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Abstract

Ion exchange is a stoichiometric phenomenon commonly used in water treatment as an
end-of-pipe technique. Such process is highly influenced by mass transfer conditions and
may be modeled by adsorption equations. Although widely applied in industries its theo-
ry has not been completely understood and depends on the exchanger characteristics.
Moreover, competitive systems may add complexity and decrease removal efficiency and
exchanger selectivity mainly in dynamic systems. In this chapter some general theory
was presented and some detailed examples involving alginate biopolymer, bonechar and
zeolite in single and competitive systems were discussed in batch and continuous state.

Keywords: ion exchange, kinetics, equilibrium data, fixed bed, multicomponent systems

1. Introduction

Ion exchange processes are the processes in which a solid phase (ion exchanger) reacts in a
double exchange reaction when in contact with a liquid phase with electrolytes. Actually, this
should not be considered as a true chemical reaction as it involves the redistribution of ions
between two phases by diffusion. Chemical factors are almost negligible with small amount
of heat, often less than 2 kcal/mol [1].

In an ion exchange process, the balancing ion (the one previously detected in the solid phase)
is replaced by the counter ion (previously in the liquid phase) always when the exchange has
a higher affinity to the counter ion. It is important to emphasize that the stoichiometric
replacement involves charges. Nevertheless, normality is much more adequate to describe the
phenomenon than molarity. Figure 1 presents examples of the monovalent and divalent
exchange processes. In this diagram, it is easy to see the importance of charges in the stoichio-
metric process.

I NT E C H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited.
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The first citation of an application of ion exchange can be found in Aristotle’s, but the ion
exchange processes became well known in the nineteenth century. In the 1930s, they were
strengthened when organic cation exchangers were discovered. Nowadays, anion exchange
resins are also commercially obtained [2].

Ion exchange is considered as an end-of-pipe technique used in wastewater and one of the best
available techniques to remove heavy metal ions, which is of a great concern due to the toxic
compounds constantly presented in bodies of water.

With such general aspects in mind, this chapter has the main goal to discuss the ion exchange
phenomenon through already published results. Theory and fundamental aspects will be
briefly revised.

Monovalent ion exchange
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Figure 1. Cationic exchange examples. IE™ is the ionic exchanger charge. A is the balancing cation, B is the monovalent
counter ion, and C is the divalent counter ion.

2. General theory

Ion exchange is generally controlled by diffusion, a consequence of the material structure. Ion
exchange framework, size of the beads, and any other physical chemistry characteristics have
important roles in this process. Nevertheless, in all cases, it is accomplished by transfer of ions
to and from the interphase boundary, the exchange itself followed by the diffusion of the ion
inside the solid phase and the diffusion in the surrounding solution.

Actually, the ion exchange process occurs in the following steps [2]:

1. Dissociation of the electrolytes in the bulk phase, originating the denominated counter
ion

2. Diffusion of the counter ion from the bulk phase towards the interphase film
3. Diffusion of the counter ion through the interphase film

4. Diffusion of the counter ion inside the ion exchanger
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5. Association between the counter ion and the functional group of the exchanger
6. Dissociation of the balancing ion and functional group of the exchanger

7. Diffusion of the balancing ion inside the exchanger towards the surface

8. Diffusion of the balancing ion through the interphase film

9. Diffusion and random distribution of the balancing ion in the bulk phase

10. Formation of the balancing ion complexes in the solution

Basically, the mechanism of ion exchange processes has some possible rate-controlling steps.
The most important ones are related to steps 3 and 8, 4 and 7, 5 and 6. Steps 3 and 8 deal with
film resistance and should be minimized through adequate agitation. The mass transfer in this
case is defined by the diffusion coefficients. Steps 4 and 7 are related to intraparticle diffusion
and depend on the physic-chemical properties of the system. Small particles of the ion
exchanger may decrease such resistances. Steps 5 and 6 are the ion exchange processes
properly. Almost always, the film and/or intraparticle resistances are considered the most
important rate-controlling steps. Many kinetic models take into account these characteristics.
More information regarded to kinetics can be seen elsewhere [3, 4]. The regeneration of the
saturated ion exchanger may be also modeled [5]. It must be emphasized that many models
are used to describe both adsorption and ion exchange mechanisms. Despite of the mathe-
matical similarity, the significant differences related to these mechanisms should be in mind.

Besides kinetic data, ion exchange equilibrium data are also of great value. Isotherms may be
classified in five different types [6], as shown in Figure 2.

Isotherm shapes indicate whether or not the ion is solution is preferably exchanged. However,
they provide no information on the type of exchange sites or even whether they have similar
energies. This is outstanding information as it is directly related to the ion exchange mecha-
nism. The Kielland plot is an interesting thermodynamic tool to understand such process. Ion
selectivity and the thermodynamic properties may be obtained from such data.

The Kielland plot may be obtained through log K |4 (equilibrium constant through the

balancing ion A and the counter ion B) and x,,. Linear Kielland plots are a consequence of
exchangers with only one kind of exchange site [7]. Nonlinear plots indicate different sites and
different cavities where the exchanged cation occupies different positions in the framework [6].

Although batch operations where isotherms may be obtained are rarely used in industries,
they are very common when investigating mechanisms such as the ones in equilibrium
through isotherms. Continuous systems are almost often well suited for industrial purposes
when scale-up process is needed. Continuous ion exchange uses packed beds where the mass
transfer is of great importance. As the feed solution passes through the ion exchange packed
bed, the outlet solution has different concentrations of the incoming ion as a function of time.
Plots of the ratio outlet concentration of the incoming ion/concentration of the incoming ion
in the feed solution versus time are well known as breakthrough curve. Mass balances in the
column as well as the mass transfer parameters are reported elsewhere [8,9].
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Figure 2. Ion exchange isotherms: x,,,: equivalent fraction of the counter ion in the exchanger; x,: equivalent fraction
of the counter ion in solution [6]. (a) Favorable isotherm; (b) isotherm with reversal behavior, from favorable to unfav-
orable; (c) unfavorable isotherm; (d) incomplete favorable isotherm; (e) isotherm with hysteresis.

Besides the use of adsorption models, ion exchange systems may be more correctly represented
by the mass action law (MAL). This is the most characteristic property of ion exchange and
can be used as one of the possible modeling equations. Actually, it expresses the typical double
exchange reaction where the balancing ion in the exchanger is replaced by the in-going ion

according to the stoichiometry.

MAL is based on the definition of the chemical equilibrium of the chemical reactions first
proposed by Cato Guldberg and Peter Waage in 1864. It was defined as the equilibrium
constant K, which is the relationship of the activity coefficient of reagents and products in

equilibrium at a given temperature.

If the chemical reaction presented in Eq. (1) is considered:
bB+cC —dD +eE (1)

The equilibrium constant may be written as follows:

_ L2 ]d [a.]
NTARE| @
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where a stands for the ionic activity of each ion presented in Eq. (1).

It is obvious that monocomponent ion exchange only occurs when the solid in is contact with
synthetic solutions. Other solutions, mainly wastewaters, always contain significant amount
or other ions that may be also exchanged. That is why selectivity and affinity properties of the
ion exchanger in relation to the specific incoming ion should be considered no matter if it is
continuous or batch system. Of course, in such a case, modeling is more complex. Some
examples of MAL can be seen in reference [10].

3. Ion exchangers

Ion exchangers are porous matrixes from different sources, with positive or negative excess
charge, insoluble in aqueous solutions and in many organic solvents. The excess charge of the
matrix should be compensated by the balancing ions, which may be replaced by the in-going
ion depending on the selectivity and affinity of the exchanger to the ions involved.

Mechanical resistance as well as regeneration capacity is quite important when packed beds
are considered. There are acid and basic exchangers being the anionic exchangers that have
basic superficial groups and cationic exchangers those containing superficial acid groups.
Exchangers may be also classified according to complete or incomplete dissociation based on
the pH range where the exchange process is efficient.

Ion exchangers can be natural such as alginate, clay, algae, or even some zeolites. Alginate
occurs in seaweeds as calcium alginate and is present in the cells of brown algae. Actually, the
term alginate designates salts of alginic acid and its derivatives.

Clays are fine powders constituted by hydrated aluminosilicates that often tend to agglomer-
ate. In clay materials alumina is presented in octahedral form whereas silica is found as
tetrahedrons. Such materials are thermally stable and can be greatly improved by pillaring
process. Zeolites are also aluminosilicates. Nevertheless, they have an open three-dimensional
framework with interconnecting cavities. Both materials can be used as adsorbents, ion
exchangers, catalysts, or catalysis support.

Natural exchangers have some disadvantages such as low exchange rate and rather poor
mechanical properties and low abrasion resistance, which restrict their application, mainly in
packed beds without any previous treatment.

Exchangers obtained specifically from synthetic materials are available commercially being.
Zeolites and resins are the most famous representatives of such class. Many zeolites are related
to cationic exchange process. Nevertheless, zeolites can act as anionic exchangers if tailored.

Resins are known since 1935. They can be used as ion exchangers or catalysts. Ion exchange
resins may be found as in acids and bases, acting, therefore, as anionic or cationic exchangers.
Cationic resins generally contain sulfonic acid groups, whereas anionic resins are commonly
found in quaternary ammonium groups.
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4. Experimental results of ion exchange

4.1. Case study: Metallic ion in calcium alginate biopolymer

4.1.1. Copper kinetics study of calcium alginate particles in a static system

Calcium alginate biopolymer was prepared by dropping sodium alginate into solution of
calcium chloride (3% w/w) under continuous agitation. Calcium alginate particles formed
(mean diameter, 1083 um) were washed and dried to be used in adsorption/ion exchange
experiments [11].

Kinetic studies were carried out using single nitrate solutions of Cu*, Cd*, Pb*, and Ni** of 3
mmol/L (Vetec, Brazil) and a bicomponent equimolar solution of Cu*’and Cd* (1 mmol/L for
each metal). Values of pH were corrected using NH,OH and HNO;.

All runs were conducted in finite baths at 25°C using 1 g of alginate immersed in 0.1 L of
metallic solutions. Samples of these solutions were taken at different running times, and after
tiltration, the concentration of solutions was analyzed through atomic absorption spectropho-
tometry.

Mathematical modeling of the ion diffusion process in ion exchanger provided relevant
information on mass transfer that is essential to the ion exchange/adsorption system design.
The diffusion process in a solid matrix was described for the second Fick’s law. In the spherical
coordinate system, the concentration gradients are negligible in the angular direction, and the
second Fick’s law is represented by Eq. (3):

oq 10 oq
Ad_p 29 ,%
or ey a(rarj ©)

where g is the ion capacity in ion exchanger (mg/g), D, is the ion diffusion coefficient in the
adsorbent/ion exchanger (cm?/s), t is time (s), and r is the radial direction (cm).

In this modeling, it was considered that the adsorbent was initially free of metal, the ion
diffusivity was constant, the concentration in the fluid phase was homogeneous, and external
resistance in the liquid film was negligible due to the agitation. The initial and boundary
conditions used are described by Egs. (4)—(6):

att= 0:9=gq, (4)

atr=Randt> 0:q= 0 (5)
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atr= 0%20 (6)
or

The average concentration of the metal ion exchanger is given by Eq. (7):

7() -0 _ < ( 1 ey].poMJ -

qO T qeq j=1 7/]2

where

D .t .
Fo = Ré V=T

where y is the j component of the activity coefficient, D,;is the effective diffusivity (m?/s), and
R is the radius of the particle (m).

The metal concentration in the fluid phase is obtained from an overall mass transfer balance,
represented by Eq. (8):

C(t)=(C,V-mg(t))/ Vv ®)

where C, is the initial concentration of metal in the fluid phase (mg/L), g is the metal incoming
average capacity in the adsorbent (Mg et/ aiginate), 11 is the mass of bioadsorbent/ion exchanger
(g dry basis), and V is the volume of the solution (dm?).

The method “golden search” was used to determine the effective diffusion coefficient of ions
in bioadsorbent/ion exchanger to minimize the objective function given by Eq. (9):

n

2
Ry =2 -c™) ©)
=1

where 7 is the number of experimental data, C*" is the ion concentration in solution deter-
mined experimentally (mEq/L), and C}*°": ion concentration in the solution calculated by the
model (mg)

Figure 3 shows experimental results of the kinetics of the process and results obtained with
the mathematical modeling for different metals in this study. The metal ions nickel, lead, and
copper showed adsorption and desorption, indicating the competitiveness of metal ions (with
calcium present in alginate) by the occupation of the active sites. The model used does not
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consider this competitiveness, but only the adsorption of the ions of interest, resulting in
slightly different values when compared to the experimental data.

Table 1 shows the quantities of metal ions removed from the single solutions by
adsorption/ion exchange process. It appears that nickel was less adsorbed (0.92 mmol Ni/g_,cium
alginate) iN €quilibrium. Indeed, alginic acid has a greater affinity for calcium than for nickel [12].
In a study of removal of different metals using calcium alginate, it was obtained the following
amounts adsorbed: 0.247 mmol Cu/g, 0.138 mmol Cd/g, and 0.247 mmol Pb/g [13]. Although
the conditions used were different from those used in this work, it can be seen that the alginate
showed the same order of adsorptive capacity, or Cu?* > Pb* > Cd?; in the case of this study
(Table 1), it was Cu?* > Pb?" > Cd?* > Ni*.
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Figure 3. kinetic curves for different metal ions in monocomponent solutions for the adsorption/ion exchange into cal-
cium alginate particles.

Copper Cadmium Nickel Lead
4.658 1.792 0.987 3.106

Table 1. Adsorbed amount (MmOl e/Zaginate) Of different metals in the process of adsorption/ion exchange using single
solutions.

The results obtained in finite bath for copper-cadmium binary mixture are shown in Figure
4. It is observed that copper was significantly more removed than cadmium. The adsorbed
amount of copper and cadmium was 1.746 mmol Cu/g.icium aiginate aNd 0.661 mmol Cd/g,1cium
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alginater TESPeECtively. The greater affinity of calcium alginate to copper may be due to the chemical
parameters listed in Table 2. The higher the electronegativity and the reduction potential and
the lower the ionic radius, the easier the ion exchange/adsorption [14]. In this case, copper is
more susceptible to ionic interaction with the alginate than cadmium because it presents all
the favorable parameters to the ion exchange.
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m Cu
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Figure 4. Kinetics of copper and cadmium in binary solution in the adsorption/ion exchange by calcium alginate
particles.

Copper Cadmium Lead Nickel Calcium
Atomic mass (g/mol) 63.546 112.411 207.200 58.710 40.080
Electronegativity 1.9 1.7 1.8 1.8 1.0
Ionic radius (A) 0.73 0.97 0.132 0.69 0.99
Chemical reduction potential (V) 0.34 —0.40 -0.13 -0.23 -2.68

Source: reference [11].

Table 2. Chemical properties of divalent cations.

The diffusion capacity of the metal ions in the alginate particles analyzed was evaluated
considering the Fick’s law, and the respective values are shown in Table 3. It is observed that
the cadmium showed higher diffusion capacity, and nickel is the metal resulting in an
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increased resistance to intraparticle diffusion; thus, the metal adsorption order was Cd* >
Cu® > Pb** > Ni*". However, experimental results obtained with single and binary solutions
were Cu?*>Pb*>Cd*>Ni* and Cu* > Cd?*, respectively, indicating that this parameter cannot
solely describe the metal affinity of alginate. Therefore, it becomes necessary to evaluate other
properties of the ion exchanger/adsorbent.

Metal Diffusion capacity (cm*min)
Copper 7.44E-06
Cadmium 8.38E-05
Lead 2.19E-06
Nickel 4.57E-07

Table 3. Diffusion capacity of metal ions in calcium alginate.

4.1.2. Copper equilibrium study of calcium alginate particles in a static system

The isotherm of Langmuir model (L) is widely used due to its simplicity and theoretical basis
and is expressed by Eq. (10). The parameter b is the ratio between the rate of adsorption and
desorption and is directly related to Henry’s constant. High values of b indicate high affinity
of the ions by the active sites of the material. The parameter g,,,, indicates the total number of
active sites available, and g* and C* represent the metal removal capacity at equilibrium in the
solid and liquid phases, respectively. Adsorption is very favorable when values of b.C* >> 1;
however, if b.C* < 1, the isotherm is almost linear.

_qmax'b'c*

10
1+b-C* (10)

q*

The Freundlich isotherm is an empirical adjustment of a model, which considers that the
energy of the active sites of the adsorbent material is heterogeneous and that the adsorption
process is reversible. It corresponds to the exponential distribution heats of adsorption and is
expressed by Eq. (11), where k; and 7 are constants in the model. This model does not predict
the saturation of the adsorbent, allowing an infinite number of layers covering the ionic
adsorbent [15]. When n <1, it is typically a liquid adsorption [16].

gt =k, -C*" (11)

Figure 5 shows the equilibrium data in finite bath by contacting 1 g of hydrated alginate with
100 mL of metal solution with different initial concentrations [11]. The Langmuir isotherm
model (Equation 10) and the Freundlich model (Equation 11) were fitted to the experimental
equilibrium data as shown in Figure 5, and the respective values of model parameters are
presented in Table 4.
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Figure 5. Cu adsorption isotherm in calcium alginate fitted by the Langmuir and Freundlich models.

Tmax (M/8) b (mg/L) R?
Langmuir

2.8323 0.3977 0.9623

kg n R?
Freundlich

1.8269 0.2924 0.9739

Table 4. Parameters of Langmuir and Freundlich models.

According to Table 4, both models could satisfactorily adjust the equilibrium experimental
data for copper ions. The isotherm obtained in Figure 5 can be classified as type I [17], which
is characteristic of the Langmuir isotherm where adsorption occurs only in monolayer.
Moreover, these models have also been adequately used to describe the process of removing
metal ions using calcium alginate (Ca-Alginate) particles [18,19].

In the ion exchange process involving the binary system of copper and cadmium ions in
calcium alginate (systems Cu*-Ca*, Cd**-Ca*, and Cu*-Cd?*), it was considered only the
presence of the higher affinity ion, or for the Cu?*-Ca** system, only the presence of Cu* species,
for Cd*-Ca*system, the presence of Cd* species, and for the Cu*-Cd* system, the presence
of copper [11]. Many single adsorption isotherms were evaluated for the binary systems, as
shown in Table 5 and in Figure 6.
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Model Parameters Equation
: qmax ) b ' C *
Langmuir -~ =T p
Freundlich Jrmaxe 1 q*=ky-C*"
. qmabe 2
Redlich-Peterson Gmaxe U 11 gr=——"r
1+bC*"
G C ¥ D"
Toth e D 11 . W
q q (1 +pC* )1
qmaxc * b
Radke-Praunitz Gmaxe 0, 11 g =
(1+BC*)"
bC*"
Sjps Gumaxs b, n * qmaxi
1+bC*"

Table 5. Adsorption isotherm models used for the binary system by considering only the presence of the ion of higher
affinity.

Model Parameters F,; R?

max (MEQ/g) = 14.540
Langmuir o (MEQ/B) 0.069 0.990
b (L/mEq) =0.139

K (mEq/g) =2.020
Freundlich 1.054 0.982
n=0.658

qmax(mEq/g) =20.7841
Redlich-Peterson b(L/mEq) = 0.091 0.56198 0.991
n=1.1331

qmax(mEq/g) =13.207
Toth b(L/mEq) = 0.108 0.566 0.990
n=1.1455

Imax(mEq/g) = 40.555
Radke-Prausnitz b(L/mEq) = 4.677 0.549 0.991
n=2.139

qmax(mEq/g) =25.332
Sips b(L/mEq) = 0.077 0592 1058
n=0.847

Table 6. Parameters obtained for the single component isotherm models for the system Cu*—Ca*.

All models resulted in satisfactory determining coefficient values (R?), indicating proper fit to

the experimental data (Table 6).



lon Exchange Fundamentals and New Challenges
http://dx.doi.org/10.5772/60864

The Sips model was successfully used to represent the removal of copper and cadmium ions
in Ca-Alginate particles, mainly when compared to Langmuir and Freundlich models [19]. It
happened due to the heterogeneity of the surface of the adsorbent, especially for metals of
lower-affinity with the alginate.

Although in the system involving the Cd**-Ca* ions, experimental data have been acceptable
adjusted, the interference of calcium on Cd*-Ca* system was higher when compared to Cu**-
Ca?'system, indicating that the alginate had a higher affinity for copper than for cadmium
[11,20].
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Figure 6. Cu*" adsorption isotherms for Ca-Alginate system (a), Cd-Alginate system (b), and Cd*" adsorption isotherms
for Ca-Alginate system (c) in monocomponent system [11,20].
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4.1.3. Copper removal in dynamic system: adsorption and desorption cycles

The study of removing copper ions in the calcium alginate particles porous bed column was
assessed through adsorption and desorption cycles. The experiments were performed in a
glass column (internal diameter, 1.4 cm) filled with 9.80 g of calcium alginate particles to reach
a bed height of 13.3 cm. Flow tests were performed with 3 mL/min for adsorption and
desorption cycles. The initial concentration of copper used in the adsorption step was 4.72
mmol/L. In the desorption step, calcium chloride solution with a concentration of 18 mmol/L
was employed as eluent. The amount of copper removed in the column experiment was
calculated by the Eq. (12). The experimental conditions were defined from fluid dynamic
preliminary studies.

c,F tfc,-C
- : dt 12
= 1000m !( C, J (12)

where C, is the initial concentration of metal (mmol/L), C(t) is the metal concentration at time
t (mmol/L), F is the volumetric flow of the solution (mL/min), m is the mass of alginate (g), Q
is the metal removal capacity at time ¢ (Mgcat/Spicadsorvente), AN £ is time (min).
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Figure 7. Kinetics of adsorption of copper ions in porous bed (Initial copper concentration 4.72 mmol/L).

Aliquots were withdrawn periodically, and the pH of feed metallic solution was moni-
tored throughout the process, which was maintained between 4 and 4.5. The copper removal
kinetics is shown in Figure 7. From the breakthrough curve, the complete saturation of the
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bed was reached at 140 min of process. The total amount of copper removed given by Eq.
(12) was 2.83 mmol/g.

Copper was desorbed from alginate employing calcium chloride solution with a concentration
of 18 mmol/L. Initially, it is known that alginate has a greater affinity for copper than the
alginate. However, when alginate is saturated with copper ions and comes into contact with
a solution containing a high concentration of calcium, copper alginate may desorb ions and
adsorb calcium ions to achieve chemical equilibrium. However, in this case, which the ions
being adsorbed has a lower affinity, the process occurs only when calcium is present in solution
at high concentrations. The kinetics of this process step is in Figure 8. The flow rate used, as
well as in adsorption cycle, was 3 mL/min. The calcium alginate recovery was 97%. The
equilibrium time of the desorption system was close to 150 min.

90

80 1 -

60

50 ~

C/Co
B
(e ]

|

20 ~

150

t (min)

300

Figure 8. Kinetics of copper desorption in bed of porous calcium alginate particles.

4.2. Case study 2: Equilibrium and dynamic studies of Mn** and Cr** in bone char

It is already known that metal ions, like manganese and chromium, when present in waste-
waters may contaminate the environment if not adequate treated. In particular, high concen-
trations of manganese ion in water promote corrosion of pipes, and as this metal is toxic to the
brain, it may cause neurological disorders. The hexavalent chromium ion is another highly
toxic metal present in wastewater, which is related to cancer diseases. The trivalent chromium
specie is less toxic than the hexavalent one, and it can be easily oxidized in wastewater
treatment through reduction of manganese ions. The removal of these metals from wastewater
can be carried out by adsorption/ion exchange processes using bone char [21].
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Bone char is an untypical kind of activated carbon due to its animal origin. It is com-
posed by around 10% carbon and 90% calcium phosphate. Figure 9 illustrates the bone char
structure. The calcium phosphate in bone char is present as hydroxyapatite—
Ca,((PO,),(OH), [22] with a calcium-to-phosphate ratio of 1.67, and unit cell dimensions of
a=b=9432 A and ¢ = 6.881 A [23].

Figure 9. The hydroxyapatite structure viewed along the c-axis. The yellow polyhedrons represent the phosphate
groups [23].

Cation exchange in bone char may occur preferentially with calcium ions, depending on radius
and electronegativity of the incoming ion [24]. Under this consideration, bone char can be quite
useful material to be used for removal of both Mn?* and Cr** through calcium ion exchange.

4.2.1. Materials

The bovine bone char was crushed, sieved (20-28 mesh Tyler, average particle diameter of
0.725 mm), and elutriated with abundant water to remove fine particles and finally dried at
80°C for 24 h. The exchanger particulate material was characterized through N, adsorption,
scanning electron microscopy (SEM), and infrared spectrophotometry (FTIR). Zero point
charge (ZPC) was obtained based on references [25, 26].

Solutions of 15 mEq/L of CrCl;.6H,O and MnCl,.4H,O were used in single metal removal.
Binary solutions containing 7.5 mEq/L of each cation were also used.

4.2.2. Results and discussion

N, isotherm showed that the bone char was predominantly mesoporous material with
hysteresis and a BET area of 100 m?/ g, which is a typical for this kind of solid material
(Figure 10).

Scanning electron microscopy (SEM) of the bone char sample (Figure 11) presented heteroge-
neity morphology of particles and channels similar to results already reported [27].

FTIR spectrum presented in Figure 12 depicts a characteristic band at 1380 cm™ attributed to
YNO; group, bands at 3450 cm™, 603 cm™ due to —OH group vibration, band at 1640 cm™ due
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Figure 11. Micrograph obtained by SEM of the bone char.

to CO; 7, and a band at 1038 cm™! attributed to the molecular vibration of PO,* [22]. The
balancing cations of such groups may be exchanged when in contact with electrolyte solutions.

The superficial zero point charge (ZPC) was pH 7.9. As the pH values solutions was 5-6, the
surface charge was predominated by positively charged =CaOH," and neutral =POH? sites.
The surface charge was then positive [28].
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Figure 12. FTIR Spectrum of the bone char samples.

Single and bicomponent isotherms were obtained at 25°C, 30°C, and 40°C. Although bone char
is a typical ion exchanger, ions may be also retained by adsorption mechanism. Actually, it is
difficult to find out an equation that presents, mathematically, the contribution of all phe-
nomena involved. Classical adsorption equations such as the Langmuir, Freundlich, and
Langmuir-Freundlich models are commonly used [2].

Single isotherms are shown in Figure 13. Chromium isotherms are more favorable than the
manganese ones. This can be seen through the steeper shape and higher amounts of ion
retained, which is a consequence of higher ion charge and electronegativity [24].

Temperature seemed to have a higher influence in chromium removal when temperature
was increased to 40°C. Probably, a reduction of the hydration radius occurred exposing the
electronegativity and promoting the exchange process. According to the amount retained
observed qualitatively in all temperatures, the selectivity order is Cr** > Mn*".

Cr** and Mn* ions may be located in site II, at the edge of the hydroxide channel of the
hydroxyapatite. In site II, there would be a shift of the ion. In site I, Cr** and Mn** ions would
be compressed within the local cluster.

The ion exchange process may be expressed as follows [24]:

CaHOAP + Mn* = MnHOAP + Ca*
3CaHOAP +2Cr™ = Cr, (HOAP), +3Ca™
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Due to pH < ZPC, replacements below may also happen:

=POH’+ Mn*= =POMn"'+ H*
=POH’+ Cr®= =POCr*?+H"

Moreover, besides the ion exchange, the multilayer adsorption may occur as the typical plateau
of ion exchange monolayer is not seen in the isotherms. In agreement with such phenomena,
experimental data may be better represented by the Langmuir-Freundlich isotherms [29].
Tables 7 and 8 show such results.

Parameter il ¢ e
Langmuir

Grnax 0.885 + 0.073 0.986 + 0.036 0.962 + 0.076

B 0.495 +0.136 0.539 + 0.066 1.258 +£0.523

R? 0.9136 0.9787 0.8199
Freundlich

k; 0.301 +0.017 0.342 +0.013 0.472 +0.023

N 0.446 + 0.033 0.446 +0.023 0.367 + 0.029

R? 0.9736 0.986 0.9698
Langmuir-Freundlich

Grnax 1.341 £ 0.573 1.435 +0.395 1.796 + 0.687

B 0.279 + 0.144 0.321 +0.112 0.281+£0.138

1/n 0.643 + 0.159 0.714 +0.141 0.700 + 0.134

R? 0.996 0.993 0.995

Table 7. Equilibrium parameters for manganese ions.
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Parameter il ¢ 10
Langmuir

Tomax 1.507 +0.082 1.305 + 0.097 1.836 + 0.066

B 0.287 +0.033 0.450 + 0.087 1.090 +0.121

R? 0.9772 0.9217 0.9612
Freundlich

k; 0.381+0.011 0.444 +0.019 0.897 + 0.020

N 0.531 +0.020 0.452 +0.031 0.408 + 0.019

R? 0.9886 0.9627 0.9678
Langmuir-Freundlich

Timax 1.792 £0.216 1.263 +0.589 3.789 +0.013

B 0.261 + 0.036 0.503 +0.029 0.318 + 0.145

1/n 0.779 £ 0.052 0.871 +0.049 0.571 +0.091

R? 0.987 0.989 0.983

Table 8. Equilibrium parameters for chromium ions.

The binary isotherms are shown in Figure 14. As expected, chromium is again more retained,
although the shape of the isotherms is completely different. This is a consequence of compe-

tition of both ions for site II.
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Figure 14. Isotherms for Mn?'/Cr* binary system in bone char.
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Again, the Langmuir-Freundlich model was the one that best represents bicomponent
exchange in bone char sample, as seen in Table 9 with the lowest objective function. The
parameter b; for the bicomponent adjustment for the Langmuir-Freundlich model is lower
than the ones estimated for the single isotherms due to the competition to site II. Nevertheless,
Jmax are much higher than the single values, indicating a physisorption process where more
ions are retained with weaker energy.

25°C 30°C 40°C

Parameters
Extended Langmuir [30]

b, (L/mEq) 2.597 0.993 3.000
b, (L/mEq) 0.925 0.102 0.007
Jm (MEq/g) 2.914 2.097 2.184
dm2 (MEq/g) 0.967 4.121 39.644
Objective function 1.880 1.550 4.287

Jain and Snowyink [31]
b, (L/mEq) 130.1 11.542 16.16
b, (L/mEq) 71.19 0.211 0.047
Jm (MEq/g) 1.222 1.015 1.303
Jm2 (MEq/g) 0.606 2.304 5.565
Objective function 1.183 0.317 1.658

Langmuir-Freundlich
b, (L/mEq) 0.296 0.178 0.251
b, (L/mEq) 0.394 0.053 0.026
1 0.260 0.297 0.203
1, 0.370 0.550 0.828
Jm (MEq/g) 5.775 6.324 6.045
Jm2 (MEq/g) 1.592 7.192 10.931
Objective function 0.241 0.148 0.374

Cr?" = subscript 1; Mn* = subscript 2.

Table 9. Model parameters for Mn?/Cr* binary system.

4.3. Case study 3: Dynamic ion exchange in multicomponent solution

Zeolites NaY and NaX are well-known ion exchangers. In this study, these zeolites were used
for chromium uptake from bicomponent solutions. As it will be seen, multicomponent ion

239



240 Mass Transfer - Advancement in Process Modelling

exchange in dynamic systems may provide some overshooting (C/C,>1) related to a sequential
ion exchange, where a more preferable cation with lower diffusion will be exchanged not by
the balancing ion but by the competing ion previously retained [32].

4.3.1. Materials and methods

NaY has the unit cell composition of Nas;(AlO,)s;(S5i0,) 4, on a dry basis, and a cation exchange
capacity (CEC) of 3.90 mEq/g NaX zeolite has a unit cell composition of Nag;(AlO,)s,(510,)111,
which corresponds to a higher cation exchange capacity of 5.96 mEq/g.

First, the zeolite samples were added to 1 mol/L solution of NaCl four times at 60°C under
stirring. Samples were then washed at the end of each addition with 2 L of hot deionized water
and finally oven-dried at 100°C. Such procedure aimed to originate a homoionic sodium
zeolite. Samples were pelletized (average diameter size of 0.180 mm).

Reagent-grade CrCl; 9H,0, MgCl, 6H,0, CaCl, 2H,0O, and KCIl were used to obtain binary
solutions, always containing chromium and another cation in an equivalent ratio of 1:1. The
concentration of chromium solution was 18 mg/L..

The dynamic runs were conducted in a packed bed of a clear glass tube 0.9 cm ID and 30 cm
long. The zeolite pellets were located in the middle of the column that operated isothermally
at 30°C. The packed bed was composed of 1.60 g of NaY or 1.04 g of NaX in order to provide
the same cation exchange capacity, whereas the system was fed at 9 mL min™ of ion solution.
Although the packed bed heights were different for NaY and NaX zeolites, experiments
conducted with the same cation exchange capacity will generate results to compare the
performance of the zeolites, mainly when uptake efficiency is aimed.

4.3.2. Results of the dynamic binary runs

Breakthrough curves of metals ions in packed beds of NaY and NaX zeolites are presented in
Figures 15 to 17. In all cases, except for the Cr/Mg system in NaX zeolite, some overshooting
could be seen as C/C, reached values higher than 1. In such cases, the incoming ions were first
uptaken. As their hydrated radii are smaller than the one for chromium, their diffusion into
the zeolitic channels were improved. Rapidly, the incoming ions were exchanged. Chromium
ions are much more preferred due to the trivalent charge, and after reaching the exchanging
sites, they could replace the ion previously retained.

Besides the sequential ion exchange, it is also important to emphasize the influence of the ion
exchanger. NaY and NaX zeolites are isomorph materials, and the only difference between
them is the charge density in the packed bed. Denser sites of NaX may promote higher
attraction with electrostatic instability due to repulsion of ions closely attracted. As a conse-
quence, the ratio of chromium uptake up to its breakpoint time (tb)/cation exchange capacity
(CECQ) is less retained than in NaY system, as it can be seen in Table 10.
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Figure 17. Breakthrough curves for the Cr-K competitive system: (a) NaY and (b) NaX.
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System usr/Cec System usr/CEC
Cr-NaY 0.69 Cr-NaX 0.71
Cr/Mg-NaY 0.54 Cr/Mg-NaX 0.27
Cr/Ca-NaY 0.51 Cr/Ca-NaX 0.31
Cr/K-NaY 0.66 Cr/K-NaX 0.41

Ut%r / CEC-= ratio of chromium uptake up to chromium breakpoint time (tb) and the cation exchange capacity of the

column.

Table 10. Amount of chromium ions retained up to the breakpoint of 5% of the feed concentration.

5. General conclusions
Ion exchange is a much more complex phenomenon than adsorption as many ion exchangers
may also act as adsorbents, increasing the difficulty in understanding the sorption removal.

Moreover, electrolytes add complexity in fluid phase and also in the solid phase. Ion charges
and hydration energy of the incoming ions as well as charge density of the ion exchanger are
undoubtedly factors that deserve detailed investigation, mainly for scaling-up proposals.
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