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Abstract—The adsorption capacity of natural (D1) and chemically structure-modified diatomite (DMA) in
the removal of fluorine ions from highly concentrated fluorine solutions (up to 0.3 mol/L) under static con-
ditions at room temperature is studied. The effect of different parameters—solution pH, initial fluorine con-
centration, sorbent weight, and particle surface charge density—is examined to determine the adsorption
properties of DMA under different process conditions. It is shown that the solution pH plays a crucial role in
the removal of fluorine from solutions. An efficient removal of fluorine occurs at a pH of 4.5—5.5. Under
equilibrium conditions, upon the saturation of the DMA surface with fluorine ions, the adsorption capacity
of DMA achieves 58 mmol/g of sorbent; this value is 5.5 times higher than that of unmodified D1. Fluorine
adsorption isotherms for DMA samples are derived; equilibrium adsorption data are modeled using a two-
stage Langmuir model; it is shown that the experimental and calculated data on fluorine adsorption are in
good agreement: correlation coefficient R? for the D1 and DMA samples is 0.9952 and 0.9687, respectively.
The fluorine adsorption mechanism is studied. X-ray diffraction and chemical analyses, FTIR spectroscopy,
potentiometric titration, and adsorption—desorption experiments reveal that the diatomite—NaF—H,O sys-
tem is characterized by the occurrence not only of physical adsorption and ion exchange but also of the chem-
ical bonding of the fluorine ions with the active sites of the sorbent surface, i.e., the formation of weakly sol-

uble fluorine compounds with Al on DMA and with Ca on D1 (AlF;, Na;AlF, CaF,).
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INTRODUCTION

Fluorine is one of the most common elements of
the Earth’s crust; various soluble forms of fluorine are
present in varying amounts in the atmosphere, water,
and soil. A large amount of fluorides is evolved in the
production of glass, in the chemical and metallurgical
industries, and in the manufacture of semiconductors
and integrated circuits. Fluoride or fluorine-contain-
ing minerals in rocks and soils are responsible for a
high fluorine content in groundwater, which is the
main source of drinking water in most regions of Mol-
dova. A small amount of fluorine is necessary for the
formation and preservation of teeth in children,
whereas high doses of fluoride lead to the develop-
ment of dental and skeletal fluorosis [1, 2]. Since the
fluorine level in drinking water is high and therefore
has a harmful effect on people’s health, studies on
defluorination are of prime importance. According to
the World Health Organization, the fluorine concen-
tration in drinking water should not exceed 1.5 mg/L
[3, 4]. Hence, for drinking purposes, high fluorine

concentrations in natural water must be reduced to the
maximum permissible concentration. Despite the fact
that the number of studies focused on fluorine
removal is increasing every year, the problem remains
acute and urgent. Various methods for removing fluo-
rides from water have been tested [5, 6], namely,
adsorption, precipitation, electrodialysis, electroco-
agulation [7, 8], ion exchange, and reverse osmosis
[9]. Among these methods, membrane process and
ion exchange are not very common because of the high
cost of installation and maintenance, especially in
countries with low living standards. Two other meth-
ods are more frequently applied, in particular, chemi-
cal deposition involving the addition of an aluminum
salt—lime mixture into fluorine-contaminated water
(Nalgonda technique) [5]. However, the related prob-
lems, such as the addition of acids/alkalis in water,
residual aluminum, soluble complexes of aluminum
fluoride, sludge formation, and relatively high residual
fluorine concentrations, are the main obstacles to a
wide use of these methods [8—10].
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Thus, adsorption is still one of the most commonly
used methods of water defluoridation. Activated alu-
mina [11—13] and activated carbon prepared of differ-
ent materials are appropriate tools for the removal of
fluorides and other contaminants from water [14].
However, low rates of adsorption on activated alumina
limit the use of this material for processing large
amounts of water. The production of activated carbon
is expensive; it requires regeneration, which involves
technological difficulties and material expenses.
Therefore, in recent years, the efforts of researchers
have been focused on exploring the possibility of using
adsorbents made of inexpensive materials of different
types [15—17]. These materials include spent bleach-
ing earth [18], wollastonite, clays, zeolites [18—21],
bentonite [22], diatomite [23—25], agricultural prod-
ucts, ash [26, 27], and biosorbents [28].

Over a period of years, the authors have studied the
suitability of some inorganic materials for the adsorp-
tive removal of fluorine [29, 30], particularly the fun-
damental possibility of applying natural mineral raw
materials modified by various methods for water
defluoridation [31—34].

In this study, the adsorption capacity of a novel sor-
bent based on local diatomite modified with alumino-
silicate compounds (hereinafter, DMA) with respect
to fluoride ions from solutions with a high initial con-
centration (up to 0.3 mol/L) has been examined. The
efficiency of fluorine removal by DMA as a function
of pH, sorbent dose, and initial fluorine concentration
has been determined; adsorption isotherms have been
plotted. To understand the adsorption process mecha-
nism, electric surface properties have been studied and
X-ray diffraction patterns and FTIR spectra of the
samples have been recorded.

Generally, it is difficult to understand surface phe-
nomena in natural mineral sorbent—inorganic anion
systems on a molecular level because of the internal
complexity and heterogeneous nature of the composi-
tion, mineralogy, and morphology of the adsorbent.
An attempt to contribute to the understanding of flu-
orine adsorption by DMA has been made in this study.

For comparison, all experiments are repeated using
the unmodified material, i.e., original diatomite
(hereinafter, D1).

ADSORPTION MODELS

To determine some adsorbent characteristics, such
as maximum adsorption capacity and equilibrium
constant, isotherms are typically modeled in terms of
known adsorption models and the most appropriate
model is selected on the basis of the curve shape and
the linear regression coefficient criteria (maximum R?
value). The Langmuir, Freundlich, BET (for solu-
tions), and Redlich—Peterson isotherm models are the
best-known and most commonly used models for
adsorption from solutions. Each of these empirical
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models has its own background and justification;
therefore, in the case of good agreement with the
experimental curve, it is possible to make an indirect
conclusion about the processes that occur during
adsorption on the sorbent surface and about the nature
of adsorption.

Most of the studies focused on fluorine removal by
mineral sorbents addressed fluorine adsorption from
solutions with low initial concentrations; the isotherm
shapes were quite satisfactorily described in terms of
the above models. However, in the case of high initial
concentrations, the isotherms have a more complex
shape which cannot be modeled using one of these
models. The authors of [35] effectively described the
S-shaped isotherm of fluorine adsorption by layered
double hydroxides MgAl—COj; in terms of the Lang-
muir—Freundlich model. In other studies focused on
fluorine adsorption by aluminum and iron oxides [36],
the formation of two-step isotherms was observed;
however, modeling was not applied to describe those
isotherms.

In some cases, the occurrence of two-step iso-
therms is attributed to interactions between the
adsorbed molecules. These interactions (multilayer
adsorption, stereochemical interaction) cause the sta-
bilization of an adsorbate on a solid surface and,
thereby, lead to an increase in the affinity of the sur-
face to the adsorbate and an increase in the surface
excess thereof [37]. Another concept stemming from
models for a saturated adsorption medium takes into
account the heterogeneity of the adsorbent surface
with allowance for two or more sites with different
adsorption energies [38]. To describe multilayer
adsorption, more complicated equations, such as the
BET equation, were proposed [39, 40]. However,
numerical methods of recent years cannot easily be
used because of a large number of mandatory param-
eters, which makes the model too complex for practi-
cal calculations at a reasonable number of experi-
ments.

The available published data [41—43] suggest that
these multistep isotherms should be described using a
nonlinear mathematical model based on the summa-
tion of Langmuir isotherms and an additional assump-
tion that the sorbent surface comprises sterically or
energetically heterogeneous adsorption sites and the
adsorbed molecules can interact between each other.

Since adsorption involves the sorbate—sorbent
interfacial interaction, the surface properties of the
sorbent play an important role in the sorption process.
The surface functional groups of the mineral are bind-
ing sites for sorption reactions. A surface functional
group is “a chemically reactive molecular unit bound
to the structure of a solid at its periphery such that the
reactive components of the unit can be bathed by a
fluid” [37]. Surface molecules have fewer nearest
neighbors than molecules in the bulk and are not fully
coordinated. Once a mineral is brought into contact
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Table 1. Chemical composition of diatomite before and after modification

Composition, % Calcination
Sample : %
SiO, Al,O; Fe,0; CaO MgO Na,O + K,0 0ss, %
D1 59.70 1.31 1.28 12.80 0.69 0.34 18.5
DMA 35.50 18.90 1.33 9.00 9.02 1.30 10.3

with water, hydroxyl functional groups (OH™) are
formed on the surface. This event is attributed to
chemisorption and subsequent hydrolysis of water
molecules on the sorbent surface.

The surface charge of the sorbent is dependent on
the pH of the surrounding aqueous solution. Neutral
or alkaline pH conditions generally lead to the devel-
opment of a negative surface charge. Accordingly,
under acidic conditions, excess protons are typically
retained by the surface, resulting in the development
of a total positive surface charge [44]:

XOH, < XOH —» XO~
Low pH High pH

It is important to keep in mind that, at almost any pH
value, positively, negatively, and neutrally charged
sites are distributed on the sorbent surface. At a certain
average pH, which is referred to as the point of zero
charge (PZC), the total surface charge is zero:

[xoH; | =[x0"].

Surface charge can have an effect on the distribution
of neighboring solutes in such a way that a decrease in
pH of the surrounding aqueous solution will contrib-
ute to the attraction of anionic compounds from the
solution to the surface, i.e., to their adsorption [45].

The PZC of D1 and DMA was determined by
potentiometric titration at different ionic strengths of
the background electrolyte (accordingly, at different
thicknesses of the electric double layer) [46, 47]. Inthe
case of diatomite, the PZC is given by the proton con-
ditions in solution under which the surface charge
caused by the adsorption of H" or OH™ ions is zero
(0, = 0). The point at which the surface charge is no
longer dependent on the ionic strength is the point of
intersection of three potentiometric titration curves
recorded at three different ionic strengths of the solu-
tion; the pH corresponding to this point is pHpy.

EXPERIMENTAL
Materials and Methods

All the chemical reactants used were of analytical
and reagent grades. Bidistilled water was employed in
all experiments. All experiments, except for experi-
ments on the effect of solution temperature on the
adsorption rate and the adsorption isotherm, were
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conducted at room temperature and normal atmo-
spheric pressure.

The initial synthetic fluoride solution was prepared
by the addition of an appropriate amount of sodium
fluoride to distilled water and then used for adsorption
experiments after adequate dilution.

DMA Synthesis

Natural diatomite from a field in the village of Vis-
cauti (Orhei region, Republic of Moldova) was used in
this study.

Diatomite samples (15 g) were introduced into
100 mL of a 3 M NaOH solution; the mixture was
stirred at 55°C for 40 min and then centrifuged; the
precipitate was introduced into 100 mL of 2 M alumi-
num sulfate; the resulting mixture was held at room
temperature under constant stirring for 5 h. After cen-
trifugation, the filtrate was removed and the precipi-
tate was exposed to a concentrated ammonia solution
at room temperature for 5 h and then centrifuged; the
resulting precipitate was separated from the filtrate,
washed with distilled water, air-dried at 110°C, and
stored in a desiccator at room temperature until use.

The aluminum content in the samples was deter-
mined by atomic absorption spectrophotometry using
an AAS3 1N instrument. Before this analysis, the
samples were dissolved in 6 M HCl to transfer the pre-
cipitated aluminum compounds into solution.

Table 1 shows the silica analysis results for the D1
and DMA samples.

The phase composition of D1 and DMA was iden-
tified by diffractometric analysis on a DRON-3M
X-ray diffractometer using FeK, radiation at U/l =
30/30 and measurement limits of 2 X 102 to 5. The slit
width was 1—-1—1-0.25.

The textural characteristics of the D1 and DMA
samples—specific surface area, pore size and volume,
and pore size distribution—were determined by the
BET method from low-temperature nitrogen adsorp-
tion (the nitrogen molecule area was assumed to be
0.162 nm?) on a Micrometrics ASAP2000 instrument;
the sample weight was about 0.2 g. Before nitrogen
adsorption, the samples were degassed at 473 K in a
vacuum of 5 X 10~* atm for 4 h to remove the entire
adsorbed moisture from the surface and pores of the
sample.
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Transmission spectra were recorded on a Perkin-
Elmer Spectrum-100 FTIR spectrometer in vaseline oil.

Determination of the PZC of the Samples

Before and after fluorine adsorption from a solu-
tion with an initial fluorine concentration of
0.035 mol/L, 10 g/L of D1 and DMA was introduced
into a background electrolyte solution (0.001, 0.01,
and 0.1 M potassium chloride solutions) and allowed
to stand at room temperature under stirring for 24 h.
After that, the suspensions were titrated with 0.1 M
HCl and KOH solutions under continuous monitoring
of pH. Solution volumes required for pH transition
from an alkaline to acidic region and back were deter-
mined. Measurements were conducted three times;
the result was the average of three readings.

Surface charge density is determined as follows:

o, = FEAV 100,

msSg,

where o, is the surface charge density, pK/cm?; F =
96500 K/g-equiv (9.6 x 10" = uK/g-equiv); C is the
concentration of HCl or KOH, g-equiv/cm? (0.01 N);
AVis the amount of added HCl or KOH, cm?; m is the
sorbent weight, g; and S, is the specific surface area,
m?/g.

The oy—pH curves for three ionic strengths for all
the diatomite samples were plotted. The points of
intersection of three titration curves were marked as

pHpzc.

Fluorine Adsorption by DMA

Adsorption experiments were conducted under
steady-state conditions: 0.2 g of the adsorbent (D1 and
DMA) was introduced into 50 mL of a sodium fluo-
ride solution in an acetate buffer with an initial fluo-
rine content of 5 x 10~* to 0.3 mol/L; the mixture was
stirred at a speed of 350 rpm for 2 h; this time interval
was previously determined as the equilibration time.
Upon the establishment of equilibrium, the fluorine
concentration was measured using an ELIS 131F flu-
oride-selective electrode and an 1160-M ionomer.
Each experiment was conducted twice under identical
conditions. The standard deviation of the measure-
ments was within +£3%.

The necessity of conducting an experiment with a
buffer solution was imposed by a change in the solu-
tion pH during sorption, especially in the first few
minutes. Table 2 shows some results of changes in the
pH of the diatomite sample suspension after 10-min
stirring with water and sodium fluoride.

Similar observations were made in a study of fluo-
rine adsorption by clay minerals and hydrated alumina
from a 0.1 M solution: after a 3-h fluorine adsorption,
the resulting pH value increased for all suspensions,
especially for that of alumina (from 7.3 to 9.6) [48].
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Table 2. Change in the solution pH during fluorine adsorp-
tion by the D1 and DMA samples

Suspension pH after 10-min stirring
Sample with water, with a NaF
pH ~6.5 solution, pH ~ 7.2
D1 8.3 8.9
DMA 7.5 11.5

Table 3. Characteristics of D1 and DMA responsible for
the adsorption properties of the diatomites

Sample D1 DMA
Specific surface area, m?/g 37.54 81.77
Sorption pore volume, cm?/g 0.0442 0.1058
pHpzc 8.34 8.85
a,,, mmol/g 10.5 58.0

RESULTS AND DISCUSSION

Table 3 shows some characteristics of the diatomite
samples that are responsible for their adsorption prop-
erties.

The physicochemical characteristics of D1 and
DMA are discussed in detail in [49].

Effect of Solution pH on Fluorine Removal

The main factor governing the adsorption at the
aqueous electrolyte solution—absorbing mineral sur-
face interface is pH. Preliminary experiments revealed
that the pH of the maximum fluorine adsorption lies
in a narrow range (4.5—5.5) for DMA, while the fluo-
rine adsorption by D1 is weakly dependent on the
solution pH.

Figure 1 shows the adsorption of fluoride ions by
D1 and DMA as a function of the solution pH. The
fluorine adsorption by DMA is maximal at a pH of
4.5—5.5 and decreases with a further increase in pH.
Hence, the defluoridation ability of the adsorbent is
maximal in the acidic range. An abrupt decrease in the
adsorption capacity with increasing pH can be
attributed to the competitive adsorption of hydroxyl
ions and fluoride in this pH range.

In the case of D1, the fluorine adsorption remains
constant to a pH of 7 and then slightly decreases. In
the maximum adsorption range, the magnitude of flu-
orine adsorption by DMA considerably exceeds the
magnitude of fluorine adsorption by the original sam-
ple; however, at a pH above 7.5, it decreases; at a
pH of 9, it is close to zero.

An increase in the solution pH during adsorption
suggests that the surface hydroxyl groups penetrate
into the solution instead of fluoride ions, which
bind to aluminum ions in the mineral lattice. This pro-
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Fig. 1. Dependence of the fluorine adsorption by the D1
and DMA samples on the solution pH.

cess is associated with the dissolution of aluminum
[36, 50, 51]. The amount of adsorbed fluorine depends
on the amount and accessibility of AI-OH bridges:
more readily accessible aluminum ions dissolve much
more rapidly and coordinate six F~ ions in solution.
The removal of the aluminum ions leads to the release
of OH™ ions for substitution by fluoride ions. It should
be noted that the amounts of released hydroxyls and
adsorbed fluoride ions are far from being equivalent.
The dissolution and substitution do not last infinitely
long. If the solution alkalinity is constantly neutralized
by an added acid, then, over time, the release of
hydroxyls slows down and the reaction wanes. It is
clear that the adsorption capacity of the sorbent with
respect to fluorine is dependent on excess surface
Al—OH bonds; the more developed the adsorbent
pore structure providing a large active surface, the
higher the adsorption capacity of the adsorbent, as evi-
denced by the data in Table 3 and Fig. 1.

The weak dependence of fluorine adsorption on
the solution pH that was observed for the D1 sample
can be explained in terms of the concept of the buffer
capacity of the surface Si—OH groups of diatomite
particles according to the reaction [48]

>Si-OH+OH™ — >Si-O" + H,0.

Effect of Sorbent Dose on Fluorine Adsorption

To determine optimum conditions for fluorine
adsorption, the effect of the mass of the introduced
sorbent on the ability to remove fluorine from solution
was studied. The dose of the D1 and DMA sorbents
was varied from 0.5 to 8.0 g/L. The fluorine extraction
(%) by the D1 and DMA samples as a function of the
mass of the added sorbent is shown in Fig. 2.

It is evident from Fig. 2 that an increase in the mass
of the two sorbents is accompanied by an increase in
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Fig. 2. Effect of the sorbent dose on the fluorine extraction
by the D1 and DMA samples at an initial fluorine concen-
tration of 0.0345 mol/L, a solution pH of 5.0 £ 0.5, and an
equilibration time of 120 min.

the fluorine extraction. The concentration of surface
hydroxyl groups is related to the sorbent concentration
through the density of surface sites; therefore, the flu-
orine extraction percentage increases with increasing
sorbent dose. It should be noted that, in the entire
weight range, the fluorine extraction by the DMA
sample is more than two times higher than the fluo-
rine extraction by D1. Initially, at a DMA sorbent dose
of 0.8 g/L, the fluorine extraction abruptly increases
to 65.6%; then it increases more gradually and
achieves 90% at a dose of 2.0 g/L. A further addition
of the sorbent does not have a significant effect on the
fluorine extraction. This fact made it possible to
assume that this value is optimum for all further exper-
iments. A similar tendency is observed for the D1 sam-
ple. Anincrease in the D1 sorbent weight to more than
2.0 g/L does not considerably improve the fluorine
extraction either; this weight was selected for further
use in adsorption experiments.

The ability of the sorbent to bind the adsorbate can
be estimated using distribution coefficient K, which is
dependent on the pH and the surface type and can be
calculated as follows:

K, ===, (1)

Here, C; is the fluoride concentration in the solid
phase (mmol/L) and C, is the fluoride concentration in
the equilibrium solution (mmol/L). The distribution
coefficient value increases with added sorbent weight,
as evidenced by the dependence shown in Fig. 3.

At a given solution pH, an increase in logKj is an
indirect indication of a heterogeneity of the DMA sur-
face because this parameter is constant in the case of a
homogeneous surface [52].
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Fig. 3. Dependence of distribution coefficient K for the
fluorine adsorption by DMA on the sorbent weight.

Effect of Initial Fluorine Concentration on Adsorption

Figure 4 shows the fluorine adsorption isotherms
for the D1 and DMA samples from an acetate buffer at
optimum parameters and room temperature.

Visual analysis suggests that these isotherms have
two well-defined steps.

The resulting two-step adsorption isotherms can-
not be described using equations of the most common
adsorption models, i.e., Freundlich or Langmuir
equations. Therefore, in this case, a two-step model
derived by the summation of Langmuir-type iso-
therms was used. Thus, each step in the isotherm can
be described by the Langmuir equation [53]:

— amK LC

1+ K,C
Hereinafter, a is the amount of fluorine adsorbed per
gram of sorbent at equilibrium, mmol/g; a,, is the
adsorption capacity of the sorbent at saturation,
mmol/g; C is the equilibrium fluorine concentration
in solution, mmol/L; and K| is the adsorption equilib-
rium constant, L/mmol.

The authors of [41] introduced the concept of a
critical (limiting) concentration of a substance
adsorbed on a sorbent, which is dependent on the
adsorbent—adsorbate interaction. It is assumed that,
above this concentration, a new adsorption layer is
formed and another new adsorption mechanism
becomes effective. Taking into account the limiting
concentration, Eq. (2) can be rewritten as follows:

— amKL(C - b)
1+ K, (C=b)

where b is the limiting concentration, mmol/L.

In the physical and mathematical sense, this func-
tion can be used provided that C > b. Thus, Eq. (3) can
be modified with a new function which is zero if the

()

3
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Fig. 4. Experimental isotherms of fluorine adsorption
from an acetate buffer by the D1 and DMA samples at
20°C, a pH of 4.8, and a sorbent dose of 2.0 g/L.

concentration of the starting material is lower than the
critical concentration; in the range of higher concen-
trations, it is a linear function of the initial concentra-
tion of the substance:

[(C —b)+abs(C - b)
2

[(C —b)+abs(C —b)
2

Hence, Eq. (3) can be rewritten as follows:

a K, {(C —b)+abs(C - b)}
a= (C b)+2 bs(C—b)]' @)
1+ K, { ans }
2
After transformations, Eq. (4) yields
_a,K [(C—b)+abs(C—b)]

2+ K, [(C = b)+abs(C —b)]
This mathematical formula describes the one-step
model for one type of adsorption mechanism.

}zC—b,ifC—b>0,and

}zO,ifC—bSO.

(%)

For the calculation of the second and subsequent
steps, it is assumed that the total adsorption capacity is
the sum of the adsorption capacities of effective
adsorption sites above the critical concentration. In
this theory, general terms are adsorption equilibrium
constant K, adsorption capacity a,,, and limiting equi-
librium concentration b (provided that the adsorption
occurs by the mechanism under discussion).

A two-step isotherm will be as follows:
a, K, C N a, K, [(C—b,)+abs(C—b,)]
a =

Parameter b, is irrevocably zero in the first step.

. (6)
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Table 4. Parameters of Eq. (6) of the two-step fluorine
adsorption isotherm of the D1 and DMA samples

Sample Amls Am2> Ky Ko, by,
mmol/g | mmol/g | L/mmol|L/mmol | L/mmol

D1 6.30 3.62 0.178 0.276 65.0

DMA 7.86 23.60 0.333 0.318 33.3

This mathematical expression was used to describe
the two-step fluorine adsorption isotherms of the D1
and DMA samples. The calculated adsorption param-
eters are listed in Table 4.

The isotherms plotted according to Eq. (6) and
Table 4 are shown in Fig. 5.

It is evident from Fig. 5 that the two-step Langmuir
isotherm model accurately describes the experimental
data on the fluorine adsorption by the diatomite sam-
ples from solutions with a high initial concentration.

Adsorption Mechanism

The slope of the initial portions of the adsorption
isotherms recorded under equilibrium conditions
characterizes the intensity of the adsorbent—adsorbate
interaction and the degree of utilization of sorbents;
the adsorption isotherm shape can indicate the mech-
anism of adsorption (whether it is chemical or physi-
cal), while the specific equilibrium adsorption magni-
tude makes it possible to determine the sorbent dose
for adsorption under static conditions.

The sorption isotherm shape suggests the occur-
rence of a sorbate—sorbent interaction, but does not
confirm this information. It can be assumed that the
steps ascending in isotherms indicate the heterogene-

oL D™MA
R*=0.9687 o ---==""""" D
!

2 401 /
g "
£ $
& 20+ . /1": Dzl_

R2=0.9952

q:I - ~—-= °

- ---
of ¥
0 0.04 008 012 0.6
C,, mol/L

Fig. 5. Fluorine adsorption isotherms of the D1 and DMA
samples: the points stand for the experimental results; the
dashed lines denote the data calculated according to
Eq. (6) and Table 4.
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ity of the active surface of the adsorbent. A smaller
portion of the active sites can exhibit a high activity;
they are saturated at relatively low concentrations. The
diversity of the chemical heterogeneity of the studied
adsorbent is also complicated by the colloidal struc-
ture of the aluminosilicate comprising micro- and
mesopores in addition to the existence of macropores
in the diatomite.

Consider the fluorine adsorption isotherm of the
DMA sample. It should be noted that, if the equilib-
rium fluorine concentration is lower than 0.033 mol/L,
the curve forms a Langmuir-type isotherm, which
involves the filling of active sites by individual mole-
cules (ions). In this case, the almost vertical initial
portion of the isotherm indirectly indicates a very high
affinity of the adsorbate to the adsorbent and implies
the formation of a chemical bond between the inter-
acting substances. If the specific amount of adsorbed
fluorine (a,,) is 22.3 mmol/g, then it is assumed that
the adsorbent surface is covered by individual mole-
cules of the resulting compound (maximum adsorp-
tion capacity a,,;). After that, a second layer is formed;
the surface concentration is zero again; the adsorption
involves new sites; this feature implies a different type
of interaction. The amount of adsorbed fluorine
abruptly increases, while the equilibrium concentra-
tion hardly increases at all. In this case, the curve
shape also suggests the occurrence of a chemical inter-
action. Thus, in a range of equilibrium concentrations
0f 0.033—0.040 mol/L, the entire adsorbed fluorine is
absorbed by the surface sites to form a new compound.
After that, when all of the available reaction sites are
exhausted and the surface is saturated again, the equi-
librium concentration begins to increase, while the
adsorption abruptly slows down. The second step of
the isotherm has a maximum adsorption capacity a,,,
of about 58 mmol/g.

It is easy to select two fluorine—aluminum com-
pounds with the lowest solubility—aluminum fluoride
and cryolite (with negative logarithm pK, of 19.0 and
33.84, respectively)—and assume the formation of
these compounds on the surface and in the pores of
DMA according to the following scheme:

AP* + 3F — AIF;,
AIF; + NaF — NaAlF,,
NaAlIF, + 2NaF — Na,AlF,.

At a high level of excess sodium fluoride in the solu-
tion, the resulting aluminum fluoride binds NaF to
form a NaAlF, intermediate compound, which is
transformed into cryolite owing to the further adsorp-
tion of NaF. Hence, it can be assumed that aluminum
fluoride is formed at an equilibrium fluorine concen-
tration of up to 0.033 M, while cryolite is formed in the
second step.

To confirm this hypothesis, we used data on fluo-
rine desorption from the D1 and DMA surfaces, X-ray
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Fig. 6. Potentiometric titration curves of the D1 and DMA samples before and after fluorine adsorption.

diffraction and FTIR analysis results, and potentio-
metric titration data for D1 and DMA before and after
fluorine adsorption by these samples.

Knowing the pHpy of the studied material, it is
possible to obtain information about the possible
attraction or repulsion between the sorbent and the
sorbate and provide the conditions required for the
effective implementation of adsorption [54].

Figure 6 shows the potentiometric titration curves
of D1 and DMA before and after fluorine adsorption.
The intersection of the three curves with the X axis
gives the PZC (pHp,c); in this study, it is 8.34 and 8.85
for the D1 and DMA samples, respectively.

At the pHp,, the total charge of cations and anions
on the sample surface is zero.

The titration curves show that an increase in pH
leads to a decrease in the density of the positive surface
charge. The surface charge is positive if the solution
pH is lower than pHp,c- and negative if the pH is
higher than pHp,; that is, the ability of the sorbent to
adsorb negatively charged fluorine anions increases in
the acidic pH range.

Owing to the modification-induced formation of
new aluminosilicate compounds on the diatomite sur-
face, the pHpy- of DMA is shifted to higher values.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 52

Aluminosilicates can be regarded as silicates in which
some of the silicon—oxygen tetrahedra SiOi_ are

replaced by aluminum—oxygen tetrahedra AlOi_ [55].
The partial substitution of Al atoms for Si atoms in sil-
icates, owing to their different valences, generates an
excess negative charge, which is compensated by the
introduction of Na*, K*, Mg?*, or Ca?" cations (less
frequently, Ba?" and Li") into the aluminosilicate
crystal lattice [56]. An increase in the Al/Si ratio leads
to a decrease in the aluminosilicate ion sizes and an
increase in the total negative charge per aluminum
atom [57]; as a result, the sorbent surface in solution
adsorbs a larger number of protons and the pHypy is
shifted to higher values [58].

The fluorine adsorption mechanism can be com-
prehensively understood if one takes into account the
change in pHp, after adsorption. It is known that the
formation of inner-sphere complexes (chemisorption)
between a metal cation located at exchange positions
in the sorbent structure and anionic compounds from
the solution leads to a shift of the pHp ¢ of the final
product to a more acidic range; this fact confirms the
formation of some acid groups on the sorbent surface.
Specifically sorbed (chemisorbed) substances contrib-
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Fig. 7. FTIR spectra of the DMA sample before and after
fluorine adsorption.

ute to a shift of the pHp, of the adsorbent surface after
adsorption. If a cation is chemisorbed, pHp,( is shifted
to higher values; in the case of chemisorption of an
anion, pHpy is shifted to a more acidic region [59, 60].

Fluorine absorption by aluminol sites of a posi-
tively charged surface at pH < pHyp, is attributed to a
two-step mechanism, i.e., protonation/exchange of
ligands and surface intraspheric complexation [34]:

AIOH, + H" — AIOH;
AIOH; +F — AIF, + H,0
Overall reaction:

AIOH, +H" + F~ — >AIF, + H,0.

This reaction provides an explanation to the decrease
in the density of the positive charge on the sorbent sur-
face under these conditions. In addition, the surface
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hydroxyls are replaced by fluoride ions; the entire
charge of the fluorine (—1) is concentrated on the sur-
face [61, 62]; this finding is consistent with our mea-
surements of pHpzc.

After adsorption, the pHp, of the D1 sample is also
slightly shifted to a more acidic region; this fact indi-
cates the formation of a chemical compound. The data
on the composition of D1 (Table 1) suggest that fluo-
rine interacts with calcium, which is contained in the
sample in a significant amount (about 12% in the form
of calcite), to form CaF, according to the reaction

Cagy +2F (aq) — CaFy,

The potentiometric titration results are confirmed
by the data on fluorine desorption. The sevenfold
washing of the samples in a buffer solution showed
that the amount of fluorine desorbed from the surface
of D1 and DMA is 69 and 3.2%, respectively; this
finding suggests that the remaining fluorine is bound
to the surface active sites of the adsorbent via chemical
bonding.

The identification of the resulting compounds was
conducted using the FTIR analysis data (Figs. 7, 8).

The absorption lines peaking at 3403 cm~' (region
of 3550—3200 cm~') and 1646 cm~! correspond to the
stretching and bending vibrations of the O—H bond of
the surface OH™ groups and molecular water, respec-
tively [63]; the peaks at 1025 and 531 cm™' can be
assigned to the stretching and bending vibrations of
the Si—O—Al bond in aluminosilicate; the line peak-
ing at 470 cm™! is attributed to the bending vibrations
of the Si—O bond in diatomite [64—66].

The FTIR spectra of the sample after fluorine
adsorption show a decrease in the intensity of the
peaks characteristic of hydroxyl ions and molecular
water and the occurrence of new absorption lines with
wave numbers of 759, 400, and 600 cm~!, which corre-
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Fig. 8. FTIR spectra of the D1 sample before and after fluorine adsorption. The right panel shows a magnified scale up to

1000 cm™ L.
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Intensity

Fig. 9. X-ray diffraction patterns of the DMA sample
before and after fluorine adsorption.

spond to the stretching and symmetric stretching
vibrations of the AI—F bond; the strong signal at
600 cm™! corresponds to vibrations of the Al-F bond
in cryolite (AIF,~ ) [67—69].

A decrease in the intensity of the peaks at 3403 and
1646 cm™! suggests that the adsorption process
involves hydroxyl groups and occurs by the ion-
exchange mechanism; this finding is consistent with the
data on fluorine adsorption without any buffer and the
increase in the solution pH from 7.5 to 11.5 (Table 2).
The disappearance of the line at 531 cm~! can be
attributed to the involvement of the Si—O—Al bond in
the adsorption of fluoride ions. The appearance of
new peaks characteristic of aluminum—fluorine com-
pounds suggests that the fluorine absorption by the
DMA sample occurs owing to the complexation of
fluoride ions with aluminum; in other words, fluorine
is chemically sorbed on DMA. Similar observations
can be found in the literature on fluorine removal by
aluminum-containing sorbents. Thus, the authors of
[70] confirmed that the fluorine adsorption by alumi-
num titanate and bismuth aluminate occurs by the
chemisorption mechanism through the formation of
new Al—F bonds.

Wang et al. [71] showed that the fluorine adsorp-
tion by aluminum hydroxide at low pH values (pH <
pHypzc) can occur by a two-step mechanism—the pro-
tonation of surface Al—O groups with ligand exchange
and the subsequent formation of an AlI-F chemical
bond [72, 21].

In the spectra of the D1 sample (Fig. 8), the
absorption lines peaking at 877 and 856 cm~!, which

correspond to the bending vibrations of the CO§_
group of calcite contained in the D1 sample [63], dis-
appear after fluorine adsorption. The shoulder with a
maximum at 443 cm~! can be attributed to the stretch-
ing vibrations of the Ca—F bond in CaF, [73]. The
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Fig. 10. X-ray diffraction patterns of the D1 sample before
and after fluorine adsorption.

absorption lines of hydroxyl ions and water with peaks
at 3428 and 1632 cm™! do not undergo any visible
changes; this feature can be attributed either to the fact
that they are not involved in adsorption or to the buffer
capacity of silicate ions. The absorption bands of
stretching and bending vibrations of the Si—O bond at
1084, 791, 713, and 467 cm~! remain unchanged after
fluorine adsorption.

The formation of new compounds after fluorine
adsorption by the D1 and DMA samples can also be
observed in the diffraction patterns of the samples
(Figs. 9, 10).

In the X-ray diffraction pattern of the DMA sam-
ple after fluorine adsorption, the intensity of the dif-
fraction reflections of aluminosilicate with interplanar
distances of 2.57, 3.04, and 3.19 A decreases; they
almost disappear, being replaced by new lines with
interplanar distances of 1.94, 2.26, 2.74, 3.88, and
4.51 A, which are characteristic of a cryolite phase
[74, 75]. This finding confirms that the absorption of
fluoride ions by the DMA surface occurs by the
chemisorption mechanism, which apparently changes
the adsorbent structure. The occurrence of an interac-
tion between the fluoride ions and the aluminum to
form new Al—F bonds is evidenced by the appearance
of new peaks in the diffraction patterns after adsorp-
tion. Hence, it has been confirmed that, in our study,
fluorine is chemically adsorbed through the formation
of AlI—F complexes.

Analysis of the diffraction pattern of the D1 sample
before and after fluorine adsorption confirms the
involvement of calcite in the adsorption process and
the formation of fluorite. The diffraction reflections of
calcite with interplanar distances of 4.26, 3.39, 3.28,
and 2.49 A disappear; new lines characteristic of fluo-
rite with d = 3.15, 1.93, and 1.65 A appear; the lines of
silica with d = 3.34, 3.03, 2.70 A, etc., remain
unchanged [73, 76].
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Hence, the fluorine adsorption by D1 occurs with
the involvement of calcite, the replacement of the car-
bonate group by fluorine, and the formation of a CaF,
chemical compound.

CONCLUSIONS

Fluorine removal by the D1 and DMA samples
from solutions containing 0.01—0.3 mol/L of fluorine
has been studied. Experiments have been conducted
under static conditions at room temperature.

It has been shown that the pH value plays an
important role in the fluorine removal from water. The
optimum pH for the fluorine adsorption by DMA is
4.5-5.5.

The maximum capacity of the sorbents has been
determined; at an initial fluorine concentration in
water of 0.3 mol/L, it is about 58 mmol/g for the DMA
sample; this value is 5.5 times higher than that of the
D1 sample, which is 9.7 mmol/g.

To determine the adsorption capacity of the sam-
ples with respect to fluorine, the dependence of
adsorption on the solution pH, initial fluorine con-
centration, sorbent weight, and sorption time has been
studied.

Fluorine adsorption isotherms of these samples
have been recorded. Equilibrium adsorption data have
been modeled using a two-step Langmuir model; it
has been shown that the experimental data on fluorine
adsorption are in good agreement with the data calcu-
lated according to this model: correlation coefficient
R?i5s0.9952 and 0.9687 for the D1 and DMA samples,
respectively.

The mechanism of fluorine adsorption by the stud-
ied samples has been analyzed.

It has been shown that one of the major compo-
nents of the mechanism of fluorine adsorption by
DMA is the exchange of ligands with the surface —OH
groups to form aluminum fluoride AlF;. At high initial
concentrations of fluorine, the adsorption observed
above the first plateau is the result of precipitation of
fluoride in the form cryolite Na;AlF,, along with
other sorption mechanisms, particularly the adsorp-

tion of fluorine in the form of AlF,, via capturing the
Al—F compounds from the interparticle liquid inside
the pores, and the surface precipitation of cryolite and
other fluorine—aluminum compounds. The fluorine
adsorption by D1 also occurs through chemisorption
and the formation of a calcium—fluorine compound—
CaF,—on the surface and in the pores of the sorbent.
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