dye for water molecules around adsorbent  
particles [60].

3.11. Data fitting

An error has been imposed to evaluate the fit of an 
isotherm model and the accuracy of the obtained experi-
mental equilibrium data. In this research, the nonlinear Chi-
square test was performed for Langmuir, Freundlich, and 
Temkin isotherm models. This can be represented mathe-
matically as [61]:

Table 3
Isotherm parameters for RhB removal onto SMC and SMC-nTiO2 surfaces

Isotherm Adsorbent 298 K 308 K 318 K

SMC KL (L/mg) qm (mg/g) R2 KL (L/mg) qm (mg/g) R2 KL (L/mg) qm (mg/g) R2

Langmuir
1.6173 3.7453 0.9795 1.3700 2.5595 0.9848 0.5755 2.2212 0.9282

SMC-nTiO2 0.0522 53.1914 0.2335 1.4671 8.6730 0.9147 30.0300 6.8027 0.9770

Freundlich
SMC

Kf 1/n R2 Kf 1/n R2 Kf 1/n R2

0.3271 0.9490 0.9917 0.5804 0.8546 0.9935 1.2433 0.5746 0.9841
SMC-nTiO2 2.6266 0.9278 0.9914 4.7632 0.5243 0.9914 7.5023 0.2612 0.9906

Temkin
SMC

BT (J/mol) AT (L/g) R2 BT (J/mol) AT (L/g) R2 BT (J/mol) AT (L/g) R2

1.2460 6.0699 × 10–3 0.9499 1.1870 13.4960 0.9486 0.8430 1.7511 0.9720
SMC-nTiO2 2.6662 2.2809 0.8836 1.5361 1.3617 0.8883 1.2097 1.1936 0.9623



285M.A. Al-Kazragi et al. / Desalination and Water Treatment 230 (2021) 276–287

�2

2

1
�

�� �
�
�
q q

qi

n
cal exp

exp

 (13)

where qcal is the equilibrium amount of dye adsorbed 
obtained by calculating using the model (mg/g) and qexp is 
the experimental data of the equilibrium amount of dye 
adsorbed (mg/g). The results of the application of non- linear 
Chi-square test (χ2) are shown in Table 5. The Freundlich 
isotherm model appears to be the best fitting model for 
RhB removal onto SMC and SMC-nTiO2 surfaces.

4. Conclusions

The sorbent SMC-nTiO2 was successfully prepared by 
modifying titanium oxide nanoparticles onto Iraqi smec-
tite clay and employed to remove RhB dye from aqueous 
solutions. The results indicate that SMC-nTiO2 is a bet-
ter adsorbent for the removal of cationic pollutants than 
SMC. Basic solution pH was proved to be more favorable 
for the removal of RhB on both adsorbent surfaces. RhB 
removal isotherm data were fitted well to the Freundlich 
isotherm model. The PSO kinetic model best explained the 
dynamic data for cationic dye removal on natural SMC and 
SMC-nTiO2. Thermodynamic studies show that the RhB 
removal process was exothermic, spontaneous, favorable, 
and physisorption in nature. The experimental results 

demonstrated that the SMC and SMC-nTiO2 can be suc-
cessfully used for the removal of basic dye from aqueous 
solutions.
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