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a b s t r a c t
In this study, nanocopper goethite (Cu-goethite) was synthesized and used to adsorb of methylene 
blue (MB) solution. The prepared nanoparticles were characterized by scanning electronic microscopy 
(SEM), energy dispersed X-ray spectroscopy (EDS), mapping image, X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR) and the N2 absorption (BET specific surface area) and pore size 
distribution analysis. The effects of experimental parameters, that is, pH, contact time, temperature, 
and initial concentration, were studied on adsorption. The results indicated that the optimum condi-
tions for 40 mg L–1 MB solution were pH = 9 and 5 g L–1 Cu-goethite as well as pH of 10 and 7 g L–1 
goethite along with the contact time of 30 min. Besides, the equilibrium sorption data were fitted 
into Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich isotherms. The results also revealed 
that the equilibrium data were perfectly represented by the Langmuir isotherm for the adsorbents. 
The pseudo-first-order and pseudo-second-order models were employed to analyze the kinetics data 
and the adsorption behavior was better described by the pseudo-second-order model. Moreover, 
thermodynamic parameters have been evaluated and it has been found that the sorption process was 
spontaneous and exothermic in nature. Cu-goethite as an alternative adsorbent can be used for dye 
removal in wastewater treatment processes in the future environment governance.
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1. Introduction

Synthetic dyes, as among the most hazardous materials 
in industrial effluents, are chemical compounds widely used 
by textile, food, pharmaceutical and cosmetic industries for 
dyeing materials, fabrics and tracer compounds [1]. There are 
over 10,000 kinds of commercial dyes and over 70,000 tons of 
dyes are produced annually [2]. The characteristics and uses 
of synthetic dyes are well reviewed with dyes belonging to 
the azo group being the most widely used by textile indus-
tries [3]. As is known, acidic, basic, reactive, disperse, and 
direct dyes, which usually have an aromatic structure and 
azo groups are common dyes. Moreover, these dyes in waste-
water decrease the transparency of water, consume oxygen, 

and elevate biochemical oxygen demand, and thus destroy 
aquatic life [4,5]. Therefore, from both environmental and 
health perspectives, dye detoxification prior to the discharge 
of wastewater from dye industries is crucial. As a result, the 
removal of dyes from industrial effluents has attracted grow-
ing attention in the past decades. To this end, physical and 
chemical techniques such as chemical oxidation, membrane 
separation, coagulation/flocculation, and ion exchange can 
be carried out for wastewater treatment [6–8]. Unfortunately, 
most of these techniques are expensive, requiring a large 
amount of materials, and not environmentally friendly. 
Biological treatment, which involves exploiting living and 
nonliving biomass for dye decolorization is a cost-effective 
and environmentally friendly alternative [9–11]; a wide range 
of materials including zeolite, clay, activated carbon, polymer, 
eggshell particles, etc., have been reported to adsorb dyes 
[12–20]. Nonetheless, there are disadvantages associated with 
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these materials such as low dye removal efficiency [21] and 
dye transfer from liquid phase to solid phase. Thus, develop-
ment of new materials with good adsorption capacity, large 
surface area, and small diffusion resistance is still crucial. 
Synthetic goethite is one of the most important phases of iron 
oxides because of its application as an adsorbent for various 
toxic cations and anions due to chemical reactions occurring 
at specific surface sites. Incorporation of foreign di-, tri-, and 
tetra-valent metal species as Al, Cr, Cd, Co, Cu, Ni, Pb, V, Mn, 
and Zn into the structures of goethite through isomorphous 
substitution can modify their properties such as crystal size, 
morphology, stability, and dissolution behavior.

In addition, copper ions are added to the nanogoethite 
structure during synthesis, leading to their increased sur-
face area and further use as an adsorbent to remove organic 
contaminants. The main objective of the present study was 
to evaluate the feasibility of applying Cu-goethite to the MB 
removal from aqueous solutions. We focused on enhancing 
adsorption capacity and reducing adsorption cost of toxic 
MB. To this end, first, Cu ions were loaded in the synthesized 
nanogoethite. Then, Cu-goethite was synthesized and charac-
terized with scanning electronic microscopy (SEM), Fourier-
transform infrared spectroscopy (FTIR), X-ray powder dif-
fraction (XRD), and transmission electron microscopy (TEM) 
analysis. The effects of experimental parameters including 
pH, contact time, temperature, and initial concentration were 
studied on adsorption and the studies of kinetic, equilibrium 
adsorption, and thermodynamic were performed. At the 
end, Cu-goethite was compared with goethite.

2. Materials and methods

2.1. Materials

Iron nitrate (Fe (NO3)3.9H2O with a purity of 99%), 
potassium hydroxide (KOH with a purity of 99.99%), cop-
per (II) sulfate (CuSO4·5H2O with a purity of 99%), sodium 
hydroxide (NaOH with a purity of 99.99%), and other 
chemicals and reagents used were of analytical grade such 
as methylene blue (MB), hydrochloric acid, nitric acid, and 
double distilled water.

2.2. Preparation method of nanogoethite and modified 
nanogoethite with Cu

Pure goethite nanorods were synthesized following the 
same procedure as mentioned in an early study [22]. Briefly, 
10 M NaOH was added dropwise to Fe (NO3)3.9H2O solu-
tion until attainment of a pH of 12. A homogeneous dark 
brownish suspension was formed at this pH. The resulting 
suspension was placed into polyethylene bottles and aged at 
60°C for 24 h. The aged suspensions were filtered and washed 
with water until the filtrates were free of nitrate, and the sam-
ples were dried at 60°C in an air oven for 24 h. The Cu doped 
goethite nanoparticles were prepared by using in situ Cu 
solution during the precipitation process. Briefly, 10 M NaOH 
was added dropwise at a burette to a continuously stirred 
prehomogeneous solution containing required amounts of 
CuSO4·5H2O and Fe (NO3)3.9H2O until attainment of a pH of 
12. A homogeneous dark brownish suspension was formed 
at this pH. The resulting suspension was placed into polyeth-
ylene bottles and aged at 60°C for 24 h. The aged suspensions 
were filtered and washed with water until the filtrates were 

free of nitrate and sulfate, and the samples were dried at 60°C 
in an air oven for 24 h [22].

2.3. Instruments

UV–vis absorption spectra were acquired on a Cary 
100 UV–vis spectrometer (Varian, USA) at room tempera-
ture (23°C–25°C) and using a double beam. FT-IR spectra 
were measured on a PerkinElmer pressed into KBr pellets 
and is reported in wave numbers (cm–1). And field emission 
scanning electron microscopy images were obtained using 
a HITACHI S-4160 field emission SEM. XRD analysis on a 
Philips PANalytical X’Pert PRO diffractometer with CuKα 
radiation. Typically, a scanning velocity of 1.5°min–1 was 
used to scan the peaks of the adsorbent diffraction pattern in 
the 2θ range between 5° and 80°. A Metrohm 692 pH meter 
(Herisau, Switzerland) was used for pH measurements.

2.4. Method

In this study, different experiments were performed in 
order to investigate the adsorption of MB using the modified 
nano-Cu-goethite and goethite. To evaluate the adsorption 
of the MB dye, several different tests were performed. All the 
batch adsorption experiments were carried out as desired, 
that is, 0.001–0.2 g; adsorbents powder was mixed with 10 mL 
MB dye solution and appropriate pH after shaking in a con-
stant temperature oscillator at a speed of 200 rpm. The pH of 
the dye solution was adjusted to different pH values between 
1 and 13 using HCl (0.1 mol L–1) or NaOH (0.1 mol L–1) solu-
tion. The resulting solution was poured into a test tube and 
then placed in a centrifuge at a 4,000 rpm speed for 10 min 
so that the nanoadsorbent would remain at the bottom of 
the test tube. Ultimately, the amount of adsorption of the 
resulting solution was calculated using UV/vis. Percentage 
of adsorption was calculated using the following equation:

%Removal =
−( )

×
C C

C
i f

i

100 (1)

where Ci and Cf are the initial and final concentrations of 
MB in the solution, respectively. The MB with a purity of 
99% used for preparing the solution has been bought from 
Merck Company in Germany. Various concentrations of MB 
have been used to prepare the 5–120 mg L–1 solution and the 
various amount of adsorption was reviewed with goethite 
and Cu-goethite. Then, the following equation was used to 
determine the adsorption capacity:

q
C C V
Me

e=
−( )0  (2)

where C0 (mg L–1) and Ce (mg L–1) are the initial and equi-
librium concentrations of dye, respectively. The V (L) and 
m (g) are the solution volume and the mass of the adsorbent, 
respectively [23,24].

2.5. Sorption isotherms

Adsorption isotherm describes how the adsorbent inter-
acts with the substance been adsorbed and they can provide 
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important information about the nature of the interaction 
between adsorbate and adsorbent and also it can be used to 
determine the adsorption capacity of adsorbent. In this work, 
the isotherms data were fitted by the following models: 
Langmuir, Freundlich, Temkin, and Dubinin–Raduskevich.

Langmuir considered adsorption as an ideal adsorption 
on an ideal surface. This model assumes that adsorption 
can only be done in constant sites and it can only maintain 
one adsorbing molecule at a time (single-layered). In addi-
tion, when molecules are adsorbed on the surface of the 
adsorbent, they cannot be separated [25]. Their adsorption 
equation is as follow:

c
q

c
q b q

e

e

e= +
×max max

1
 (3)

where qmax (mg g–1) is the monolayer adsorption capacity, 
b (L g–1) is the Langmuir constant that is related to the free 
energy of adsorption, while Ce (mg L–1) is the equilibrium 
concentration of adsorbate in solution and qe (mg g–1) is 
the concentration of adsorbate on the surface of adsorber. 
The essential characteristics of Langmuir isotherm can be 
explained using a dimensionless constant, RL, known as 
separation factor, which is calculated using the following 
equation:

R
bCL = +( )
1

1 0

 (4)

where C0 (mg L–1) is the initial liquid phase concentration of 
analyte and b is the Langmuir adsorption constant (L mg–1). 
The RL value describes adsorption process to be unfavorable 
(RL > 1), linear (RL = 1), favorable (0 < RL < 1), or irreversible 
(RL = 0) [26].

Freundlich isotherm is a multisite adsorption isotherm 
for heterogeneity surfaces [27] and its total form has been 
shown in the following equation:

q K Ce f e
bf=  (5)

where qe and Ce are the parameters in Eq. (5) and the numer-
ical value of Kf presents adsorption capacity and shows 
energetic heterogeneity of adsorption sites. The value of 
bf between 0 and 1 indicates favorable adsorption process. If 
the value of bf ≥ 2, this indicates that the adsorption processed 
is difficult to carry out.

Temkin isotherm is one of the earliest reported isotherm, 
which assumes linear decrease of the adsorption heat with 
increasing coverage [28]. As implied in the equation, its der-
ivation is characterized by a uniform distribution of binding 
energies (up to some maximum binding energy) was carried 
out by plotting qe against ln Ce and the constants were deter-
mined from the slope and intercept. The model is given by 
the following equations [28]:

q RT
b

A Ce T e= ( )ln  (6)

q RT
b

A RT
b

Ce T e= ( ) + ( )ln ln  (7)

B RT
b

=  (8)

q B A B Ce T e= ( ) + ( )ln ln  (9)

where AT, bT, R, T, and B are AT = Temkin isotherm 
equilibrium binding constant (L g–1); R = universal gas 
constant (8.314 J mol–1 K–1); bT = Temkin isotherm constant; 
and T = temperature at 298 K and B = constant related to heat 
of sorption (J mol–1).

Dubinin–Radushkevich isotherm is generally applied 
to express the adsorption mechanism with a Gaussian 
energy distribution onto a heterogeneous [24,29]. The model 
has often successfully fitted high solute activities and the 
intermediate range of concentrations data well. This model 
is as follows:

q q Ke s= ( ) −( )exp adε
2  (10)

ln lnq q Ke s= ( ) − ( )adε
2  (11)

where qe, qs, Kad are qe = amount of adsorbate in the adsorbent 
at equilibrium (mg g–1); qs = theoretical isotherm saturation 
capacity (mg g–1); Kad = Dubinin–Radushkevich isotherm 
constant (mol2 kJ–2), and = Dubinin–Radushkevich isotherm 
constant. The parameter ε can be calculated as:

ε = +








RT

Ce
ln 1 1  (12)

where R, T, and Ce represent the gas constant (8.314 J mol–1 K), 
absolute temperature (K), and adsorbate equilibrium con-
centration (mg L–1), respectively.

2.6. Kinetics studies

To match the experimental data on adsorbent, different 
kinetics models have been reported including pseudo-first 
and pseudo-second-order kinetics equations. One of the 
most important factors to determine the optimal contact 
time is speed prediction and adsorption process that is con-
trolled by kinetics. In this study, the kinetics of adsorption 
of MB by modified and unmodified goethite adsorbent was 
investigated using pseudo-first and pseudo-second- order 
kinetics equations. The linear form of pseudo-first and 
pseudo- second-order kinetics equations are respectively 
shown in Eqs. (13) and (14) [30,31].

ln q q q k te t e−( ) = ( ) − ×Ln 1  (13)

t
q k q

t
qt e e

=
( )

+
1

2

2  (14)

qe (mg g–1) and qt (mg g–1) are the amount adsorption capac-
ities at the equilibrium and time t (min), respectively. The 
k1 and k2 are the first and second-rate constant (L min–1), 
respectively.
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2.7. Regeneration study of adsorbent

In the desorption experiments, ethanol (20% v/v) was 
used as the desorbing agent. 2 mL of the above desorbing 
agent was mixed with the adsorbent loaded MB sample and 
shaken for 60 min at 298 K. Then, the samples were separated 
from the solution by magnetic separation and washed with 
ultrapure water three times. The residual adsorbent was sub-
jected again to the adsorption process [32].

3. Results and discussions

In this study, Cu-goethite and goethite particles were 
synthesized by mixing CuSO4·5H2O and Fe (NO3)3.9H2O 
until attainment of a pH of 12. Furthermore, the Cu-goethite 
and goethite were characterized using XRD, SEM, EDX, 
mapping, and FT-IR spectra.

3.1. The XRD pattern

According to the XRD patterns of Cu-goethite and 
goethite particles shown in Fig. 1, which demonstrates the 
reflections characteristic of goethite is PDF No. 29–0713 
and the reflections characteristic of Cu-goethite is JCPDS 
card 85-1326. In addition to, in the XRD patterns, the result 
showed the peaks at 43.3°, 50.4°, and 72.3 in Fig. 1(b) add 
to Fig. 1(a) that it was proven the structure of Cu-goethite. 
The diameter of Cu-goethite and goethite can be achieved by 
the Scherrer equation as follows

D k
=

×
×

λ
β θcos

 (15)

where D is the mean size of the ordered (crystalline) 
domains; K is a dimensionless shape factor, with a value 
close to unity. The shape factor has a typical value of about 
0.9, but varies with the actual shape of the crystallite; λ is the 
X-ray; Wavelength; β is the line broadening at half the max-
imum intensity (FWHM), after subtracting the instrumental 
line broadening, in radians. This quantity is also sometimes 
denoted as Δ(2θ); θ is the Bragg angle. According to the half-
height of peak list of goethite and Cu-goethite, the crystallite 
diameters of them were calculated using the Scherrer equa-
tion [Eq. (15)]. Therefore the estimated crystallite diameters 
of goethite nanorods in 2θ = 35.79° were around 11.08 nm 
and for Cu-goethite in 2θ = 21.31° is 17.29 nm.

3.2. The FTIR spectrum

The nano-Cu-goethite and goethite adsorbents were 
measured by FTIR and the obtained spectrums are pre-
sented in Fig. 2. The FTIR spectrum controls the presence of 
many functional groups. Fig. 2 for goethite is characteristic 
of α-FeOOH. The sharp, distinct, and intense pair of bands 
at around 891 and 794 cm–1 can be assigned to the Fe–O–H 
bending vibration; consequently, the bands at 622 and 
476 cm–1 can be assigned to the Fe–O stretching vibration [33].

Fig. 2 shows a strong bond in 3,412.75 cm–1 attributed 
to the stretching vibration of surface H2O molecules or the 
hydrogen bonded surface OH groups [34]. The bond is at 
2,926.17 cm–1 related to the C–H vibrations; whereas the sharp 
and intense band at 1,617.87 cm–1 is typical for the bending 
vibration of –OH or N=C group. Strong band at 1,361 cm−1 
can be assigned to the presence of CO3

−2 due to the contami-
nation by atmospheric CO2 [35].

Fig. 1. XRD pattern of the nanogoethite (a) and Cu-goethite (b).
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The spectrum of nano-Cu-goethite (Fig. 2) is similar to 
goethite spectrum with this difference that the peaks of 794 
and 891.7 cm–1, related to the Fe–O–H bending vibration, 
have been removed. Besides, the high-frequency mode at 
607.41 cm–1 may be attributed to the Cu2O stretching [36].

To obtain evidence for the adsorption of MB into adsor-
bents, the FTIR spectra of MB loaded adsorbents are shown in 
Fig. 2. Results indicate that the band near 1,385 cm−1 is related 
to the –CH3 peak and the peaks at 1,397–1,323 cm−1 region 
and the feature conforming to the C=C skeleton stretching at 
1,628 cm−1 creates from the aromatic ring vibrations of MB [37].

3.3. The SEM, EDS, mapping, and the BET analysis

SEM observation of the micrographs of the goethite and 
Cu-goethite samples given in Fig. 3 shows distinct changes 
in the size and geometrical shape of the Cu-substituted 
a-FeOOH particles. The undoped goethite showed elongated 
particles which were acicular or rod type and the diameter of 
the nanoparticles was about 150 nm (Fig. 3(a)). The shaped 
doping Cu-goethite was a round and the diameter of the 
nanoparticles was about 100 nm. However, it was shown 
that the Cu-goethite particles had much smaller widths and 
lengths (Fig. 3(b)). This may be a consequence of nonuniform 

distribution of Cu-dopant. In order to detect elements present 
in the samples, EDX and mapping analysis were carried out.

The spectrum EDX indicates the presence of copper, oxy-
gen, and iron. The presence of Na was from the substrate. 
The formation of Cu was confirmed from the EDX. The spec-
trum mapping indicated the presence of copper, oxygen, and 
iron in the nano-Cu-goethite (Fig. 4).

In Fig. 4, the adsorption and desorption isotherms, the 
pore size distribution for the goethite/Cu-goethite is illus-
trated. The type IV isotherm characteristic with an adsorp-
tion hysteresis indicated that the nanoporous structure 
exists on the adsorbents [38]. The specific surface area and 
pore size of the goethite and Cu-goethite were 5.63 m2 g–1, 
94.11 m2 g–1, and 1–5.5, 1–58 nm, respectively, and then 
respective average pore size was evaluated to be 5.7114 and 
7.2307 nm. The pore volumes of goethite and Cu-goethite 
were 0.0080445 and 0.1701 cm3 g–1, respectively. The conclu-
sion is consistent with the SEM.

3.4. The effect of pH

The pH is an important factor affecting the removal of 
dyes and metal ions from aqueous solutions. In low pH, 
the adsorbent has positive charge because a pH lower than 

 

 

Before adsorption 

After adsorption 

Fig. 2. the FTIR spectrum of the goethite and Cu-goethite before and after adsorption.
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(a) (b)

Fig. 3. SEM micrograph for the goethite (a) and Cu-goethite (b).

  

 

(a) (b) 

Fig. 4. (a) Mapping image for the Cu-goethite, (b) N2 absorption isotherms of adsorbents.
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isoelectric or point of zero charge (PZC); in other words, 
(pH < pHPZC). At strong acidic pHs (Fig. 5), high amounts of 
protons present in the solution competed with MB for occu-
pying the active sites of the sorbent and decreased the com-
plexation of MB with the adsorbent. In addition, repulsive 
force between MB cations and positive charge of the sorbent, 
at pHs < pHPZC, prevented to reach enough MB near the 
sorbent. Hence, strong acidic conditions are not suitable for 
MB removal by the proposed sorbent.

By increasing the pH these problems tend to decrease and 
removal extent tends to increase. In high pH (pH ≥ pHPZC), 
the adsorbent has negative charge which leads to high 
adsorption. This is caused by the fact that when the MB is 
in the solution, it has positive charge and is adsorbed to 
the surface of the adsorbent in which pH has a negative 
charge (pH > pHPZC), which helps the adsorption. In order to 
study of pH, 0.07 g of adsorbent was added to 10 mL of dye 
solution of MB at a concentration of 40 mg L–1 and its pH was 
set from 2 to 11 and then they were put on the mechanical 
shaker for 30 min.

The pH of PZC of the goethite, PZC, was 9 [39]. The results 
of Fig. 5 show that the best MB removal for goethite (86.7%) 
and Cu-goethite (90%) was obtained at pH = 10, 9, respec-
tively. Intuitively, MB cationic dye can be adsorbed easily 
on the surface of the negatively charged adsorber at alkaline 
pHs. Although strong adsorption of the MB took place at 
high pH, a high extent of this removal was due to surface 
adsorption of MB molecules. Furthermore, the concentration 
of hydroxyl radicals decreased at high pH (due to reaction of 
hydroxyl radicals with hydroxyl anions at high OH concen-
trations), which in turn decreased the adsorption rate [40,41].

3.5. The effect of adsorbent dosage

Various amounts of the goethite and nano-Cu-goethite 
were filled in separate columns. Model solutions 10 mL, with 
a concentration of 40 mg L–1 and the adjusted pH with the 
optimal rate of each metal (pH = 9, 10 for goethite and nano-
Cu-goethite, respectively) was added to each column. Fig. 6 
shows the results of the effect of mass of the adsorbent on the 
adsorption.

As is clear from the results, increase of the adsorbent 
amount from 0.001 to 0.2 g was accompanied with the 
increase of the color removal percentage. The obtained opti-
mal mass for the studied adsorbent equaled 0.01 g. In general, 

color adsorption capacity in the adsorbent increased with the 
increase of the adsorbent mass. This is because increase of 
the adsorbent mass was accompanied with the increase of the 
special surface and adsorption sites [42,43,25].

The results indicated that the adsorption rate of the pro-
posed mixture was first increased and then decreased with 
the increase in the adsorption quantity to 0.07 g for goethite 
(0.05 g for Cu-goethite). The increase of the MB removal effi-
ciency was because of increasing the available surface area or 
the active sites of the catalyst. At a higher level of adsorbent 
dosage, the adsorption rate reduce, although the reactive 
sites were increased. This is due to the fact that concentra-
tion is the driving force of the MB dye for occupation of the 
available adsorption sites. When most of the MB dyes are 
adsorbed, the graph becomes horizontal because the MB ions 
in the solutions have been finished [40]. The obtained result 
is in good accordance with SEM and XRD results that mod-
ification of goethite by Cu lead to a higher surface area and 
adsorption rate.

3.6. The effect of adsorption time

The profile of adsorption time was studied by doing 
batch sorption experiments so that the dependency of 

Fig. 5. Effect of pH on adsorption of dye MB on the adsorbents 
(conditions: 7 mg adsorbent, 10 mL of 40 mg L–1 of cationic dye).

Fig. 6. Effect of adsorbent amount on cationic dye MB adsorption 
on adsorbents (conditions: 10 mL of 40 mg L–1 of dyes, pH = 9, 10 
for goethite and Cu-goethite, respectively).

Fig. 7. Effect of contact time of cationic dye MB adsorption on 
adsorbents (conditions: 10 mL of 40 mg L–1 of dyes, pH = 9, 10 
and 7, 5 g L–1 for goethite and Cu-goethite, respectively).
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the adsorption on the time for the nano-Cu-goethite and 
goethite adsorbent would be specified. This test was per-
formed over the 5–60-min interval with the change range 
of 5 min and the optimal time was accordingly obtained. 
Results of Fig. 7 show that by increasing the contact time, the 
removal efficiency increased and reached its optimal time at 
20 min for nano-Cu-goethite and 30 min for goethite, and the 
removal percentage reached 90 and 86.62, respectively. The 
abundance and availability of empty sites on the surface of 
the adsorbent caused the very quick adsorption of MB from 
the aqueous solution onto the adsorbent in the first few min-
utes [44,45].

3.7. The effect temperature

In Fig. 8 (right), the effect of temperature on the MB 
adsorption is shown. The results show that adsorption of 
MB had the highest dye removal by Cu-goethite (goethite) 
with pH = 9 (pH = 10), an adsorption rate of 0.05 (0.07 g), and 
40 mg L–1 concentration of MB at 30 min time of 25°C, while 
dye removal decreases as temperature increases. The rea-
son could be increased mobility of MB molecules and their 
adsorption decreased by surface [46].

3.8. The effect of MB dye

In order to review the adsorption capacity for the nano-
Cu-goethite and goethite adsorbents, 10 mL of the model 
solution with concentrations in the range of 5–120 mg L–1 
were transferred to beaker and 0.05 g (0.07 g) of the nano-
Cu-goethite (goethite) adsorbent at pH = 9 (pH = 10) and then 
they were put on the mechanical shaker for 30 min. As shown 
in Fig. 8 (left), the removal rate reduces with increasing con-
centration of MB [47]. At low concentrations, MB is adsorbed 
on the vacant cites of adsorbent surface and these places are 
saturated and filled by increasing the concentration. When 
the initial concentration of MB dye is low, the number of sites 
available for dye adsorption on the surface of the adsorbent 
is very high. However, as long as the initial concentration of 
MB dye is increased, the number of moles of MB dye is high 
than the number of vacant sites. Therefore, the available sites 
are quickly saturated and dye removal rate decreases [23]. 
Results show that the maximum adsorptions are 12.24 mg g–1, 
7.71 mg g–1 for Cu-goethite and goethite.

3.9. Results of sorption isotherms and kinetics studies

In this paper, investigation of the equilibrium sorption 
was carried out at ambient temperature. Other physico-
chemical parameters were determined and four adsorption 
isotherm models were studied. The correlation coefficient 
R2 was higher than 0.99 for Freundlich model while it was 
just lower than 0.94 for other models. This result suggested 
that the Freundlich model described the present adsorption 
system sufficiently well whereas the other models did not 
match the data satisfactorily. The Freundlich isotherm was 
all better than the other isotherms, implying that the adsorp-
tion process involved multimolecular layers of coverage, and 
heterogeneous nature of adsorptive sites on the surface of 
adsorbents.

As shown in Table 1, the Langmuir and Freundlich model 
well fitted the adsorption isotherm of the two adsorbents 
and the maximum adsorption capacity was calculated theo-
retically. The obtained value was similar to the experimental 
data value. The adsorption of the two adsorbents was diffi-
cult to be carried out inferring from the value of bf obtained 
from the Freundlich model [48].

The information presented in Table 2 depicts how the 
contact time affects the adsorption process at different times. 
It must be noted that all the tests and experiments have been 
performed at ambient temperature. The results of adsorption 
behavior showed that the pseudo-second-order kinetic model 
fitted well with all experimental data (goethite: R2 = 0.9998, 
Cu-goethite: R2 = 0.9997), meaning that the adsorption rate 
was mainly determined by the chemical adsorption pro-
cess. This fitting result indicated that the electron transfer, 
exchange, or sharing was generated and chemical bond 
was formed in the adsorption process [49]. The k1 and k2 are 
presented in Table 2.

3.10. Adsorption mechanism

The pore size and pore volume are important properties 
considered in the manufacture of materials as adsorbents 
for specific applications. The pore size and pore volume are 
accessible to a molecule of a given size. The physical adsorp-
tion mechanism in small pore size is mainly pore filling 
because the overlapping of pore; thus, larger molecules can-
not access the small pore size of adsorbent. Table 1 shows 

  

 
Fig. 8. Effect of initial dye concentration (left) and temperature (right) on adsorption of MB dyes (conditions: 10 mL of dyes, pH = 9, 
10 and 7, 5 g L–1 goethite for Cu-goethite adsorbent, respectively).
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the maximum adsorption capacities of the Cu-goethite more 
than goethite. In other words, the reason that Cu-goethite 
adsorbs much more MB than the goethite is most possibly 
related to the fact that it has the highest pore size or the pore 
volume (Fig. 4) [50–52].

3.11. Thermodynamic studies

The Gibb’s free energy (ΔG0), entropy (ΔS0), and enthalpy 
(ΔH0) changes for the adsorption were determined by:

lnK S
R

H
RTl = −

∆ ∆0 0

 (16)

∆ ∆ ∆G H T S0 0 0= −  (17)

where T is the solution temperature (K), R is the universal gas 
constant (8.314 J K–1 mol–1) and Kl is the equilibrium constant 
[55]. The calculated thermodynamic parameters are demon-
strated in Table 3.

The values of Gibbs free energy ΔG0 had been calculated 
by knowing the ΔH0 and the ΔS0 and ΔH0 were obtained from 
a plot of ln Kl versus 1/T, from Eq. (16). Once these two param-
eters were obtained, ΔG0 is determined from Eq. (17). The 
positive values of ΔS0 suggested the increased randomness 
at the solid/solution interface during the adsorption [53,54]. 
The negative values of ΔG0 in Table 3 revealed that the MB 
dye adsorption by the adsorbents was the spontaneous pro-
cess. Moreover, it was observed that the ΔG0 values decreased 
with temperature growth from 20°C to 60°C, indicating 
that the process was more efficient at higher temperature. 
Furthermore, from the ΔG0 values bigger than −15 kJ mol–1, 
it could be implied that the interactions between the adsor-
bent sites and dye were chemical. Moreover, according to 
Table 3, for dye adsorption by the adsorbents, the negative 
value of ΔH0 and positive value of ΔS0 represented that the 
process was exothermic with increasing in randomness at 
the interface of solid-solution within the adsorption [55]. The 
higher heat of the adsorption obtained in this work indicated 
that chemisorption rather than the physical adsorption was 
prevailing [56].

3.12. Regeneration study

The experiment about the adsorption capacity of the 
recycled adsorbent has been investigated by four times 
cycles. In this part, the initial dye concentration is 40 mg L–1 
and the dosage of adsorbents are 5 g L–1 Cu-goethite and 
7 g L–1 goethite, %20 v/v ethanol was used as eluent. From 
Table 4 it is clear that the adsorption percentage of adsorbent 
for MB has a decline from 88% to 70% for Cu-goethite and 
87% to 74% for goethite after four times cycles.

Table 1
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich isotherm constants for the adsorption of MB

Adsorbent Langmuir isotherm Freundlich isotherm

Qmax (mg g–1) b = kL (L mg–1) RL R2 bf = 1/n n kf (mg g–1) R2

Cu-goethite 12.69 0.069 0.266 0.998 2.63 0.38 0.133 0.939
Goethite 7.12 0.072 0.258 0.993 2.83 0.353 0.036 0.936

Temkin isotherm Dubinin–Radushkevich isotherm

AT (L mg–1) bT B R2 qs (mg g–1) Kad (mol2 kJ–1) – R2

Cu-goethite 7.81 77.98 31.77 0.639 54.60 2 × 10–7 – 0.85
Goethite 5.20 48.82 50.75 0.796 26,903 1 × 10–6 – 0.705

Table 2
Lagergren pseudo-first-order kinetic and pseudo-second-order 
kinetic data

Pseudo-first orderPseudo-second orderOrderAdsorbent

0.96430.9997R2Cu-goethite
0.0238 min–10.0758 g mg–1 min–1k

0.82410.9998R2Goethite
0.0081 min–10.0834 g mg–1 min–1k

Table 3
Thermodynamic parameters for the adsorption of adsorbents at different temperatures

∆ Go (kj mol–1)

T(oC)

604020∆Ho (kj mol–1)∆So (kj mol–1)

–84.669–82.404–80.120–46.6580.1142Goethite
–29.857–29.189–28.521–18.7370.0334Cu-goethite
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4. Conclusion

In this research, MB was adsorbed from dye solution 
using goethite and modified goethite by Cu (Cu-goethite). In 
summary, the results of adsorption study of two adsorbents 
on MB indicated that the adsorption of Cu-goethite is better 
compared with goethite for MB adsorption. The results of 
the adsorption process showed that the optimum conditions 
for maximum adsorption of 40 mg L–1 MB for Cu-goethite 
and goethite adsorbent were contact time of 30 min, pH of 
9, adsorbent of 5 g L–1, contact time of 30 min, pH of 10, and 
adsorbent of 7 g L–1, respectively. The sorption data fitted into 
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
isotherms of which the Langmuir Adsorption model was 
found to have the highest regression value for the adsor-
bents. Kinetics adsorption experiments were performed to 
determine the balance time at different concentrations of MB. 
The results showed that, at different concentrations, with the 
increase of contact time, the amount of adsorbed dye per unit 
weight of the adsorbent increased. Data of the experiment 
was fitted using two pseudo-first and pseudo-second-order 
models and they indicated the adsorption kinetics follows 
the pseudo-second-order type for Cu-goethite and goethite. 
Also, thermodynamic parameters have been evaluated and it 
has been found that the adsorption process was spontaneous 
and exothermic in nature.
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