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Abstract

Kaolin is a clay product of the decomposition of feldspatic rocks; it is a hydrated aluminum silicate whose main
component is kaolinite; its formula is 2H,0-Al,0,-2Si0, and it has a wide application in various industries. In
this study copper ions removal of aqueous solutions using kaolin, was investigated. Kaolin sample are texturally
and chemically characterized and its electrical conductivity was established, and finally diverse kinetic models
were tested to the copper ion retention process. Kinetic adsorption and electroadsorption processes of Cu
(IT) ions on kaolin are practically identical. The q. values for both adsorption and electroadsorption are of
the order of 10.1 mg-g" for an equilibration time of 1200 min. This suggests that adsorption procedure is the
determining factor. In view of results, we can indicate that kinetic adsorption procedure of Cu (II) ions on
kaolin is adjusted to a pseudo second order kinetics. High regression coefficients are reached, greater than those
of first order pseudo model, with worths above 0.99. Its explanation comes from the valence forces involved
in the adsorption mechanism, due to electrons exchange between Cu (II) ions and the adsorbent. Likewise,
correlation between experimental q, values, and the calculated q,, through the kinetic model are good. A more
detailed observation through intraparticle diffusion model allows us to distinguish two well defined linear parts,
a first one: that would correspond to the transport of ions from the dissolution to the external covering of the
absorbent, with a fast ions distribution on the external kaolin covering. And a second part, which symbolize the
intraparticular diffusion, as well as Cu (IT) union with the kaolin internal active sites.
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1. INTRODUCTION
Kaolin is a hydrated aluminum silicate, product of the decomposition of feldspatic rocks mainly. The term
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kaolin refers to clays in which the mineral kaolinite predominates; it can have different colors due to impurities;
generally earthy matt shine; it is hygroscopic (absorbs water); its plasticity is low to moderate'").

Other important properties are its whiteness, its inertia against chemical agents, odourless, electrical insulator,
moldable, resists high temperatures, is non-toxic and non-abrasive and has high refractivity and dispersion ease.
It is compact, soft to the touch and hardly fusible. It has great absorbing power and low viscosity™.

Global kaolin consumption was estimated around 24.8 million metric tons by 2013. There are about 277 large
deposits in countries such as: United States, England, Brazil, Indonesia, China, Spain, efc., where kaolin is
extracted and treated to purify it, and thus, take advantage of its properties”.

Kaolin has many industrial applications (paper, ceramics, refractories, paints, plastics, agrochemicals,
pharmaceuticals, medicine, cosmetics, constructions, electrical material, adsorption, ezc.)*"".

Copper is part of numerous industrial and technological processes of great importance. The demand for copper
is growing day by day. Copper can be liberated in the environment by human activities and/or natural processes.
Examples of natural sources are dust storms, vegetation decomposition, forest fires, etc. On the other hand,
human activities can contribute to the liberation of copper in mining, metal production, phosphate fertilizer
production'""?, etc.

On the other hand, prolonged exposure to copper can irritate the nose, mouth and eyes and cause headache,
dizziness, vomit and diarrhea. A large copper exposure can cause damage to the liver and kidneys and even
death!>'*,

In other words, copper causes serious environmental and human health problems. For this reason, countries
with large mining production, such as Chile, have established that for production processes, only alternative
waters such as seawater or wastewater will be used. Also proposing to incorporate wastewater treatments to

reduce local pollution'*"".

The aim of this work is to use kaolin, a highly adsorbent material, to remove copper from wastewater.

2. EXPERIMENTAL

2.1 Adsorbent and Adsorbate

The kaolin (Minas La Zarza S. A.) was used as the starting material, mean while as absorbate a copper salt
[Cu(SO,),5H,0] supplied by Panreac, with a concentration of 25 ppm prepared with ultrapure water obtained
with an Ultrapure Milli-QTM equipment.

2.2. Characterization of the Kaolin

2.2.1. Chemical Characterization of the Adsorbent

Chemical composition of the sample was determined by chemical analysis (supplied by the company). Surface
functional groups, as well as sample structures, were tested by FT-IR spectroscopy. Spectra were examined in
a Perkin Elmer 1720 spectrometer, with wavelengths in the range of 4000 to 400 cm'', taking 50 scans with a 2
cm’ resolution.

2.2.2 Textural Characterization of the Adsorbent

Kaolin textural characterization was accomplished by nitrogen adsorption and mercury porosimetry. Nitrogen
adsorption at 196 °C, with an apparatus Autosorb-1 (Quantachrome®), was utilized to study the specific surface
and volume of narrow micropores and mesopores. A mercury porosimeter Autoscan-60 (Quantachrome®) was
used to determine the volume of wide mesopores and macropores.

2.3. Electrical Conductivity
The electrical conductivity, DC (o) at room temperature was determined using a method developed by us and
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described in previous works!"*. For this, the impedance spectroscopy technique was used, with frequencies
between 20 and 10° Hz, at 1 V voltage and a kaolin mass of approximately 0.10 g, previously dried in the oven
at 110 °C overnight.

2.4 Analytical Method

A Perkin Elmer Flame Atomic Absorption Spectrometer, Thermo Corporation Model, employing an air-
acetylene flame, was employed to measure Cu (II) concentration. Hollow cathode Cu (A = 324.8 nm) lamps,
from the same producer, were utilized as radiation sources.

2.5 Kinetic Experiments

A determinated fixed quantity of absorbent (0.1 g of kaolin) and of adsorptive solution (80 mL), with a
beginning concentration of 25 ppm, were combined at unchanging temperature for a previously set space time,
to examine adsorption kinetics [Figure 1]'”. In the holes of the adapter in the figure, made by 3D printing, the
bottles filled with adsorbate and adsorbent are placed and placed in an electronic thermostatic bath at 25 °C
with a stirring speed of 40 oscillations per minute.

For the electroadsorption process, the same kaolin mass and the same concentration of copper ions will be
affected. In a cell with two electrodes made of kaolin and sometimes a voltage of 1 V, the copper ion solution
is added. The cell is placed on a magnetic stirrer with a stirring speed of 40 oscillations per minute and a
temperature of 25 °C.

Kaolin electrodes are made by mixing kaolin with water until a moldable mixture is obtained and with a mold
the cylindrical electrodes 1 cm in diameter and 5 mm thick are extracted and sintered in an oven.

To study the progress of adsorption/electroadsorption procedure in time, solute concentration was examined as
detailed in an earlier part. The equilibrium time, t,, can be interpreted as the minimal period of time needed to
maintain the concentration value unalterable (i.e., to get the equilibrium concentration or C,).

Establishing the adsorbed quantity q, (mg-g™) at given time, t, by the mass balance Eq. (1):

) Y (1)

£ W

Where q, represents solute mass (mg) adsorbed onto 0.1 g of adsorbent at a time #; C, is Cu (II) concentration
(mg-L™"), originally existing in the dissolution; C, assumes the role of the Cu (IT) concentration (mg-L™) at time,
t; V stands for solution volume (L) in each adsorption cell; and 7 is kaolin mass (g) combined with dissolution.

The adsorption process is influenced by the adsorbent chemical and physical properties, as well as the mass

transfer procedure from adsorbate to adsorbent™"*").

Kinetics of the adsorption/electroadsorption process reveals the evolution of each step, as well as which one
leads the procedure (chemical reaction, diffusion and/or mass transfer).

In this investigation, both adsorption reaction kinetic models, pseudo-first order and pseudo-second order, and
one adsorption diffusion model (intraparticle diffusion) were used, to analyse Cu (II) ion adsorption kinetics
onto kaolin adsorbent.

2.5.1. Pseudo First Order Model
Pseudo first order Lagergren equation is one of the most widely employed equations in adsorption kinetics***").

This equation assumes that metal ion is set a site of adsorption of adsorbent material, which can be expressed
as:
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Figure 1. Adapter in 3D incorporated into a thermostatic bath for kinetic study.

d
%= k(g —a) @)

Where &, represents the adsorption rate constant (1/s); g, indicates mg of solute hold per adsorbent mass unit at
a determined time, ¢ (mg/g); ¢, is g value (mg/g), got once the equilibration time, ¢,, is passed.

Eq. (2) may be integrated as:

— _ R 3)
log(g. — q;) logq, — -t
Therefore, if kinetic data fit to the pseudo-first order model, a graph of log (g, - ¢,) versus ¢, would result in
a straight line. Thus, the slope and the intersection of this line could be used to settle values of &, and ¢,,

respectively.

2.5.2. Pseudo Second Order Model
Blanchard ef al.** presented the pseudo-second order kinetic model, which was later modified by Ho"*". This
pattern presumes that adsorbate is adsorbed in two different active areas of the activated carbon.

The equation corresponding to this pattern is:
dgr _ 2
Fr k2(q: — q.) 4)

Where £, is the adsorption rate constant of pseudo-second order model (g/mg min). The integrated form of Eq.
(4) is:

¢ 1 1
P Q)

Thus, from slope and intersection, of the #/q versus ¢ graphs, it is possible to calculate the values of ¢, and &, for
the kinetic model pseudo-second order.

2.5.3. Intraparticle Diffusion model

Weber and Morris intraparticle diffusion model assumes that adsorption procedure could be managed by one
of the next stages such as: film diffusion, pore diffusion, surface diffusion, adsorption onto the adsorbent pore
surface, or a combination of several stages”*"”".

Intraparticle diffusion is characterized by the relationship between specific adsorption and the square root of the

time. Coinciding the slope with the intraparticle diffusion rate”**"),
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Table 1. Chemical composition of the raw material

Oxides (%)
S0, 5340
ALO, 32.00
Fe,O, 2.90
Ca0 0.10
TiO, 2.00
MgO 1,03
K,0 276
Na,0 021
H,0 5.60

Thus, the equation that describes the intraparticle diffusion is:

— 1/2
qt—k[-dt"r +C (6)
With k,, representing the intraparticle diffusion rate constant (mg/g min'?) and C (mg/g) a parameter connected
to limit layer thickness. Usually, high values of C, produces noticeable limit layer effects. That is, if ¢, versus
graph gives a straight line going through the origin, then it could be expected that adsorption procedure will be

mostly regulated by intraparticle diffusion. Conversely, if ¢, versus ¢ graph shows more than one single linear
plot, then it coud be assumed that adsorption procedure is made up of two or more single stages.

3. RESULTS AND DISCUSSION

3.1. Raw Materials

3.1.1. Chemical Characterization

Kaolin has been characterized by the determination of its chemical composition. These results are shown in
Table 1.

The results obtained are quite similar to those described by other authors™”’". The chemical composition
indicates that it is a silico-aluminous compound with small quantities of other elements.

According to the literature consulted”", kaolinite was associated with pyrophyllite-sericite. However, chemical
analysis of the raw material revealed a significant absence of pyrophyllite. This fact is explained by different
authors”""* and can be explained by two possible hypotheses. A first is to assume that clayey sedimentary rocks
possess quartz, mica and kaolinite minerals. The proportion will vary according to sedimentation conditions and
the possibility of kaolinite contribution from a rich zone to the rock.

The second hypothesis would be that part of the kaolinite has been formed by kaolinization of feldspars (which
possess them in small quantities) and micas. The kaolin would then be a mineral of neoformation that could be
formed by meteorization and also perhaps by hydrothermalism since both processes are described in this zone

by different authors™"*"),

On the other hand, the analysis of the results in Table 1 shows the absence of heavy metals, which is good for
different applications, such as pharmaceutical, adsorption, efc., among others.

For more information on the raw material, the FT-IR spectrophotometric study was carried out. Table 2 shows
the information provided by the FT-IR spectrum.

The associated bands correspond to the vibrations of the bonds in their structure, Si-O of the silicon tetrahedra,
Al-O and Al-OH of the aluminium octahedra and Si-O-Al of the SiO* and AIO* bonds. A wide band of about
3622 cm’, related to the OH- groups, can be assigned to low crystallinity kaolins™*. On the other hand, a band
was observed at 1635 cm™ corresponding to water molecules occluded inside the clay sheets. Also, bands
are observed in 1033 and 923 cm™ according to the Si-O and Al-O vibrations of Al-O-H group, and others
attributable to Si-O-A1"" located at 788, 700 and 533 cm™.



22 of 59 Adv Matl Sci Tech 2020;2:1:17-28

Table 2. Information of the FT-IR spectrum

Functional group Wave number (cm™)
-OH 3622

H,O 1635

Si-O 1033

Al-O 923

Si-O-Al 788,700,533

3.1.2 Textural Characterization
Table 3 shows the results corresponding to the porous texture of kaolin.

Table 3 shows that the Sy specific surface area of kaolin is low, 32 m*-g"', compared to other porous materials
and probably due to kaolinite. This low value of the Sy, surface may be related with the low crystallinity,
manifested in the study of FT-IR spectra. However, the presence of this surface area together with its porosity
distribution, fundamentally meso-macroporous, can be favourable for the utilisation of kaolinite, which
forms part of kaolin, in the adsorption processes, since it is superior to that presented by kaolinites of high
crystallinity™".

3.1.3 Electrical Conductivity
According to the literature, we can indicate that electrical conductivity in porous materials depends
fundamentally on porosity distribution, chemical surface"®, physical and chemical properties””, textural

properties™.

From Figure 2, it can be seen that kaolin is a material with generally very low electrical conductivity values.
These values are increased by the pressure, as the number of contact between the particles increases, thus
favouring the passage of the electrical current.

The results show that this material, and particularly the kaolinite present, is largely in amorphous form, which
influences the low electrical conductivity of this material.

The low conductivity presupposes that kaolin is not a good material for the study of electrical applications that
are not properly electrical insulators. However, it would be of great interest to carry out chemical modification
or doping with other compounds in order to modify their electrical properties and to be able to carry out further
studies of this material.

3.2 Kinetic Study

The kinetic study of the Cu (II) ions adsorption/electro-absorption in aqueous solution has been carried out in
two stages. A first one is based on the discussion of the kinetics of the CuSO, adsorption and electro-absorption
process on kaolin and a second one applying different kinetic models. Electro-absorption was determined using
a voltage of 0.3 V.

The figure shows that the kinetic processes of adsorption and electro-absorption of Cu (II) ions on kaolin
are practically identical. This seems to indicate that the adsorption process is the determining factor. The
electroadsorption process is conditioned by the adsorption process. Therefore, we can conclude that the electro-
absorption process does not exert any influence or little influence on the Cu (II) ion retention process by kaolin.
This circumstance could be associated, by one side, to the kaolin structure that would favour a low electrical
conductivity, and, on the other side, with the composition of kaolin, which is formed by different materials,
where kaolinite has the highest capacity adsorption””’.

In Figure 3, we can see that Cu (II) ions retention by kaolin occurs at very small times, as shown in the first part
of figure.
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Figure 2. Variation of the electrical conductivity of kaolin with pressure.

Table 3. Textural parameters of kaolin

Sample Seer (Mm*g™) V.. (cm*g™) V.. (cm>g™) Viep (€m’g™) Vi (€m*g™)
Kaolin 32 0.008 0.010 0.080 0.090

Table 4 shows values corresponding to equilibrium times and Cu (II) ions concentration retained by the kaolin.

The table shows that the values for the adsorption and electro-absorption processes are the equal. The
concentration of copper ions retained by the kaolin is higher than the concentration retained by some
activated carbons. This fact explains why Kaolin is used in numerous industrial applications and especially in
pharmaceuticals.

The q, and t, values in the adsorption and electro-absorption processes together with the low electrical
conductivity values of kaolin explain that this material is not apt for electro-absorption process where ion
mobility is very important.

3.2.1 Kinetic Models of Processes

According to the results obtained, a study of the kinetic models for adsorption process will be performed. The
generation and/or adjustments of analytical models for the study of dynamic systems generate abstractions of
the these systems'*”, identifying the variables that explain the response as optimizing the dependent variable
depending on the domain or range of operation of the independent variables'". Kinetic adsorption models
provide very important information in copper ions retention procedure in waste water. Different kinetic models
have been tested in this study. From the application of these models, the velocity constant of each kinetic
equation has been determined and statistical parameters such as the regression coefficient have been calculated.

1. First-order pseudo model
Figure 4 shows first order pseudo equation (Ec. 3.21) for Cu (II) ion adsorption process by kaolin.

Table 5 presents the values of speed constant k1 and correlation coefficient R.

Table 5 and Figure 4 results demonstrate that kinetic data of Cu (II) ion adsorption in kaolin does not fit the
first-order pseudo model, so the process is not a first order reaction. Thus, in view of the data presented in
Table 5 it is observed that on the one hand, the values of R* are in the order of 0.8 and on the other hand, the
value of experimental q, [Table 3] is 10.1 mg-g" and calculated value from first order pseudo model is 3.34
mg-g'. Similarly, it has been found in other research'*”! that this model is not the most appropriate for adjusting
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Figure 3. Variation in Cu (Il) ion concentration with time.

Table 4. Values corresponding to the equilibrium times and concentration of Cu (ll) ions retained by the kaolin

Samples t./adsorption (min)  q./adsorption (mg-g') t./electroadsorption (min) q./electroadsorption(mg-g™)
Kaolin 1200 101 1200 10.2

adsorption kinetics data to carbonaceous materials.

2. Second order pseudo model

Experimental data of Cu (II) ion adsorption by kaolin were adapted to a pseudo-second order kinetic model and
graphically represented in Figure 5. Values of adsorption velocity, regression coefficient R* and speed constant
k, are given in Table 5.

Likewise, the regression coefficient corresponding to the adjustment of experimental data to the pseudo-second
order model confirms a good adjustment (R” in the order of 0.999). As well as the values of experimental q,
Table 4 (10.1 mg-g") present a good correlation with the value calculated through the pseudo-second order
model Table 5 (8.3 mg-g"). Therefore, in view of the results, we can indicate that kinetic adsorption procedure
of Cu (II) ions on kaolin is adjusted to a pseudo second order kinetics.

The adsorption mechanism, involving valence forces through the sharing or exchange of electrons between Cu
(IT) ions and adsorbent, produces regression coefficients are higher than first order pseudo model ones, with
levels above 0.990. Likewise, correspondence between experimental g, values, Table 4, and determined q.,
Table 5, through kinetic model are correct.

3. Intraparticle diffusion
This model is usually used to carry out studies of the ion diffusion mechanism in samples'**.

According to others authors'™”, diffusion mechanisms of ions on a porous adsorbent take place by transporting
the ions in two stages, one from dissolution to the surface of the adsorbent and the other intraparticle, from the
surface to the union with the surface groups.

The aim of this type of study is to determine which of the two previous stages is predominant. For some
authors'*”, if intraparticle diffusion is the restricting step of procedure speed, the graph representation of
quantity of copper ions retained in front to the square root of the contact time should perform a straight line,
which will cross the coordinates origin'*'. In accordance with the above, in Cu (II) ion adsorption procedure on
kaolin, Figure 6, a multilinearity graph is shown.
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Figure 4. Graphic representation of the pseudo first order model for the Cu (ll) ion adsorption process by kaolin.

Table 5. Kinetic parameters

Sample First-order pseudo Second-order pseudo
9. k R? 9. k. R
Kaolin (Ads.) 334 553107 0.8353 810 7.6510° 0.9997
Diffusion
C ki R’
0.019 1.22 0.9958

A more detailed observation of the figure allows us to distinguish two well-defined linear parts, a first one
between 0 and 10 min 1/2, that would correspond to the transport of ions from solution to the external adsorbent
surface with a fast ions distribution on the outer kaolin surface. That is, the kinetic process of ion retention
occurs very quickly when adsorbent and adsorbate contact take place [Figure 6]. This behaviour has already
been observed in other adsorbents. Second linear section fits to the adsorption period, between 10 and 38 min
1/2, describing the intraparticle diffusion and Cu (II) union with the internal active kaolin sites.

Table 5 shows kinetic parameters for intraparticle diffusion. A regression coefficient (R2) of the order of 0.996
is observed, which permits us to say that this is a good adjustment.

4. CONCLUSION
The present work has been carried out with the intention of being able to use a material such as kaolin in the
decontamination of wastewater contaminated with copper ions.

From the previous characterization of kaolin and its application in adsorption and electroadsorption processes,
it is concluded that:

Chemical characterization, porous texture and electrical conductivity have been carried out. Kaolin has been
selected as an adsorbent material based on its chemical, textural and electrical properties for application in the
adsorption/electroadsorption process.

Kaolin has an adequate proportion of mesopores, which makes its surface electrochemically accessible to ions,
so that they can be transported quickly.

Kaolin is a material contaminated with other ceramic materials, which negatively influences its adsorbent
behaviour.
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Figure 5. Graphic representation of the second order pseudo model for the Cu (ll) ion adsorption process by kaolin.
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Figure 6. Graphic representation of the intraparticle diffusion model for the Cu (Il) ion adsorption process by kaolin.

The adsorbent capacity of kaolin is similar to other porous materials and can be a good substitute for them.
In view of the results, everything seems to indicate that kaolinite is responsible of this good behaviour in

adsorption process.

The electrical properties of kaolin and in particular the electrical conductivity is very low, making it
inappropriate for some applications such as electroadsorption.
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