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a b s t r a c t

The present work evaluated the effect of the acid treatment conditions of natural kaolinite (NK)
regarding its efficiency in removing etheramine. The treatment was conducted using sulfuric acid at the
concentrations of 1 mol L�1 (KA-01), 2 mol L�1 (KA-02) and 5 mol L�1 (KA-05) at 85 �C. The obtained
adsorbents were characterized by X-ray fluorescence, X-ray diffraction, N2 adsorption/desorption iso-
therms, zeta potential analysis and infrared spectroscopy. The Response Surface Method was used to
optimize adsorption parameters (initial concentration of etheramine, adsorbent mass and pH of the
solution). The results, described by means of a central composite design, were adjusted to the quadratic
model. Results revealed that the adsorption was more efficient at the etheramine concentration of
400 mg L�1, pH 10 and adsorbent mass of 0.1 g for NK and 0.2 g for KA-01, KA-02 and KA-05. The sample
KA-02 presented a significant increase of etheramine removal compared to the NK sample. The
adsorption kinetics conducted under optimized conditions showed that the system reached the equi-
librium in approximately 30 min. The kinetic data were better adjusted to the pseudo-second order
model. The isotherm data revealed that the Sips model was the most adequate one. The calculation of
Eads allowed to infer that the mechanism for etheramine removal in all the evaluated samples was
chemisorption. The reuse tests showed that, after four uses, the efficiency of adsorbents in removing
etheramine did not suffer significant modifications, which makes the use of kaolinite to treat effluents
from the reverse flotation of iron ore feasible.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In the past years, the mining activity has led to studies on its
sustainability due to the concern about environmental and social
issues that surround this industry in the world. These studies have
been increasingly focused on the need for a modern mining model
inserted in a more sustainable context in which annual reports of
companies relate not only their financial results, but also their
performance regarding the sustainable use of resources (Mudd,
2010). In this sense, the use of water resources stands out once,
V.B. Leal), zuy@deg.ufla.br
Sales), risia@demin.ufmg.br
during the mining process, the activities linked to ore beneficiation
consume an expressive amount of water. Among such activities,
flotation is the most widely used step for ore concentration, which
consumes approximately 5 m3 h�1 of water per ton of processed
ore. Moreover, it uses different chemical reagents to make the
process feasible (Magriotis et al., 2010).

Flotation is the most effective solution, from both a technolog-
ical and economical point of view, for the beneficiation of iron ore.
Research on this method started in 1931 demonstrating that
reverse cationic flotation is an efficient method for the beneficia-
tion of oxidized iron ore. Flotationmay also be applied to reduce the
silica content in magnetite concentrate (Filippov et al., 2014).
Despite the high applicability to the industry of iron ore, it is
verified that this ore beneficiation step presents some problems
associated with the great metal waste and high costs of amine
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collectors (Ma et al., 2011). It is important to highlight that the
etheramine applied as cationic collector in the process of reverse
flotation of iron ore is discarded in tailings dams, which requires
the search for alternatives to recover this reagent (Araújo et al.,
2010).

The degradation of etheramine, a reagent used in the reverse
flotation of iron ore, occurs by the action of microorganisms, which
happens in approximately 28 days. However, with the continuous
process of sedimentation, this degradation may be insufficient
leading to the contamination of watercourse. This reagent is cor-
rosive, very toxic to aquatic organisms and has a high value of
chemical oxygen demand (Magriotis et al., 2010). This fact shows
the importance to reuse part of this reagent because of economical
or environmental aspects. Therefore, adsorption can be an inter-
esting alternative for the treatment of this effluent.

Adsorption has been considered one of the most efficient and
economical processes for the removal of pollutants from water,
which stands out due to its low cost and operational limits
(Poonkuzhali et al., 2014). Among a great variety of adsorbents that
can be used, clayminerals have been used as an alternative to make
adsorption feasible for different processes.

Kaolinite (Al2Si2O5(OH)4) is defined as a clay-mineral type 1:1,
consisting of two basic units. The first consists of an octahedral
layer composed by oxygen atoms and hydroxyl groups in a compact
way, in which atoms of aluminum, iron and magnesium are ar-
ranged in this coordination. The second is called tetrahedral unit of
silica in which the silicon atom in the center is equidistant from
four oxygen atoms or possibly hydroxyls (Morsy et al., 2014).

Clay minerals are low-cost, abundant and generally safe mate-
rials for environmental applications due to the possibility of having
different characteristics such as high porosity, surface charge and
surface functional groups. They can be used as adsorbents, filters,
flocculators and carbon stabilizers. Moreover, their physicochem-
ical and mechanical properties allow structural, textural and
chemical changes, which makes them good adsorbents and carriers
of organic compounds (Perez et al., 2014; Yuan et al., 2013).

During acid activation, exchangeable cations of the clay are
replaced by Hþ ions from the acid, causing partial modifications to
the crystalline structure of the acidified material. The effect of such
modification contributes to the increase in surface acidity, surface
area and porosity. The material resulting from the acid treatment
consists of one part of the starting mineral and the other of a
porous, protonated and hydrated amorphous silica phase with a
three-dimensional cross-linked structure (Ugochukwu et al., 2014);
(Komadel and Madejov�a, 2012).

There are two ways one can investigate the effect of a large
number of variables. The most commonly used method involves
the variation of one variable, while keeping the other variables
constant, until all variables have been studied. This methodology
has two disadvantages: first, a large number of experiments are
required, and second, it is likely that the combined effect of two or
more variables may not be identified (Frontistis et al., 2017). One
way to avoid these flaws is to consider a statistical approachwith an
experimental design.

Chemometric tools have been frequently applied to methods to
optimize analysis as they reduce the number of required experi-
ments, among other advantages that result in a lower consumption
of reagents and duration of experiments These tools allow the
simultaneous study of several control parameters and the devel-
opment of mathematical models to evaluate the relevance and
significance of the studied parameters. Furthermore, they facilitate
the evaluation of interactions among parameters. There are two
types of variables in multivariate projects: (i) qualitative and
quantitative responses and (ii) factors, which can be selected by
fractional or complete factorials to obtain results of significant
effects over the analytical response (Tarley et al., 2009;
Asadollahzadeh et al., 2014).

The optimization through the factorial design and response
surface analysis is largely applicable. For adsorption, the application
of a statistical experimental design may increase product yield and
reduce the variability, costs and duration of the process (Chatterjee
et al., 2012). Therefore, research has been conducted in order to
combine factorial design and response surface to optimize the
removal of contaminants of distinct classes that include dies
(Chatterjee et al., 2012; Ravikumar et al., 2006; Sales et al., 2013;
Singh et al., 2011) and heavy metals (Garg et al., 2008; Kavalathy
et al., 2009).

In this context, the present work aimed to investigate the in-
fluence of chemical treatment on the adsorption capacity of
etheramine by kaolinite using the Response Surface approach for
the optimization of parameters of the adsorption process (initial
concentration of adsorbate, adsorbent mass and pH of solution).

2. Materials and methods

2.1. Adsorbate

For the tests of adsorption, solutions of amine Flotigan EDA -
etheramine acetate with dodecyl radical neutralized at 30% (Clar-
iant) - from a storage solution with concentration of 2 g L�1 were
prepared.

2.2. Adsorbent

The in natura kaolinite used as adsorbent and matrix for the
chemical treatments was provided by Mineradora Química e Min-
�erios from the city of Ijaci in the state of Minas Gerais, Brazil. For the
adsorption tests, kaolinite was crushed and sieved through a
0.42 mm mesh (35 Tyler).

2.3. Modification of kaolinite by acid treatment

The acid treatments were performed with solutions of sulfuric
acid at different concentrations (1 mol L�1, 2 mol L�1 and 5mol L�1)
under reflux at 85 �C and agitation, for 3 h. After the treatment, the
samples were filtered with deionized water until neutral pH and
dried in a lab oven at 100 �C for 2 h. The samples KA-01, KA-02 and
KA-05 were crushed and sieved through a 0.42 mm mesh (35
Tyler).

2.4. Characterization of adsorbents

The chemical composition of the adsorbents was determined by
X-ray fluorescence (Phillips CUBIX 3600). The XRD analyses were
conducted in a spectrophotometer, model Philips PW1710, using
CuKa1 radiation with scan of 4� and 9� (2q) and scan rate of 0.6�q
s�1. The specific surface area of adsorbents was determined
through themeasurement of adsorption and desorption of nitrogen
at �196 �C with the Brunauer-Emmett-Teller method (BET) in a
Micrometrics ASAP 2020. To determine the zeta potential, sus-
pensions of the adsorbent (particle size < 37 mm) were deposited/
conditioned in bottles at 22 �C during 2 h at pH from 2 to 12 with a
solution of 2 mmol L�1 of sodium nitrate as supporting electrolyte.
The measurements of potentials were conducted in a Zeta Meter
model ZM3-DG, in which the applied tension ranged from 75 to
200 mV. The infrared spectra were obtained from an ATR analysis
(Attenuated Total Reflectance) with an interval from 4000 to
400 cm�1, resolution of 4 cm�1 and 64 scans in a Bruker Vertex70V
series spectrometer.



Table 1
Chemical composition of the kaolinite samples.

Sample SiO2 Al2O3 Fe2O3 MgO Na2O K2O

NK 52.75 43.13 3.05 0.46 0.09 0.52
KA-01 53.72 42.68 2.76 0.09 0.23 0.52
KA-02 54.98 41.52 2.65 0.07 0.24 0.54
KA-05 57.35 39.27 2.54 0.08 0.23 0.53
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2.5. Experimental design

In order to optimize the analysis of adsorption of etheramine in
modified kaolinite, an experimental design was proposed, in which
the parameters: initial concentration, adsorbentmass and pH of the
solutionwere studied through a Central Composite Design (CCD). In
this design, n represents the number of experiments consisting of
2n factorial points, 2n axial points and three central points, inwhich
n represents the number of independent variables. Since the study
evaluated three variables, the experimental design involved 17
trials. The Chemoface 1.4 software (Nunes et al., 2012) was used to
delineate and define the best conditions of adsorption by esti-
mating statistical parameters.

2.6. Adsorption experiments

The adsorption tests were conducted with the proposed facto-
rial design. For this purpose, aliquots of 10 mL of solutions of
etheramine of known concentrations, and pH adjusted with
0.1 mol L�1 KOH solution (for basic solutions) and glacial acetic acid
(for acid solutions), were put together with the adsorbents in pre-
established amounts and kept under agitation at 200 rpm, tem-
perature of 25 �C during 24 h in an Incubator Shaker (ACB Labor).

After agitation, the solutions were filtered and the supernatants
were collected and quantified through the Bromocresol Green
method (Magriotis et al., 2010). The concentration of etheramine
remaining from the adsorption process was determined with a
UVevis spectrophotometer (Femto, model 800 XI) with wave
length of 410 nm. The experiments were performed in duplicates.
The percentage of etheramine removal was defined based on
equation (1):

%R ¼ Ci � Ct
Ci

� 100 (1)

where Ci is the initial concentration of etheramine (mg L�1) and Ct
is the concentration of etheramine (mg L�1) at time t.

2.7. Adsorption kinetics

In order to define the time at which equilibrium was reached,
adsorption tests were performed under optimized conditions dur-
ing a time interval from 5 min to 24 h.

2.8. Adsorption isotherms

The adsorption isotherms were evaluated from the optimization
and determination of the time at which equilibrium was reached.
Solutions of etheramine were prepared at the concentrations of 10,
30, 50, 100, 250, 400, 500, 1000 and 2000 mg L�1. The amount of
etheramine adsorbed at equilibrium (Qe mg g�1) was determined
by equation (2):

Qe ¼ ðCi � CeÞV
m

(2)

where Ci is the initial concentration of etheramine (mg L�1), Ce is
the concentration of etheramine at equilibrium (mg L�1), m is the
mass of adsorbent (g) and V the volume of solution (L).

2.9. Reuse tests

After the tests of adsorption, kaolinite samples were washed
with deionized water (20 mL of water per gram of adsorbent) at
60 �C for 2 h. The material was filtered and dried in a lab oven at
100 �C during 16 h. The adsorbents, after desorption, were reused in
the process of etheramine adsorption under the optimized condi-
tions. The reuse process was repeated three times for each
adsorbent.

3. Results and discussion

3.1. Characterization of adsorbent

The XRF analysis was used to determine the chemical compo-
sition of the samples, as well as to verify the chemical changes that
occurred due to the acid treatment. The results are shown in
Table 1.

The samples consist mainly of silicon and aluminum oxides,
which are characteristic of clay minerals. Lower amounts of oxides
of sodium, potassium, iron and magnesium were verified. It was
also observed that, as the concentration of the acid increased, the
content of Al2O3 and Fe2O3 decreased gradually. The reaction be-
tween kaolinite and sulfuric acid may be described by equation (3):

Al2O3$2SiO2$2H2O(s) þ 3H2SO4 (aq) / Al2(SO4)3 (aq)
þ 2 SiO2(s) þ 5H2O(l) (3)

Equation (3) shows that the increase in the Si/Al ratio is possibly
attributed to the leaching of Al3þ ions from the octahedral layers
during hydrolysis under acid conditions. Meanwhile, the decrease
in iron oxide content is associated with its dissolution by sulfuric
acid during the treatment. The decrease in MgO content after
kaolinite was submitted to the three treatments is possibly related
to the substitution of cations of alkaline earth metals present in the
crystalline structure or exchangeable cations for H3Oþ ions
(Crist�obal et al., 2009).

The score chart (Fig. 1S) showed that the two first main com-
ponents explained, jointly, 100% of the data variability, from which
99.89% was explained by the first main component (PC1) and 0.11%
by the second (PC2). This chart shows the separation of samples
submitted to acid treatment, among which the sample KA-05 was
the most distinct, especially when compared with NK.

The joint assessment of score graphs (Fig. 1S) and weight
(Fig. 2S) reveals that the contents of Al2O3 and SiO2 are mainly
responsible for the separation of samples. This confirms the effi-
ciency of the acid treatment on changing the main components of
the starting material, which is consistent with results already re-
ported in the literature (Dudkin, 2010). It can also be observed that
the NK sample stands out due to the greater amount of Al2O3, while
the KA-05 sample stands out because of the higher content of SiO2.
This result may be associated with the increase in the intensity of
dealumination as the concentration of the acid increased, thus
leading to the formation of a material with high content of silica
(Dudkin, 2010).

According to the results from the analysis of auto-scaled com-
ponents of samples, a dendrogram was obtained (Fig. 3S), where
samples were organized on the X-axis, and the similarity index was
organized on the Y-axis, and samples were included as a function of
their similarity. The acid treatment which least modified the
chemical composition of kaolinite was the one conducted with the
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concentration of 1 mol L�1, whereas the treatment with a con-
centration of 5 mol L�1 was the one that modified the chemical
composition of NK the most. It can be inferred that the increase in
acid concentration led to the increased leaching process, which, in
turn, alters the two main constituents of the clay minerals, silica
and alumina.

The XRD results (Fig. 1) show that the adsorbents have some
impurities (a fraction of quartz). The diffractogram of chemical
treatments did not show significant changes when compared to the
NK one. Thus, the structure of kaolinite was preserved after the acid
treatment. Similar results are found in the literature (Melo et al.,
2010).

The surface charge of adsorbents was evaluated according to the
variation of pH. Results are shown in Fig. 2. It is possible to observe
that the treatment conducted with the lowest acid concentration
(KA-01) was more similar to the tendency observed for the NK
sample, and the isoelectric point was the closest point to the
Fig. 1. Analysis of X-Ray diffraction (XRD) of NK (A), KA-01 (B), KA-02 (C) and KA-05
(D).
starting material. Therefore, it is possible to infer that the acid
concentration used did not act in the complete substitution of
exchangeable cations of the NK sample for Hþ ions.

KA-02 and KA-05 showed lower values of isoelectric point when
compared to the NK and KA-01samples, thus highlighting a greater
positive surface character. Such fact is related to the more drastic
conditions of treatment, which cause a greater leaching effect of
Al3þ ions from the octahedral layers during hydrolysis and substi-
tution of exchangeable cations for Hþ ions.

The textural properties of adsorbents are presented in Table 2.
The natural kaolinite (NK) presented a surface area of 33.5 m2g�1.
The value found is within the range found in the literature
(8.08e35.3 m2g�1) (Chen and Lu, 2015; Khawmee et al., 2013; Melo
et al., 2010; Ndlovu et al., 2015; Panda et al., 2010; Xu et al., 2015;
Wei et al., 2014). The differences observed for values of surface
area may be justified by the distinct chemical composition or
crystallinity shown by the kaolinites, once they came from different
regions.

Acid treatments led to an increase in the surface area of
kaolinite, and, in this matter, the sample KA-02 stands out (Table 2).
These results suggest that such treatments effectively improved the
textural properties of kaolinite, which is possibly attributed to the
dissolution of metal ions present in the NK sample and the rear-
rangement of its crystalline structure resulting from the reaction
between the acid and clay minerals. This is corroborated by other
studies reported in the literature (Chen and Lu, 2015; Panda et al.,
2010). The decrease in surface area when the concentration
5 mol L�1 (KA-05) was applied may be associated with the more
drastic conditions of treatment.

3.2. Optimization of the adsorption parameters

The optimization through Response Surface (in duplicates) as
well as the mean values of percentage of etheramine removal are
shown in Table 3 and Table 4.

The Pareto chart may be defined as a statistical tool that allows a
clear visualization of the effect of variables (Nunes et al., 2012). The
results obtained for the adsorption of etheramine in the modified
kaolinite are shown in Fig. 4S. It was possible to observe that the
acid treatments applied to kaolinite affected the influential vari-
ables in the etheramine adsorption significantly.

Among the studied parameters, pH showed a higher influence
on adsorption, which is related to the alteration of the etheramine
forms and of the surface charge of modified kaolinite as the pH was
altered. It was also possible to observe a positive effect in all cases,
which indicates that the increased pH contributes to the increase in
etheramine adsorption. This result may be related to the modifi-
cation of the surface charge of kaolinite that tends to become
negative in basic medium. Such factor favors the mechanism of
electrostatic attraction among the positively charged molecules of
etheramine in the ionic form and the negative surface of the
adsorbent.

Another important factor was the increase in the significance
level of the adsorbent mass in the adsorption of modified kaolin-
ites, once for the natural kaolinite this parameter was not influ-
enced. This variable has a positive effect, meaning a directly
proportional relationship with the removal percentage.

The Pareto chart showed that, in more drastic acid treatments
(KA-02 and KA-05), the initial concentration became significant
and presented a positive effect directly proportional to the removal
percentage. These facts suggest that the different treatments
applied to kaolinite had a significant effect on the adsorption pro-
cess, and the combined parameters were very susceptible to be
influenced in the studied process.

In order to determine the more adequate conditions for the



Fig. 2. Influence of pH on zeta potential in NK (A), KA-01 (B), KA-02 (C) and KA-05 (D).

Table 2
Textural properties of the adsorbents.

Samples Specific surface area
(m2 g�1)

Pores volume
(cm3 g�1)

Average pore diameter
BJH(Å)

NK 33.5 0.18 36.7
KA-01 40.8 0.19 37.1
KA-02 50.2 0.20 37.5
KA-05 45.1 0.19 37.2

Table 3
Independent variables of the central composite design.

Initial concentration of
etheramine (mg L�1)

Mass of
adsorbent (g)

pH

� 100 0.050 4
þ 400 0.200 10
BM 10 0.001 2
AM 500 0.251 12
CP 250 0.125 7

* BM: Below the minimum; AM: above the maximum; CP: Central point.
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process of adsorption, the systemwas optimized by the application
of the Response Surface Methodology. The quality of the data
adjustment was evaluated according to the analysis of variance.

Based on the variables and interactions which are statistically
significant to the quadratic model, a model describing the experi-
mental response was built, considering the following equations for
the adsorbents: NK, KA-01, KA-02 and KA-05, respectively. In the
equations, X1, X2 and X3 represent, respectively, the initial con-
centration of etheramine (mg L�1), mass of adsorbent (g) and pH.

y ¼ �33:45þ 12:66X3 � 0:01X1X3 � 17:63X2X3 þ 1:79x10�4X2
1

þ 347:78X2
2

(4)

y ¼ �69:51þ 0:30X1 þ 11:40X3 � 0:015X1X3 þ 25:44X2X3

� 3:85x10�4X2
1 � 524:99X2

2 � 0:28X2
3

(5)

y ¼ �33:88þ 0:12X1 þ 230:48X2 þ 3:30X3 � 0:27X1X2

þ 0:01X1X3 þ 13:87X2X3 � 2:21x10�4X2
1 � 560:54X2

2 (6)
y ¼ �51:68þ 160:81X2 þ 15:73X3 þ 0:01X1X3 � 591:13:87X2
2

� 1:04X2
3

(7)

Adequacy of the model was also checked by means of building
the normal plot of the residuals (Fig. 5S). The figure reveals that the
points of the KA-01 and KA-05 samples were closer to the line of
tendency than the other samples. However, it is possible to observe
that the quadratic model may be applied and evaluated in the range
in which the parameters were studied.

The Response Surface graphs were built considering the signif-
icant interactions corresponding to the adsorbent mass, pH and
initial concentration of etheramine. The effect of the interaction
between the adsorbent mass and pH with initial concentration
maintained at 250 mg L�1 is shown in Fig. 3.

It was possible to observe that the maximum adsorption
occurred in basic medium, both for natural and modified kaolinite,
in which pH ¼ 10 stands out since it represents the moment when
adsorption may be improved by the formation of an ionic-
molecular complex of etheramine (Magriotis et al., 2013). There-
fore, adsorption may be considered a feasible process in the



Table 4
Matrix with results of the etheramine adsorption.

Assay Initial concentration of
etheramine (mg L�1)

Mass of adsorbent (g) pH Adsorption of etheramine (%)

NK KA-01 KA-02 KA-05

1 e e e 0.40 5.22 12.76 12.10
2 e e þ 63.00 64.85 52.10 48.56
3 e þ e 5.57 1.67 21.95 14.59
4 e þ þ 36.63 88.14 84.21 52.12
5 þ e e 11.12 4.78 3.53 1.80
6 þ e þ 43.93 41.96 66.06 51.15
7 þ þ e 5.00 0.1 11.00 0.71
8 þ þ þ 37.62 56.23 75.57 63.40
9 BM CP CP 20.71 0.1 0.20 2.90
10 AM CP CP 28.90 27.26 37.38 51.22
11 CP BM CP 11.71 8.93 4.76 3.81
12 CP AM CP 26.13 50.67 43.10 44.17
13 CP CP BM 5.65 16.43 14.52 2.94
14 CP CP AM 4.13 45.83 52.38 11.15
15 CP CP CP 20.51 42.98 44.40 42.26
16 CP CP CP 18.01 45.12 43.60 42.38
17 CP CP CP 19.33 43.60 41.82 39.16
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treatment of mining effluents, since, at such pH value, the reverse
flotation of iron ore occurred. In relation to the adsorbent mass, it
was possible to verify that for NK the maximum adsorption
occurred for the mass of 0.1 g, while for the modified kaolinites the
higher removal percentages occurred with mass next to 0.2 g. The
significant influence of this parameter is associated to the increased
number of available adsorption sites.

The effect of the interaction between the initial concentration
and pH with the mass of 0.125 g corresponding to the central point
is shown in Fig. 4.

The higher percentage of etheramine removal is optimized at
Fig. 3. Response Surface Analysis of the adsorption capacity versus effect of the adsorb
more elevated concentrations, next to 400 mg L�1, which can be
attributed to the existence of more adsorbate molecules interacting
with the surface of the adsorbent material. Thus, it is possible to
infer that the two combined parameters were influenced in the
process for all adsorbents and that the basic mediumwas the most
adequate for the adsorption process.

The effect of the interaction between the initial concentration
and adsorbent mass with pH 7 corresponding to the central point is
shown in Fig. 5.

It is observed that the interaction of adsorbent mass and the
initial concentration when pH was kept constant resulted in the
ent mass and pH on the etheramine adsorption on NK (A); KA-01 (B), KA-02 (C).
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least significant interaction for KA-02, and was not significant for
the other adsorbents. Then, it is possible to infer that, when these
two parameters are combined, the adsorption is more dependent
on the interactions between the ionic-molecular complex of
etheramine and the adsorbent surface than on the availability of
adsorption sites (Magriotis et al., 2013).

The following optimized results were obtained: initial concen-
tration of approximately 400 mg L�1, pH ¼ 10 and mass of 0.1 g for
NK and 0.2 g for the modified kaolinites. The values found for NK
are similar to those found in previous works in which the param-
eters were evaluated individually (Magriotis et al., 2010). It is
possible to observe that the analysis of response surface is a rapid
and efficient technique, besides the fact that it takes the in-
teractions among variables into account, which does not occur in
the individual analysis.
Fig. 5. Response Surface Analysis of the adsorption capacity versus the effect of the
initial concentration and the adsorbent mass on the etheramine adsorption in KA-02.
3.3. Adsorption kinetics

An adsorption kinetic of 24 h was conducted with the optimized
results in order to determine the time at which equilibrium was
reached. The experiments were carried out in intervals from 5 min
to 24 h (Fig. 6S). Equilibriumwas reached at approximately 30 min.
Subsequent analyses were performed considering a period of 2 h in
order to ensure that equilibrium had already been reached.

Fig. 6 shows a comparative analysis of etheramine removal by
the analyzed adsorbents using previously optimized parameters
and time of equilibrium of 2 h. The removal rate was of approxi-
mately 78% for NK, 81% for KA-01, 83% for KA-05 and 88% for KA-02,
and from these results, it was possible to observe that the treat-
ments improved the efficiency of etheramine removal. The differ-
ence in removal rate is related to the specific surface area: higher
removal values for the samples KA-05 and KA-02, which represent
the larger surface areas corresponding to 45.13 m2g-1 and
50.18 m2g-1, respectively.
Fig. 4. Response Surface Analysis of the adsorption capacity versus effect of the initial conce
05 (D).
3.4. Kinetic models

Adsorption may be described by different mechanisms, among
which are the models of pseudo-first order (Lagergren, 1898),
pseudo-second order (Ho and Mckay, 1999), Elovich (Hammed
et al., 2008) and Avrami (Vargas et al., 2012), whose non-linear
equations are described from (8) to (11), respectively. The data
were adjusted for these models.

Qt ¼ Qe½1� expð � k1tÞ� (8)

Qt ¼ k2Q2
e t

1þ Qetk2
(9)
ntration and pH on the etheramine adsorption on NK (A), KA-01 (B), KA-02 (C) and KA-



Fig. 6. Comparison of etheramine removal in the different adsorbents.

P.V.B. Leal et al. / Journal of Environmental Management 197 (2017) 393e403400
Qt ¼ 1
b
lnð1þ ab:tÞ (10)

Qt ¼ Qe
�
1� exp½ � ðkAVtÞ�nAV

�
(11)

where Qt (mg g�1) is the amount of etheramine adsorbed by
adsorbent mass at the time t (min); Qe (mg g�1) is the amount of
etheramine adsorbed by adsorbent mass at equilibrium; k1 (min�1)
is the rate constant of pseudo-first order; k2 (mg�1 g min�1) is the
rate constant of pseudo-second order; a (mg g�1 min�1) is the rate
of initial adsorption; b is the desorption constant (g mg�1); kAV
(min�1) is the kinetic constant of Avrami and nAV is a constant
related to the mechanism of adsorption.

The results of data adjusted to the proposed models are shown
in Table 5.

Datawere adjusted to the kinetic model of pseudo-second order
for all the applied adsorbents. Such adjustment shows that the
limiting step of adsorption is the process that happens on the
surface, which is dependent on the adsorption sites, and indicates
the chemical nature of adsorption (Magriotis et al., 2010).

The adjustment of the pseudo-second order kinetic model is
related to the evaluation of the coefficient of determination (R2)
Table 5
Adjustment of experimental data to the kinetic models.

Kinetic model NK

Pseudo-first order Qe (mg g�1) 32.2415
k1 (min�1) 0.4352
R2 0.9841
ARE 0.3231

Pseudo-second ordem Qe (mg g�1) 32.9395
k2 (g mg�1min�1) 0.0357
R2 0.9904
ARE 0.1522

Elovich a (mg g�1 min�1) 2.98 � 109

b (g mg�1) 0.6795
R2 0.9752
ARE 0.4059

Avrami kAV (min�1) 11.5884
nAV 2.2532
R2 0.9840
ARE 0.3223

R2 e Determination coefficient; ARE e Average relative error.
and average relative error (ARE), in which the R2 values closer to 1
and lower values of ARE indicate better results. In this sense, the
choice of the pseudo-second order model is related to the com-
parison of such parameters according to what was described in
Table 5.
3.5. Adsorption isotherms

The data obtained in the experiments were adjusted to the
isothermmodels of Langmuir, Freundlich, Sips, Jovanovich, Redlich-
Peterson and Dubinin-Radushevich. The non-linear equations are
described, respectively, in (12)e(17) and the results are presented
in Table 6.

Qe ¼ QmKLCe
1þ KLCe

(12)

Qe ¼ KFC
1=n
e (13)

Qe ¼ QmðKsCeÞ1=m
1þ ðKsCeÞ1=m

(14)

Qe ¼ ARPCe
1þ BRPCg

e
(15)

Qe ¼ Qm
�
1� exp

�� KJCe
��

(16)

Qe ¼ Qme�bDRε
2

(17)

ε ¼ RTln (1 þ 1/Ce) (18)

where: Qe ¼ amount of adsorbate adsorbed per unit mass of
adsorbent at equilibrium (mg g�1); Qm ¼ capacity of monolayer
coverage (mg g�1); KL ¼ Langmuir constant (L mg�1);
Ce ¼ equilibrium concentration (mg L�1); KF ¼ Freundlich constant
(mgl-l/n kg�1 L1/n); n ¼ parameter relating to Freundlich isotherm;
KS ¼ Sips constant (L mg�1); m ¼ affinity distribution;
ARP ¼ Redlich-Peterson constant (L mg�1); BRP ¼ affinity coeffi-
cient (L mg�1); g ¼ heterogeneity parameter; KJ ¼ Jovanovich
constant (L mg�1); bDR ¼ constant related to the energy of
adsorption (mol2 kJ�2); ε ¼ Polanyi potential; R ¼ gas constant (kJ
K�1 mol�1); T ¼ temperature (K).
KA-01 KA-02 KA-05

32.2889 35.8381 33.0683
1.3386 0.7749 1.3108
0.9956 0.9881 0.9916
0.1500 0.3035 0.1919
32.4704 36.0813 33.3979
0.2061 0.1309 0.1402
0.9958 0.9893 0.9959
0.1536 0.2790 0.1533
3.36 � 109 4.14 � 109 3.14 � 109

0.6715 0.6128 0.6522
0.9121 0.9470 0.9410
0.8329 0.622 0.6755
5.734 17.2787 23.4900
14.01 2.6909 3.348
0.9956 0.9881 0.9916
0.7541 0.5312 0.3564



Table 6
Adjustment of experimental data to the isotherm models.

Isotherm model NK KA-01 KA-02 KA-05

Langmuir Qm (mg g�1) 39.95 46.99 52.57 47.87
KL (L mg�1) 0.0232 0.0327 0.0496 0.0326
R2 0.9281 0.9172 0.8817 0.8695
ARE 2.2014 11.9387 8.8392 5.3803

Freundlich KF (mg1�1/n kg�1 L1/n) 7.9448 11.1472 11.3811 8.2996
nF 4.3941 4.4095 4.5772 4.2151
R2 0.7740 0.6952 0.6354 0.5975
ARE 7.3137 31.0758 21.7025 21.7442

Sips Qm (mg g�1) 37.24 43.51 48.46 41.55
KS (L mg�1) 0.0208 0.0365 0.0530 0.0520
M 0.4237 0.4635 0.2768 0.3791
R2 0.9659 0.9849 0.9859 0.9906
ARE 2.6981 1.2530 3.4722 13.2478

Redlich-Peterson ARP 0.5464 1.2330 1.6957 1.0791
BRP 0.0025 1.0057 0.0068 0.0046
G 1.2455 0.0045 1.2395 1.2322
R2 0.9598 0.9630 0.9399 0.9325
ARE 2.2143 8.2172 5.7629 34.8463

Jovanovich Qm (mg g�1) 37.35 44.00 49.53 43.83
KJ 0.0163 0.0253 0.0387 0.0283
R2 0.9615 0.9629 0.9355 0.9241
ARE 2.1505 8.9188 6.5416 38.2674

Dubinin-Radushkevich Qm (mg g�1) 36.51 42.97 49.46 40.89
bDR (mol2 kJ�2) 0.0002 0.0000872 0.0000387 0.0000368
Eads (kJ mol�1) 50.00 75.73 113.60 122.53
R2 0.9502 0.9626 0.9730 0.9862
ARE 3.0045 3.1859 3.5685 7.5640
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The experimental data were adjusted to the Sips model, and
results allow to infer that adsorption occurred on a heterogeneous
surface inwhich the energetic distribution of the adsorption sites is
verified.

Results were obtained from the analysis of the coefficient of
determination (R2) and from the average relative error. In this
sense, the choice of the Sips model isotherm was based on the
comparison of such parameters according to what was described in
Table 6.

The mean energy of adsorption represents the energy released
during the adsorption process. The Eads value from 1 to 8 kJ mol�1

indicates physisorption, from 8 to 16 kJ mol�1, it indicates ionic
exchange and the Eads value higher than 20 kJ mol�1 indicates a
chemical adsorption (Oyango et al., 2006; Tahir and Rauf, 2004).
The values corresponding to 50.00 kJ mol�1, 75.73 kJ mol�1,
113.60 kJ mol�1, and 122.53 kJ, for the respective samples: NK, KA-
Fig. 7. Reuse tests.
01, KA-02 and KA-05, indicate that etheramine adsorption in the
treated kaolinite involves the mechanism of chemisorption.
3.6. Reuse test

Regeneration of the adsorbent is an important factor for the
economic viability of its use. In this sense, the used adsorbents
underwent three reuse tests and the results are shown in Fig. 7.
There was a slightly significant decrease in the efficiency of
adsorption. Such results are in accordance with the literature
(Unuabonah et al., 2008; Jin et al., 2014; Guo et al., 2011; Guerra and
Silva, 2014). It was possible to observe that the proposed desorption
methodology was efficient. Furthermore, the desorbed adsorbate
may be reused in the flotation step, which makes the process
economically viable.

The comparative analysis of etheramine adsorption in the
different adsorbents after each use was accompanied by ATR and
results are shown in Fig. 8. The etheramine used in the iron ore
processing under operational conditions of pH¼ 10 has amolecular
structure that corresponds to R-Oe(CH2)3eNH2, and in the ionic
form, R-Oe(CH2)3eNH3

þ. Therefore, in the infrared spectra of
etheramine the bands of 2967 and 2864 cm�1 are attributed to the
vibrations of axial deformation of hydrogen atoms bonded to
methyl groups. Adsorption in the region of 2300 and between 1590
and 1550 cm�1 are associated with angular deformations of NH2.
The region between 1500 and 600 cm�1 is associated to several
types of vibrations: axial and angular deformations of CeO, CeN
and CeC bonds. The band at 1477 cm�1 is related to the angular
deformation of (CH2)3, and the band at 1119 cm�1 refers to the axial
deformation of CeO in aliphatic ethers.

By comparing the spectra of etheramine and kaolinites, both
natural and modified, it was possible to verify the appearance of
bands located at 2967 cm�1 and 2864 cm�1 in the kaolinites after
adsorption, which are characteristics of etheramine, and validates
the adsorption of etheramine. By analyzing the spectra of reuse, it is
possible to observe that there were no significant changes in the



Fig. 8. FTIR spectra of etheramine, adsorbent (fresh and reused): NK (A), KA-1 (B), KA-2 (C) and KA-5 (D).
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intensity of the band as kaolinite was reused.

4. Conclusions

The acid treatments caused changes in the chemical composi-
tion and textural properties of kaolinite. The time at which equi-
librium was reached was close to 30 min for all the adsorbents.
After comparing the etheramine adsorption kinetics, it was possible
to observe that the efficiency of etheramine removal in KA-02
improved significantly, while for the samples KA-01 and KA-05 it
was similar to the efficiency of etheramine removal in NK samples.
The adjustment of experimental data of the kineticmodels revealed
that data were better described by the pseudo-second order model.
The adsorption isotherm results showed that the data adjusted to
the Sips model, and the Eads value indicates that adsorption
involved a chemisorption process. Regarding the reuse tests, it was
possible to observe a not so significant decrease in the efficiency of
removal as the adsorbents were reused. Then, it was possible to
confirm that the kaolinite modified applying the three treatments
(with KA-02 standing out) may be a good alternative for ether-
amine adsorption since it is a low-cost material and presents a
considerable removal efficiency even after reuse.
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