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ABSTRACT

Fluoride adsorption by modified zeolitic tuff and pozzolana was conducted from aqueous solutions
and hot-spring water. The thermodynamic parameters (AS, AG and AH) were calculated from the
sorption data obtained at temperatures between 293 and 343 K. Column experiments were carried
out using different bed depths; the breakthrough curves obtained for fluoride and arsenic ions from
aqueous solutions and natural water were fitted and indicated spontaneous and thermodynamically
favorable adsorption for fluoride and arsenic ions by modified zeolitic tuff. The sorption processes
of fluoride ions by both adsorbents are endothermic and the mechanisms are physical sorption. The
adsorption process of fluoride by modified pozzolana is nonspontaneous, and the sorption of arsenic
is endothermic. The highest uptake capacity was obtained with a 3 cm bed depth column and a flow
rate of 1 mL/min using a 5 mg/L fluoride solution; the adsorption capacities decreased with the use of

hot-spring water.
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1. Introduction

Arsenic and fluoride are found naturally in water
sources. The correlations between fluoride and arsenic
ions in arid and semiarid climates have been studied,
mainly in regions with geological characteristics that may
favor arsenic and fluoride mobilization into the environ-
ment. Fluoride-rich rocks such as fluorspar (CaF,), cryolite
(Na,AlF)), fluorapatite (Ca,(PO,),F) and sellaite (MgF,) are
sources of fluoride [1]. Arsenic is found in minerals such as
arsenopyrite (FeAsS), realgar (As,S,), orpiment (As,S,) and
arsenic trioxide (As,O,) [2]. Arsenic is present as As(III)
and As(V) in natural water, depending on the reducing
and oxidizing conditions; As(III) is much more toxic than
As(V) [3,4].

* Corresponding author.

The World Health Organization recommends maxi-
mum limits for drinking water consumption of 0.01 mg As/L
and 1.5 mg F7/L [5]. In some countries such as India, China,
Mexico, Argentina and Pakistan, both elements have been
found to coexist in some regions [6-10]. The main source
of human exposure to these elements is the consumption
of contaminated water and food. Fluoride in water causes
effects on teeth and bones, known as dental and skeletal
fluorosis [11]. Arsenic causes chronic endemic regional
hydroarsenicism (HACRE) [12,13]. Exposure to both fluoride
and arsenic pollutants causes disorders in the immune
systems of children [14].

The coexistence of the fluoride and arsenic ions in
groundwater has led to the development of technologies
to remove both ions. The adsorption technique is more
used than other techniques (coagulation, precipitation,
membranes and ion exchange) [15]. Some of the
adsorbents used for defluoridation and the removal of
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arsenic simultaneously are acid-base treated laterite [16],
freshly prepared aluminum hydroxide [17], commercially
available hydrated cement, marble powder (waste), brick
powder (waste) [18], bone char, goethite-coated sand and
hematite-coated sand [19]. There are a few studies in col-
umns about the simultaneous removal of fluoride and
arsenic ions. Ruixia et al. [20] tested the removal of fluo-
ride, phosphate and arsenate ions by a modified fiber from
water solutions. The aim of this work was to determine the
sorption properties of two modified natural materials in
batches and continuous systems from water solutions and
hot-spring water containing natural excesses of fluoride
and arsenic ions; furthermore, the thermodynamic param-
eters were evaluated in batches.

2. Materials and methods
2.1. Adsorbents and solutions

Pozzolana (PZ) was obtained from Calimaya, Mexico, and
zeolitic tuff (ZM) from Oaxaca, Mexico; they were ground and
sieved to obtain particles between 16 and 20 meshes. Solutions
of fluoride (2-25 mg/L) were prepared from NaF and deion-
ized water, and hot-spring water containing 3.3 mg F~/L of pH
6.75 was used. Arsenic solutions (0.1-20 mg/L) were prepared
from Na,HAsO, (Sigma-Aldrich, Mexico) in deionized water,
and natural water from a hot spring containing 4.65 mg As/L
was used. The pH of solutions was 6.7 for arsenic and 7.0 for
fluoride ions because, in a previous work [21], it was found
that these are the best pH values to perform the adsorption
experiments.

The materials were modified as reported elsewhere [21].
The pozzolana coated with Fe—Al hydroxides was prepared
in two steps. A mixture of Fe—Al hydroxides was prepared
by the slow addition of a 2 M KOH solution into a solution
containing equal volumes of 0.1 M FeCl, and 0.1 M AICl,
solutions under constant stirring (300 rpm) until the pH
reached 7.5. The solution was stirred for 30 min; the solid
was separated and washed with deionized water to remove
the K* and CI”ions (AgNO, test). The Fe-Al hydroxides were
left with pozzolana in deionized water for 12 h under stir-
ring. Finally, the water was decanted, the coated pozzolana
was dried in an oven at 323 K for 5 h and the sample was
labeled as PPZ.

The ZM was modified by using an electrochemical process
in two steps, iron electrodes were used in the first step and, in
the second, aluminum electrodes. The electrode dimensions
were 0.1 m long and 0.05 m wide. The electrodes had a total
surface area of 0.01 m?% the direct current power supplied
was 3 A at 13 V and had a corresponding a current density
of 625 A/m?. The modification of the material was performed
by placing 20 g of ZM in the cell with iron electrodes, 0.4 L of
deionized water acidified at pH 2 with concentrated HCl as
supporting electrolyte and 2.0 g of NaCl for 1.5 h. Then, the
iron electrodes were replaced with aluminum electrodes, and
the process was performed in the same conditions for 3 h.
Finally, the sample was washed with deionized water until it
was free of chloride ions; it was dried in an oven at 323 K for
5h, and labeled as ZME. Faraday’s law was used to calculate
the maximum amount of iron and aluminum produced in the
electrochemical process.

2.2. Specific surface areas

The Brunauer-Emmett-Teller surface area was obtained
by the low temperature N, adsorption method (BELSORP-
max, Bel, Japan). The samples were heated at 473 K for 2 h
before their determinations.

2.3. Fluoride ion determination

The concentration of F~ ions in the solutions was deter-
mined with a selective electrode for fluoride ions (Thermo
Scientific Orion 4 Star). The total ionic strength adjustment
buffer solution (TISAB III) was added to the fluoride stan-
dard and samples to control the pH and ionic strength. The
calibration curve was obtained by using fluoride standard
solutions (1.0-10.0 mg/L).

2.4. Arsenic determination

The concentration of As(V) in the solutions was deter-
mined at A = 193.7 nm through the use of an Atomic
Absorption Spectrometer Agilent 200 with a hydride system.
The calibration curve was obtained by using arsenic stan-
dards solutions (5-20 pg/L).

2.5. Thermodynamic parameters

Batch-type experiments were performed to determine
the thermodynamic parameters such as Gibbs free energy
(AG), enthalpy (AH) and entropy (AS). Centrifuge tubes
with a mixture of 100 mg of sorbent material and 10 mL
of fluoride or arsenic solutions (2-25 mg F7/L or 0.1-20 mg
As/L) were shaken at 120 rpm for 2 h at 293, 303, 313, 323 and
343 K. Subsequently, the samples were centrifuged, the lig-
uid phases were decanted and the fluoride and arsenic con-
centrations were determined by using a selective electrode or
atomic absorption spectrometer, respectively.

2.6. Adsorption from binary solutions

Batch sorption from binary solutions containing both
elements was performed by using MZE. First, a concentra-
tion of 7 mg/L of F~solution and the concentration of As(V),
which was from 0.1 to 1.0 mg/L, were used. In the second test,
the concentration of F~ ions varied from 1 to 10 mg/L, and a
1.0 mg/L solution of As(V) was used.

2.7. Sampling and characterization of natural water

The sampling was performed according to the Mexican
Official Standard [22], which indicates the procedures for
the sampling of water from supply systems for human
use and consumption. In Mexico, there are many locations
where fluoride ions are present in excess of acceptable lim-
its (>1.5 mg F/L and >0.01 mg As/L) in natural water [23]. A
hot-spring water sample was collected and characterized;
the electrical conductivity, pH, acidity, alkalinity, total
hardness, chlorides, sulfates, nitrates, fluorides, potassium,
sodium, iron and arsenic were determined by using stan-
dard methods [24].
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2.8. Continuous system

The accumulation of fluoride and arsenic in a fixed-bed
column is dependent on the quantity of the adsorbent in the
column. The adsorption process was performed in columns
of a 15 mm internal diameter, and they were loaded with 1, 2
and 3 g of MZE; the heights of the beds were 1, 1.5 and 2.2 cm,
respectively. The solution and natural water were eluted at a
constant volumetric flow rate of 1 mL/min, and the fluoride
concentrations were 5.0 and 3.3 mg F/L for the solution and
hot-spring water, respectively. For arsenic, the columns were
loaded with 0.5 and 1.0 g of MZE, and the heights of the beds
were 0.5 and 1.0 cm, respectively. The solution and natu-
ral water were eluted at a constant volumetric flow rate of
1 mL/min, and the arsenic concentrations were 2.0 and 4.65mg
of As(V)/L for the solution and hot-spring water, respectively.
The breakthrough curves were obtained by plotting the ratio
of C/C, (C,and C, are the fluoride or arsenic concentrations of
effluents and influents, respectively) against time.

3. Results and discussion
3.1. Characterization of the materials

The characterization of the adsorbents by X-ray dif-
fraction, scanning electron microscopy with energy X-ray
disperse spectroscopy analysis and the points of zero charge
(pH,,,) were reported elsewhere [21]. Oxygen, sodium, alumi-
num silicon, potassium, iron and calcium were found in the
samples. Aluminum and iron increased considerably after the
treatment of the materials (12% for aluminum in the zeolitic
material and 15% for iron in pozzolana). The diffractograms of
natural and modified zeolitic materials corresponded mainly
to sodium aluminum silicate hydrate, clinoptilolite, cristob-
alite alpha and moganite. The diffractograms showed that the
pozzolana samples contained mainly cordierite, anorthoclase,
anorthite, sodium aluminum silicate and calcium aluminum

Table 1

silicate. The pH | for the iron-aluminum modified zeolite and
pozzolana (ZME and PPZ) was 6.7 for both materials [21].

The surface area of the electrochemically modified zeo-
lite (72.84 m?/g) was higher than that of the natural material
(14.36 m?/g). These values are similar to those reported by
Macedo-Miranda [25]: 10.77 and 11.10 m?/g for two zeolites.
Teutli-Sequeira et al. [26] modified a natural zeolite using
aluminum electrodes, obtaining a surface area of 39.56 m?/g.
The surface area of the zeolite increased by about 50% after
the modification by an electrochemical process. The specific
surface area of the modified pozzolana (6.36 m?/g) was higher
than that of the natural material (1.60 m?/g).

3.2. Adsorption isotherms of fluoride and arsenic ions at different
temperatures

The data obtained at different temperatures were treated
with the adsorption models of Langmuir, Langmuir—
Freundlich and Freundlich, and the results were best fitted to
the last one by using the software Origin 8. The constants K,
and #n of the Freundlich model were calculated from the inter-
cept and slope of the linear plot of logg, vs. logC, respectively.
K, is defined as the Freundlich adsorption coefficient, which is
proportional to the adsorption capacities for fluoride or arse-
nic ions. The Freundlich constant, 1/n, provides information
about the adsorption intensity or surface heterogeneity [27].

3.2.1. Fluoride

The adsorption parameters calculated from the experimen-
tal data and Freundlich model are summarized in Table 1. The
main trend observed is that fluoride ions adsorption by MZE
and PPZ increased with the increasing temperature (Fig. 1),
which is in agreement with the results reported from the use
of other adsorbents [28,29]. The values of 1/n are in a range of
0.31-0.37 for the case of MZE-F at temperatures of 293, 303 and

Adsorption isotherms parameters of fluoride and arsenic ions by MZE and PPZ

Freundlich model ¢, =K, xC,"

Temperature (K) MZE-F PPZ-F MZE-As PPZ-As
293 K, (mg/g) (L/mg) 0.64 0.33 1.16 6.24
1/n 0.31 0.31 0.67 0.66
R? 0.99 0.94 0.98 0.93
303 K, (mg/g) (L/mg) 0.64 0.06 1.54 1.08
1/n 0.39 0.65 0.72 0.55
R? 0.96 0.75 0.95 0.98
313 K, (mg/g) (L/mg) 0.70 0.03 3.98 0.30
1/n 0.37 0.87 1.09 0.7
R? 0.96 0.96 0.99 0.73
323 K, (mg/g) (L/mg) 1.12 0.07 - 7.54
1/n 0.20 0.69 - 1.63
R? 0.81 0.77 - 0.98
343 K, (mg/g) (L/mg) 1.15 0.089 - -
1/n 0.86 0.82 - -
R? 0.95 0.95 - -
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Fig. 1. Adsorption isotherms of F~ by PPZ (a) and MZE (b) at 303,
313, 323 and 343 K fitted to Freundlich model.

313 K. At a higher temperature (323 K), it decreased to 0.20,
indicating a higher interaction of the solute and the adsorbent;
however, at 343 K, the interaction decreased (1/n = 0.86). The
value of 1/n obtained at 293 K for PPZ-F reflects a good inter-
action between the fluoride ion and the adsorbent; however, at
a higher temperature, the interaction decreases.

3.2.2. Arsenic

Fig. 2(a) shows the adsorption isotherms of As(V) by PPZ.
The adsorption capacity decreases with the increasing tem-
perature; similar results have been observed for diatomite
coated with iron oxide [30]. Fig. 2(b) shows that the adsorp-
tion of As(V) by MZE increased with increasing temperature.
The experimental data fit reasonably well with the Freundlich
model. The K. and 1/n values are highest for the adsorption of
arsenic at 313 K (7.54 mg/g and 1.63, respectively). The values
of 1/n (Table 1) suggest a weak adsorption interaction of As and
MZE or PPZ, which decreases with the increasing temperature.
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Fig. 2. Adsorption isotherms of As(V) by PPZ (a) at 303, 313 and
323 K; MZE (b) at 293, 303 and 313 K fitted to Freundlich model.

3.3. Thermodynamic parameters for the adsorption processes
of fluoride and arsenic ions

The thermodynamic parameters including free energy
(AG), enthalpy (AH) and entropy (AS) for the adsorption pro-
cesses were determined from the slopes (K,) of the adsorp-
tion isotherms (Figs. 1 and 2) at different temperatures. AH
and AS were calculated from the plot of In(K) vs. 1/T and
the Van't Hoff equation (Eq. (1)); this was performed for the
fluoride and arsenic ions [31]:

kK, =20 11,85 1)
R\T) R

where R is the wuniversal constant of ideal gases
(8.314 J/mol K) and T is the temperature in Kelvin. The free
energies of activation (AG) at different temperatures were
calculated by Eq. 2 [32]:

AG = AH - TAS @)



G. Viizquez Mejia et al. / Desalination and Water Treatment 85 (2017) 271-281

3.3.1. Fluoride

The equations obtained for the fluoride ions from the
plot of InK, vs. 1/T were InK,= -5,206 (1/K) + 16.844 and
InK, =-2,100.9 (1/K) + 3.154 for MZE and PPZ, respectively.
The positive AH (kJ/mol) values (Table 2) indicate the
endothermic processes of fluoride adsorption by MZE and
PPZ. The positive entropy changes (AS) obtained for the
systems of fluoride solutions on MZE and PPZ indicate a
high degree of randomness in the solid/liquid interface. On
the other hand, the positive values of AS (Table 2) suggest
that the freedom of the fluoride ions is not restricted by the
adsorbents, confirming physical adsorption [15].

The positive values of AG (kJ/mol) (Table 2) indicate the
nonspontaneous nature of the fluoride adsorption reaction
with MZE at 303 K and with PPZ at all temperatures studied,
which shows that the sorption mechanism may be chemisorp-
tion. Moreover, the free energy of the process was found to
decrease with the increasing temperature. The negative val-
ues of AG at 313-343 K suggest that the adsorption of fluo-
ride by MZE is spontaneous and that MZE has a high affinity

Table 2
Thermodynamic parameters for the adsorption of fluoride and
As(V) ions by MZE and PPZ

Parameter Fluoride solution  Arsenic solution
MZE-F  PPZ-F MZE-As PPZ-As
AH (kJ/mol) 43.28 17.46 65.49 -151.46
AS (J/mol) 140.04 26.22 205.37 -491.87
AG (kJ/mol) T (K) AG AG AG AG
293 - - - -7.346
303 0.850 9.521 - —2.427
313 -5.501 9.259 1.206 2.490
323 -1.950 8.997 -8.475 -
343 -4.751 8.473 -4.955 -
Table 3
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for fluoride ions from the solution under the experimental
conditions.

3.3.2. Arsenic

The equations obtained for the arsenic ions from the plot
of InK, vs. 1/T were InK, = -7,876.8(1/K) + 24.702 and InK, =
18,218(1/K) — 59.162 for MZE and PPZ, respectively. The posi-
tive value of AH shows an endothermic adsorption behavior of
As(V) by MZE. The absolute magnitude of the heat of physisorp-
tion usually changes from 2 to 30 kJ/mol. It is also known that
the heat of physisorption is typically about 10 kJ/mol. However,
the enthalpy change due to chemisorption generally falls in the
range of 40200 kJ/mol, which is larger than that of physisorp-
tion. Because of the calculated values for AH in this work, the
adsorption of As(V) onto MZE is attributed to a chemisorption
phenomenon. Further, the positive value of AS denotes an incre-
ment of randomness at the solid-liquid interface during the
adsorption process [30]. The negative values of AG in Table 2
suggest that the As(V) adsorption by MZE is spontaneous and
is favorable at higher temperatures. However, the positive AG
value at 313 K indicates that spontaneity is not favored.

The negative value of the standard entropy, AS, suggests
that randomness decreases at the solid/solution interface during
the sorption of arsenic ions by PPZ. The negative value of AH
again indicates the exothermic nature of the adsorption process.
The change in free energy is used to determine the spontaneity
of the adsorption reaction, and the higher negative value of AG
indicates thermodynamically favorable adsorption. The nega-
tive values of AG suggest that the As(V) adsorption by PPZ is
spontaneous and is favorable at higher temperatures.

Table 3 shows the thermodynamic parameters of the
adsorption processes of fluoride and arsenic ions with the
different adsorbents materials reported in the literature. Most
studies on the adsorption of fluoride ions show negative val-
ues of AG, as it was found for the zeolitic material in this work.
Negative values indicate a good affinity of F-ions for the adsor-
bent and spontaneous adsorption processes. The pozzolana

Thermodynamic parameter for fluoride and arsenic ions by different adsorbents

Adsorbent AG (K] mol™)  Temperature (K) AH AS Reference
(KJ mol") (J mol™ K)

Fluoride
Al-Fe modified zeolite 0.85(303) -5.50(313) -1.95(323) —4.75(343) 43.24 140.04 Present study
Al-Fe modified pozzolan 9.52 (303) 9.25 (313) 8.99 (323) 8.47 (343) 17.46 26.22 Present study
Tron(IIT)-tin(IV) mixed oxide 2.32 (283) 2.19 (298) 2.06 (313) 1.93 (328) 4.79 8.72 [33]
Alkoxide origin alumina —4.26 (293)  —2.98 (313) -2.52(323) - -0.059  -59.1 [34]
Surfactant-modified pumice -2.5(293)  -2.63 (298) 2.92(303) - 4.422 23.2 [35]
Aluminum-modified zeolite -3.05(303) —-3.51(313) -3.97(323) - 10.91 46.02 [36]
Arsenic
Al-Fe modified zeolite 1.20 (313)  -8.47 (323) -4.95(343) - 65.49 205.37 Present study
Al-Fe modified pozzolan -7.34 (293)  -2.42 (303) 249 (313) - -151.4 —491.87 Present study
Dolomite 80.57 (293)  87.75(318) 93.50 (338) - -3.67  -287.35 [37]
Feldspars A:1.07 (288)  -0.66 (298) -2.32(308) - 50 170 [31]

B: 0.38 (288)  —0.20 (298) -0.94 (308) 19.3 65.7
Granular ferric hydroxide -2.71(293)  -3.19 (303) -3.65(313) - 1098 - [38]
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studied in this work presents positive values of AG; the same
behavior was reported by Biswas et al. [33], who employed an
iron(IIl)-tin(IV) mixed oxide. The positive AG values (Table 3)
indicate the nonspontaneous adsorption reaction of fluoride.
All studies have shown positive AH values except for the
F- adsorption by alkoxide origin alumina at temperatures of
293-323K [34]. The AS values were mostly positive, indicating
a strong affinity of F- toward the adsorbents.

The negative and positive values of AG of adsorption of
arsenic indicate spontaneous and nonspontaneous processes,
respectively, and it depends on the temperature. Most stud-
ies on adsorption of arsenic resulted in positive values of AH
which suggest the endothermic nature of adsorption, except for
arsenic adsorption by pozzolana (present study) and dolomite
[37] as they have negative values and suggest exothermic pro-
cesses. The AS values were mostly positive in this study, indi-
cating again a strong affinity of arsenic toward the adsorbents.

3.4. Adsorption of fluoride and arsenic from the binary solutions

Fig. 3 shows the removal percentage of As(V) vs. F. The
removal of As(V) ranged between 96% and 98% whereas the
removal of F~ varied between 84% and 87%. Generally, it was
observed that the adsorption of both anions is similar in sin-
gle and binary solutions. Fig. 4(a) shows the adsorption of
the F-ions isotherm data fitted to Freundlich model in the
presence of arsenic (1 mg As/L). The parameters calculated
from the model are K, = 0.972, n = 4.34 and R*= 0.811; the
experimental adsorption capacity was 0.76 mg F-/g MZE.

The Freundlich adsorption isotherm of As(V) by MZE
in the presence of fluoride ions (7 mg F7/L) is shown in Fig.
4(b). The parameters calculated from the model are K, =0.462,
n =2.36 and R?>= 0.842. The maximum experimental adsorp-
tion capacity is 0.07 mg As(V)/g MZE. The results suggest that
MZE can be used as an adsorbent of fluoride and arsenic ions.

3.5. Adsorption of fluoride and arsenic ions from a hot-spring
water sample

3.5.1. Characterization of hot-spring water

Table 4 shows the characterization of the hot-spring water
used in the experiments. The concentrations of fluoride and

As(V) mg/L
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Fig. 3. Arsenic and fluoride removal by MZE in the presence of
fluoride solutions at concentrations from 1.0 to 8.0 mg/L and
the presence of As(V) solutions at concentrations from 0.1 to
0.8 mg/L.
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arsenic ions are higher than the limits allowed by the World
Health Organization guidelines. The pH of the hot-spring
water was 6.7, which is acceptable; the recommended pH
values are between 6.5 and 8.5 for hot-spring water. Chloride
and sodium occur naturally in hot-spring water; the concen-
trations of chloride and sodium were 998.2 and 873.05 mg/L,
respectively. These elements did not significantly affect the
process of the adsorption of fluoride and arsenic ions by MZE.

3.5.2. Isotherms

Fig. 5(a) shows the adsorption capacities for fluoride ions
vs. the quantity of the adsorbents in the hot-spring water.
The adsorption capacity decreases as the dose of the adsor-
bent (MZE) increases. A dose of 100 mg/10 mL is sufficient to
reduce the concentration to the permissible levels established
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Fig. 4. (a) Adsorption isotherm F~ ions by MZE with initial con-
centration of As(V) solution = 1 mg As/L; pH = 6.06-6.45, con-
tact time =24 h. (b) Adsorption isotherm As(V) by MZE with the
presence of fluoride ions (7 mg/L); pH = 6, contact time =24 h.
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Characterization of hot-spring water

Parameter Value [5]
Temperature 70°C (in situ)

pH 6.75 6.5-8.5
Electrical conductivity 3.375 mS/cm

Acidity 85.49 mg/L CaCO,

Alkalinity 136.62 mg/L CaCO,

Chloride 998.20 mg/L CI- 250 mg/L CI-
Total hardness 92.36 mg/L CaCO, 500 mg/L CaCO,
Ca hardness 36.62 mg/L CaCO,

Sulfates 186.84 mg/L SO 42‘ 400 mg/L SO 42‘
Potassium 45.52 mg/L K

Sodium 873.05 mg/L Na 200 mg/Na
Iron <0.1 mg/L Fe 0.30 mg/L Fe
Nitrates <0.01 mg/L NO3'

Fluorides 3.3 mg/LF- 1.5 mg/L F-
Arsenic 4.65 mg/L As 0.01 mg/L As
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by the WHO. It is important to highlight that even though the
concentration of Cl” ions is high, its interference is insignifi-
cant on the F~ removal.

The adsorption isotherm of fluoride ions from hot-spring
water by MZE were adjusted to the Freundlich model, and the
parameters obtained are K, = 0.264 (mg/g) (L/mg), 1/n =0.056
and R*= 0.827 (Fig. 6). The Freundlich, K,, equilibrium is
proportional to the adsorption capacity and the reciprocal
of n; the lower values of these two constants in hot-spring
water compared with those obtained with the aqueous solu-
tions (K, = 0.64 (mg/g) (L/mg), 1/n =0.13, R* = 0.99) is mainly
due to the presence of other ions in the hot-spring water. A
similar effect was observed by Teutli-Sequeira et al. [26] using
an aluminum-modified zeolite and natural water containing
8.29 mg F/L.

Fig. 5(b) shows the adsorption capacity of MZE for arse-
nic vs. the mass of the adsorbent in the hot-spring water.
The arsenic adsorption capacity decreases as the mass of the
adsorbent increases; the same behavior was observed for flu-
oride ions. Additionally, 92% removal was obtained using
150 mg of material.

3.5.3. Column systems

3.5.3.1. Fluoride The breakthrough point was taken as
1.5 mg/L, which is the maximum limit established by the
World Health Organization [5]. The adsorbed pollutant at
breakpoint (g,) was obtained from the following equation [39]:

q,= Q& 3)
mC
where ¢, is the service time at the breakpoint, C; is the inlet
ion concentration (mg/L), Q, is the effluent volumetric flow
rate (L/min) and m_is the amount of adsorbent (g). The
adsorption bed capacities of the column up to the breakpoint
were 0.41, 0.76 and 1.96 mg/g for 1, 2 and 3 g of MZE, respec-
tively. The breakthrough times were 74, 270 and 1,280 min
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Fig. 5. (a) Effect of adsorbent dose on adsorption of fluoride
onto MZE from hot-spring water (concentration = 3.3 mg F7/L,
pH = 6.75, contact time = 24 h). (b) Effect of adsorbent dose
on adsorption of As(V) onto MZE from hot-spring water
(concentration 3.3 mg F/L, pH = 6.75, contact time =24 h).

for bed depths of 1, 1.5 and 2.2 cm of MZE, respectively. The
breakthrough increased as the mass of MZE increased using
an aqueous solution of 5 mg F7/L.

The adsorption capacities of the columns up to the
breakpoint were 0.11 and 0.19 mg/g for 0.5 and 1 g of MZE,
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Fig. 6. Freundlich isotherm of fluoride ions by MZE from
hot-spring water (concentration = 3.3 mg F/L, pH = 6.75,
contact time = 24 h).

respectively, using hot-spring water (3.3 mg F7/L). The
breakthrough times were 15 and 55 min for bed depths of
0.5 and 1.0 cm of MZE, respectively. The composition of the
hot-spring water may be responsible for the decrease of the

adsorption capacities.

3.5.3.2. Arsenic  The adsorption bed capacities of the col-
umn up to the breakpoint for As(V) by MZE were calculated
by Eq. (3), and the values were 0.02 and 0.01 mg/g for 0.5 and
1.0 g of adsorbent, respectively. The service time at break-
point when the outlet concentration was 0.01 mg/L (which is
the maximum limit established by the World Health Organi-
zation [5]) was reached in approximately 5 min.

3.5.3.3. Thomas and Bohart-Adams models Mathematical
models have been reported to describe and possibly predict
the dynamic behavior of the solute in a column [40]. The
experimental data were fitted to the Thomas and Bohart-
Adams models by the help of the software Origin 8.0. The
Bohart-Adams model was applied to the adsorption kinetics
data until the breakpoint was reached; the Thomas model
was also applied to the adsorption kinetics data until satura-
tion was reached.

The model assumes that the adsorption rate is propor-
tional to both the residual capacity of the adsorbent mate-
rial and the concentration of the solute species, which is
mainly determined by the adsorbent surface sites, and it is
used to describe the initial part of the breakthrough curve.
In accordance with the Bohart-Adams model, Eq. (4) is used
to predict the performance of the continuous adsorption

columns [41]:

C Z
Cexp(kABCOt —k,;N, F] 4)

0

where N is the saturation concentration (mg/L), K, is the
kinetic constant (L/mg min), Z is the bed depth of column
(cm) and v is the linear flow rate (cm/min). The equation
v = Q/A was used to calculate the linear flow rate where A
is the transversal area of the column (cm?) and Q is the volu-

metric flow (mL/min).
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Fig. 7. Breakthrough curves of fluoride ions by MZE using fluo-
ride solutions (a) and hot-spring water (b) in columns of differ-
ent bed depth adjusted to Thomas and Adams-Bohart models.

3.5.3.4. Fluoride This approach was applied to all break-
through curves using a nonlinear regression analysis (Fig. 7)
for aqueous solutions and hot-spring water. The relative val-
ues of K, ;and N, were calculated (Table 5), and the values of
R? were between 0.88 and 0.97. In general, the values of K,
decreased as the bed depth increased whereas N, increases
with increase in the bed height for the aqueous solution, and
for hot-spring water, an opposite behavior was observed. The
data from hot-spring water using 0.5 g of MZE could not be
adjusted to the Bohart-Adams model.
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Table 5
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Bohart-Adams model parameters for adsorption of F~ ions on MZE (initial concentration 10 and 3.3 mg F7/L for solutions and

hot-spring water, respectively)

Bed depth M (g) Aqueous solution Bed depth M (g) Hot spring water
(cm) K, (L/mgmin) N, (mg/lL) R (cm) K, (L/mgmin) N, (mg/L) R?
MZE-F MZE-F
1 1 0.01667 275.632 0.88 0.5 0.5 0.00182 604.944 0.66
1.5 2 0.00864 624.744 0.95 1.0 1.0 0.00708 213.711 0.93
22 3 0.0034 1593.41 0.97
1.0 1
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Fig. 8. Breakthrough curves of As(V) by MZE using arsenic solutions (a) and hot-spring water (b) in columns of different bed depths

adjusted to Bohart-Adams model.

3.5.3.5. Arsenic Fig. 8 shows the breakthrough curves
of the adsorption of arsenic by MZE with water solutions
and hot-spring water. The relative values of K, ,and N, were
calculated and shown in Table 6, and the values of R> were
between 0.87 and 0.92 for hot-spring water. The data from the
aqueous solution with 0.5 g of MZE could not be adjusted to
the model (R* was low). In general, the values of K, , and N,
decreased as the bed depth increased.

3.5.3.6. Thomas model The maximum adsorption capac-
ity of an adsorbent can be calculated with the Thomas model
[42]. This model predicts breakthrough curves under differ-
ent experimental conditions. The equation of the Thomas
model is:

%: 1 K (5)
o1+ exp{m }

Q(%M - CUV)

where C, is the effluent fluoride concentration (mg/L), C, is
the influent fluoride concentration (mg/L), K, is the rate

constant (L/mg h), Q is the volumetric flow rate through col-
umn (L/h), g,is the total sorption capacity (mg/g), V is the
throughput volume (L) and M is the mass of the adsorbent
(g). The experimental results were adjusted to this model
using fluoride solutions and hot-spring water (Fig. 8), and
the parameters determined for the breakthrough curves
are given in Table 7. The values of the kinetic constant, K ,,,
decreases, and the adsorption capacity, q, increases with
increases in the bed heights, which indicates that the mass
transport resistance increases for MZE. It was also observed
that the g, values calculated from the Thomas model are sim-
ilar to the experimental values (0.41, 0.76 and 1.96 mg/g for 1,
2 and 3 g, respectively).

Mechanisms on the adsorption of arsenic by an alumi-
nosilicate modified with iron(Ill) have been reported by
Macedo-Miranda [25]. The adsorption of arsenic by these
materials may take place by an ionic exchange of the arsenic
chemical species with hydroxyl groups or by the formation
of bidentate complexes with iron(III).

The proposed adsorption mechanism of fluoride ions by
aluminum and iron-modified materials is mainly by an ion
exchange of hydroxyl ions with fluoride ions [15].
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Table 6
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Bohart-Adams model parameters for adsorption of As(V) on MZE (initial concentration 2 and 4.65 mg As(V)/L for solution and hot-

spring water, respectively)

Bed depth M (g) Aqueous solution Bed depth M (g) Hot-spring water

(cm) K, (L/mgmin) N, (mg/L) R? (cm) K, (L/mgmin) N, (mg/L) R

MZEAs MZEAs

0.5 0.5 0.0056 400.85 0.595 0.5 0.5 0.0066 494.83 0.9217

1 1 0.0153 259.89 09167 1.0 1.0 0.0043 412.48 0.8759
Table 7

Thomas model parameters for adsorption of F- ions on MZE (initial concentration 10 and 3.3 mg F7/L for solution and hot-spring

water, respectively)

Bed depth M (g) Aqueous solution Bed depth M (g) Hot-spring water
(cm) K, (L/mgmin)  g,(mg/g) R? (cm) K, (L/mgmin) g, (mg/g) R
MZE-F MZE-F
1 1 0.00531 0.672 0.910 0.5 0.5 0.0102 0.0818 0.8379
1.5 2 0.00349 0.952 0.986 1.0 1.0 0.0090 0.2036 0.878
2.2 3 0.00304 2.062 0.988 - - - - -

4. Conclusions References

The thermodynamic parameters AH and AS suggest that
the adsorption processes of F~ by both materials are endother-
mic with a high degree of randomness and that the adsorp-
tion process for As(V) ions by PPZ is exothermic. Free energy
values, AG, indicate a spontaneous process for the adsorption
of F~ions by MZE and As(V) by both materials. The AG val-
ues indicate a nonspontaneous process for the adsorption of
F-ions by PPZ.

The removal of the F- and As(V) ions present in hot-
spring water was carried out efficiently by MZE. The dose of
the adsorbent positively affected the adsorption of these ions.
The presence of Cl~ions in hot-spring water did not affect the
removal of fluoride.

The sorption behaviors of fluoride and arsenic ions by
MZE from aqueous solutions and hot-spring water were
determined in a continuous flow. Fluoride ion uptake and
breakthrough times increased as the bed heights increased.

The Thomas model was also used to predict the break-
through curves under varying bed depths; this model was
fitted to the processes of the adsorption of the fluoride ions in
aqueous solutions and hot-spring water. This model resulted
in good agreement between the experimental and calculated
breakthrough curves. The Thomas rate constant (K,) and the
maximum adsorption capacity (q,) increased with increases
in the bed height.

The modified MZE zeolite is a potential adsorbent for the
removal of F~ ions and As(V) from water solutions and hot-
spring water.
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