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ABSTRACT

In this study, the adsorption equilibrium and kinetics of divalent cations were studied to
describe transport phenomena occurring in an electromembrane process. The adsorption
isotherms of divalent cations over cation-exchange resins were fitted to the Langmuir and
Freundlich isotherms. Adsorption equilibrium experiments of divalent cations showed the
preferential adsorption between adsorbent and adsorbate and Ca** showed about five times
higher adsorption capacity than Mg”*. Adsorption kinetics was studied using the reversible
first-order model and the forward and reverse reaction rate constants were estimated for
divalent cations adsorption. The forward reaction rate constants for the removal of divalent
cations were much higher than the reverse reaction rate constants, indicating that the rate
of adsorption was dominant in ion-exchange process. In this study, the higher removal effi-
ciency of Ca”** than Mg®" in an electromembrane process could be understood by the

adsorption equilibrium and kinetic study.
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1. Introduction

Hardness ions represent the contents of cations
such as iron, manganese, calcium, and magnesium in
water. They are responsible for the formation of
deposits and degradation of soap by the reaction with
soap anions or precipitation in forms of sulfates or
carbonates in many effluents [1-3]. Among hardness
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ions, calcium (Ca®*) and magnesium (Mg>") are
known as dominant species.

Various methods have been widely applied as a
means of effective water softening to remove divalent
ions, as follows: chemical precipitation, ion-exchange
process, nanofiltration, reverse osmosis, and electro-
membrane process [4,5]. In case of the chemical
precipitation, the choices of additional chemicals are
restricted for the purpose of drinking water [6-8].
Among water softening processes, ion exchange has
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been broadly used due to ease of operation and
high-removal efficiency [9,10]. However, high concen-
tration of monovalent cations releases during the
ion-exchange process, which may result in harmful
effects on environments and the periodical regenera-
tion of resins requires when the ion-exchange capacity
becomes saturated. Therefore, a cost effective and low
energy consuming electrochemical method has been
forced on water softening process. Among water
softening processes, electromembrane processes such
as electrodialysis and electrodeionization have been
studied as an alternative of ion-exchange process.

Electrodeionization, an electromembrane process
combining electrodialysis and ion-exchange process,
has been considered one of the potential methods for
removing hardness materials without periodic regen-
eration of resins [11,12]. Like electrodialysis, anion-
and cation-exchange membranes are arranged in
alternating series with compartments forming between
the cathode and anode and packed ion-exchange res-
ins. A feed solution is pumped through the dilute
compartment and an electrical potential is applied
between two electrodes, then positively charged
cations migrate toward the cathode and anions toward
the anode. The overall result is an increase in ion
concentration in alternate compartments and the
simultaneous depletion of ions in dilute compartment
[12-14].

In the previous studies, electrodeionization showed
the high transport rate and the removal efficiency of
Ca”" was higher than that of Mg®". The results can be
understood by the different sorption equilibrium and
kinetics of cations [15-17]. The objective of this study
is to investigate the adsorption equilibrium and kinet-
ics of divalent cations occurring on ion-exchange res-
ins and to describe transport phenomena in
electromembrane processes. In this study, the adsorp-
tion equilibriums (Freundlich and Langmuir sorption
isotherms) were considered using the relationship
between adsorbed amount on the adsorbent and the
concentration in the fluid. In addition, kinetics of
adsorption describing the solute uptake rate was stud-
ied as one of the important characteristics defining the
efficiency of sorption.

2. Experimental

In this study, Amberlite IR 120Na (Rohm and Hass
Co., USA) was used as cation-exchange resin. The
resin has a polymeric matrix of Styrene DVB copoly-
mer with functional group of -SO; and the total
exchange capacity of above 2.0 meq/mg [3]. The dried
material at 105°C was used for further experimental
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works. For the adsorption equilibrium studies, cation-
exchange resin was taken in different glass bottle con-
taining different concentrations of divalent cations.
The bottles were stirred thoroughly in a temperature-
controlled shaker for 24 h at room temperature. Dur-
ing the equilibrium experiment, stirring speed set to
70rpm and 20°C. Solution was sampled periodically
for the divalent cation analysis.

In addition, kinetic study was conducted at 20°C in
a well-mixed glass bottle with a cover. The stirring
speed was at 70 rpm to maintain resin particles in sus-
pension. Solution containing 10-200mg/L of divalent
cations (Ca®* and Mg”*) was prepared using stock
solutions of Ca(Il) chloride, Mg(Il) sulfate prepared
with Milli-Q water (18 MQ). All reagents used in this
study were of analytical reagent grade. The prepared
feed solution was injected into the unit cell by a Cole-
Parmer Masterflex” pump (Barrington, IL).

Ionic species were analyzed using the ion chroma-
tography (DX-120, DIONEX, USA) with AS40
autosampler and a standard conductivity cell. Cation-
exchange CS12A column with a guard column CG-12
was used to measure Ca®* and Mg?**. Eluent was pre-
pared with 18 mM methanesulfonic acid and pumped
at the flow rate of 1.0 ml/min.

3. Results and discussion
3.1. Adsorption isotherm

In general, adsorption isotherm experiments are
usually done to measure the effectiveness of adsorp-
tion for removing specific adsorbates as well as to
determine the maximum adsorption capacity [18,19].
Several models have been used in the literature to
describe the experimental data of adsorption iso-
therms. The Langmuir and Freundlich models are the
most frequently employed ones [20-22].

Fig. 1 shows the adsorption isotherm of divalent
cations on the cation-exchange resin (Amberlite IR120)
in the solution containing different concentrations
(10-200mg/L) of Ca** and Mg”>* at 20°C. In the
adsorption isotherm, divalent cations adsorption
increased with increasing concentration of the adsor-
bate. In addition, the adsorption of Ca** was higher
than that of Mg>* shown in the figure.

In this study, the Langmuir and Freundlich
adsorption isotherms were considered to describe ion-
exchange behaviors of divalents on cation-exchange
resins. Of adsorption isotherms, the Langmuir iso-
therm model is valid for monolayer adsorption on to
the surface containing finite number of identical sorp-
tion sites. The Langmuir equation relates solid-phase
adsorbate concentration (g,) to the equilibrium liquid
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Fig. 1. Adsorption of Ca and Mg on the cation-exchange
resin.

concentration (C,). In order to explain the adsorption
mechanism of Ca and Mg over cation-exchange resins,
the data were fitted to the Langmuir model i.e.,

_ QO bC,

T =17 bC, W

where Qp (mg/g) is the maximum amount of adsor-
bate per unit weight of adsorbent to form a complete
monolayer on the surface and b the Langmuir constant
(L/mg) related to the affinity of the adsorption sites.
The equation can be rearranged to linear form for
determining the Langmuir constants as follows:

1 1 1 1
= 4 2
e QObCe QO

Fig. 2 shows the linear relationship between 1/4, and
1/C, for various initial concentrations using Eq. (2),
indicating the applicability of the classical adsorption
isotherm to this adsorbate-adsorbent system.

The Freundlich sorption isotherm is empirical
equation based on sorption on heterogeneous surface,
which is expressed as follows:

e = KFCen 3

where Ky and n are coefficient, g, and C, are the
weight adsorbed per unit weight of adsorbent and
adsorbate concentration at equilibrium, respectively.
The relation between g, and C, is given by:

Inge =nInC, + InKr 4)

where the intercept, In Kf, is a measure of adsorbent
capacity and the slope (1/n) is the sorption intensity
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Fig. 2. Langmuir isotherm of Ca (a) and Mg (b).

[19]. In the Freundlich isotherm of Ca** and Mg**
shown in Fig. 3, the plot of Ing, and InC, for various
initial concentrations showed linear relationship and
the coefficients Kr and n were estimated using Eq. (4).

Table 1 shows the values of adsorption isotherms
with correlation coefficient (). In the Langmuir iso-
therm of Ca®* and Mg”* over cation-exchange resins,
the values of Qp and b was estimated to 32.36 mg/g
and 0.24 L/mg for Ca®*, much higher value than Mg**
(7.23mg/g and 0.12L/mg). In addition, the adsorp-
tion capacity of Ca** in the Freundlich isotherm were
found to be 5.43mg/g, about five times than that of
Mg2+ (1.19 mg/g). The higher value for Kr indicates
the higher affinity during the adsorption of ion-
exchange resin. Also, the adsorption intensities (1) of
Ca** and Mg?** were found 0.87 and 0.95, respectively,
implying the preferential adsorption between
adsorbent and adsorbate [19]. From the result, the
adsorption capacity of Ca®* was observed to be much
higher than that of Mg®*, suggesting that that the
removal efficiency of Ca would be higher than Mg**
in ion-exchange process.
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Fig. 3. Freundlich isotherm of Ca (a) and Mg (b).

3.2. Adsorption kinetics

When any single species adsorbs on the heteroge-
neous surface, the adsorption of the adsorbate from
aqueous solution follows the reversible first-order
kinetics, when a single species is considered on a
heterogeneous surface [22,23]. Kinetics of sorp-
tion describing the solute uptake rate is one of the
important characteristics defining the efficiency of
sorption. The sorption of ions from liquid phase to
solid phase is expressed as:

Table 1
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AdLB (5)
k2

where k; and k, are the rate constants for the forward
and reverse direction reaction, respectively. The
adsorption rate can be expressed as follows:

d
d—f:h(a—x) ~fox ©)

where a is the initial concentration of ions, x the
amount transferred from liquid phase to solid phase
at any time f. The equilibrium constant, K-, can be
expressed using the concentration at equilibrium, X,,
as follows:

X Kk
Ke=_—— Xk @)
Eq. (6) can be rewritten as follows:
1 X,
k1+k2:?ll’lxe_x ®
(1= 2 = (ki ko)t ©)
x,) =tk

Eq. (9) can be written using a fractional attainment of
equilibrium of ions (U;) and the overall rate constant
(k) as follows:

In (1—U) = —(ki + ko)t = =kt (10)
k 1
k_k1+k2_k1+K1C—k1<1+KC> 1)

where U, is defined as:

Langmuir and Freundlich Isotherms of divalent cations over the Amberlite IR 120 resins

Langmuir isotherm

Freundlich isotherm

Qo (mg/g) b (L/mg) Correlation coefficient Kr (mg/g) n Correlation coefficient
Ca** 32.36 0.24 0.965 5.43 0.87 0.929
Mg** 723 0.12 0.993 1.19 0.95 0.889
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u, = X _ Cao = Can (12)
Xe  Cao) — Cage

where Cy( is the initial concentration of ion, Cu is

the concentration of ions present at any time (t), and

Ca is the concentration of ions present at equilib-

rium condition.

The adsorption kinetic experiments were per-
formed in the divalent cation concentration range of
10-200mg/L. The equilibrated concentration of Ca**
and Mg”* was plotted as a function of the contact
time as shown in Fig. 4. The concentration of Ca**
and Mg”>* decreased rapidly within initial 5-6h
and then, the adsorption is virtually completed after
6-8h.

Using the kinetic equations, the overall reaction
rate constant, the forward and reverse reaction rate
constants for a given concentration were calculated
from the plot In(1—U,) vs. time as shown in Fig. 5.
Table 2 shows the rate constants for divalent cations
adsorption using the reversible first-order model.
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Fig. 4. Adsorption of Ca (a) and Mg (b) on Amberlite
IR120 with time.
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The results showed that the forward rate constants
for the removal of divalent cations were much
higher than the reverse rate constants for the
desorption process [22]. The results imply that
the rate of adsorption is clearly dominant and the
desorption hardly takes place in the ion-exchange
process.

The rate constants of Ca®* increased with increas-
ing its concentration, whereas in Table 2 they
showed opposite for Mg>*, which is related to selec-
tivity and diffusion coefficient of divalent cations on
the ion-exchange resin. The selectivity can affect the
boundary condition at the surface of the particle res-
ins, which depends on the nature of the ion
exchange and the concentration of solutions. The
counter ion with higher adsorption capacity is taken
up at a faster rate and releases at a slow rate [24].
Calcium ion, which has much higher preference or
selectivity as presented in Table 1, showed increas-
ing forward reaction rate and decreasing reverse

reaction rate with increasing concentration. In
(a) °
0 O 10 ppm
O 50 ppm
A 200 ppm

In[1-U]

In[1-U]

Time (h)

Fig. 5. Adsorption kinetics fitted to the reversible first-
order model of Ca (a) and Mg (b).
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Table 2
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Reaction rate constant for the removal of Mg and Ca with Amberlite IR 120

Overall rate constant

Forward reaction rate constant Reverse reaction rate

Concentration (mg/L) k=ki+k, (7Y kq (Y constant k, (b1
Mg2+ 10 0.7983 0.7938 0.0045

50 0.8239 0.8202 0.0037

200 0.5187 0.4965 0.0221
Ca?t 10 0.6414 0.6271 0.0143

50 0.8254 0.8202 0.0051

200 0.8764 0.8725 0.0039
Table 3

Removal of divalent cations in the electrodeionization reversal systems

Flow rate® (ml/min)

Removal of Ca®* (%)

Removal of Mg** (%)

30 99.8
100 98.8
200 98.6
300 95.6
400 94.5
500 93.4

99.9
97.8
98.8
93.3
92.4
92.1

“Experimental condition: 20V of electrical potential, 250 mg/L as CaCOj; of hardness concentration, 20 min of the polarity reversal time [3].

addition, the overall rate constant of the ion-
exchange process can be correlated to the pore
diffusion coefficient and film diffusion coefficient.
Based on the estimated results, film diffusion is the
rate-determining step in the cation adsorption on
ion-exchange resin and overall diffusion coefficient
showed similar trend with different chromium
concentrations [22].

3.3. Relationship between divalent adsorption and the
removal of divalent cations

The removal efficiencies of divalent cations on the
electrodeionization reversal with periodical polarity
change were considered to investigate the influence of
adsorption on the removal of divalent cations. The
previous study was performed at the different flow
rates and hardness concentrations [3]. Table 3 shows
the influence of flow rate on the divalent cation
removal efficiencies. As the flow rate increased, the
removal efficiencies decreased due to shorter contact
time. As shown in the table, the removal efficiencies
were similar at low flow rates. However, Ca®* showed
higher values than Mg”* at higher flow rates.

Ca”" showed about five times higher adsorption
capacity than Mg** in Table 1. Nevertheless, the
removal efficiency of Ca®* showed higher value within
1-2%, which could be understood by that the removal

efficiency is affected by many parameters process
characteristics, operational mode, as well as adsorp-
tion capacity.

In addition, the electrodeionization reversal results
on the hardness concentration showed that Ca**
showed higher removal efficiency. At the electrodeion-
ization reversal experiment of high hardness concen-
tration (630 mg/L as CaCO3), the removal of Ca* was
84.5%, while that of Mg®* was 81.3%. Through the
study, the results of adsorption equilibrium and
kinetic study could explain the higher removal effi-
ciency of Ca”" in the electrodeionization process.

4. Concluding remarks

In this study, the adsorption equilibrium and
kinetics were studied to describe transport phenomena
occurring in an electrodeionization process. The
adsorption isotherms of Ca** and Mg”* over the cat-
ion-exchange resin (Amberlite IR120) showed that
adsorption amount of Ca®>* was higher than that of
Mg®*. Data obtained in the adsorption equilibrium
experiments were fitted well to the Langmuir and
Freundlich isotherms and the estimated values related
to adsorption capacity of Ca** were five times higher
than that of Mg>". The adsorption kinetic study results
showed that the forward reaction rate constants for
the removal of divalent cations were much higher
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than the reverse reaction rate constants related to the
desorption process. The results showed that the rate
of adsorption is clearly dominant and the desorption
hardly takes place in ion-exchange process.

The removal efficiency of Ca** showed higher
value within 1-2% in the electrodeionization reversal
even though Ca** showed higher adsorption capacity
than Mg?*, implying that the removal efficiency is
affected by many process parameters as well as
adsorption capacity. The study on the adsorption equi-
librium and kinetics could explain the higher removal
efficiency of Ca®* in the electromembrane process.
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