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ARTICLE INFO ABSTRACT

Editor: Dong-Yeun Koh

In the present paper, the removal of fluoride from drinking was investigated via adsorption technique, an
important contaminant that could cause serious threat to human health. The challenge of this work is the scale-

Keywords: up from batch to continuous operation, including regeneration of the adsorbent, using a commercial hydroxy-
Fluoride ads‘frptlon apatite, namely Fuorandel®. Adsorption Dynamic Intraparticle Model (ADIM) was used to describe the data
Hydroxyapatite collected in batch mode, obtaining important parameters to design a continuous adsorption column, such as:
Scale-up . .. . § . .

Modeling surface diffusivity, Ds, and tortuosity, 7. Those parameters were fixed to simulate the experimental data collected
ADIM in a continuous device obtaining good results. Finally, the sorbent regeneration in a batch system was investi-

gated, optimizing the conditions to enhance Fluorandel® recovery. The present paper shows clearly the potential
application of the selected sorbent, giving all the tools needed to scale-up the operation at industrial level.

1. Introduction

The World Health Organization (WHO) included fluorine in the list
of 14 elements that are essential for life because it is required for
mineralization of bone ad teeth, maintenance of fertility, hematopoiesis,
and activation of some enzymes [1]. Although, the ingestion of huge
quantity of fluoride can cause acute or chronic form that occur respec-
tively with “fluorosis” and “neurological damage” [2,3]. WHO states
that the optimum concentration level of fluoride in water is considered
between 0.5 and 1.5 mg/L [4]. Furthermore, the excess of fluoride
compound is a serious problem also for fauna and flora [4]. For all those
reasons, including the protection of several ecosystems and human
health, it is necessary to purify waste and drinking water. In literature,
several techniques are reported to remove fluoride from wastewater.
They can be classified into different categories: membrane, precipita-
tion, ion exchange, and adsorption techniques [5-7]. The membrane
techniques include the reverse osmosis, nanofiltration and dialysis [8].
Although all these methods have some positive aspects, the best method
to remove fluoride compound in water is fluid-solid adsorption that is a
common industrial technique [9]. The advantages of this technology are
represented by simplicity of design, ease of operation, low costs, high
efficiency as well as environmentally friendly behavior [5,10].
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Fluorandel®, a commercial hydroxyapatite, produced by Dr. Ecker
GmbH, was demonstrated to be an effective sorbent for fluoride removal
from water by adsorption [11-15]. Fluorandel® is a synthetic hy-
droxyapatite produced by lime and phosphoric acid. It has the form of
white pellet insoluble in water [16,17]. High affinity of hydroxyapatite
(Cay9(PO4)6(OH),) for fluoride (F) is explained by the possible mecha-
nism reported in the following equation [18]:

Cayy(PO,)s(OH), +2F~=Cay(PO,)F; +20H" )

The full understanding of both the thermodynamic and kinetics of
fluoride adsorption on hydroxyapatite is still an open issue.

For this reason, the aim of the present work is focused on the
investigation of the following aspects:

i. Adsorption in batch condition: thermodynamic equilibrium and
kinetics.
ii. Adsorption in flow-system: kinetic experiments for validation
purposes.
iii. Adsorbent regeneration in batch: investigation of the optimal pH.
iv. Preliminary adsorption experiments using mineral water.

All the experimental data have been elaborated with a dynamic
intraparticle model, namely ADIM, tested previously by the authors [9].
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Nomenclature

asp geometrical specific area, m®m™>

AT BET surface area, m? g'1

b Langmuir affinity parameter, mfiq’p-mol'l

Co adsorbed solute moles per mass of adsorbent, mol g'1
Cp solute bulk concentration, mol-mjx

cN column feed concentration, mol-mix

Cro adsorbate initial concentration, mol-m™ gyix
Crdesorbea  concentration of desorbed fluoride, mol-mik

Cy solute concentration in the liquid of the pores, mol-mﬁQ,p
Cs solute concentration in the solid, mol-m's%L’p

Cg, saturation solute solid concentration, mol-m'S%L,p

D impeller diameter, m

Dp, molecular diffusivity, m?.s™

d, particle diameter, m

Dp pore diffusivity based on the cross-sectional area, m>s™
Dg surface diffusivity, m*.s?

D, axial dispersion coefficient, m2-s!

F Faraday constant, 96500 C-g-equiv™*

Kr Freundlich adsorption constant, (mol-m™)-(mol- m™3)™
km mass transfer coefficient, m-s™

L column length, m

n adsorption intensity

N impeller rounds per minutes

n,n valences of cation and anion respectively

Pe P é clet number

Q volumetric flow rate, cm®min’!

rp particle radial coordinate, m

Rp particle radius, m

Re Reynolds number

s shape factor

Sc Schmidt number

Sp particle external surface area, m?

t time, s

T temperature, K

u flow velocity, m-s™

Vp particle volume, m®

WADS adsorbent mass, g

z column axial coordinate, m

Greek symbols

€ solid particle porosity

& volumetric ratio, m%ULK-mi?

&y column void fraction

1ADS adsorption efficiency

/ﬁ, 20 limiting zero concentration ionic conductances, (A m?2) (Vv
rn'l) (g-equiv m‘3)

UL water viscosity, kg-m™-s!

v stirring rate, rpm

PB sorbent bulk density, kg-m™

L water density, kg-m™

Psolid effective solid density, kg-m™

T tortuosity factor

2. Materials ad methods
2.1. Materials

Fluorandel® in pellet form was used without further purification as
received by Dr. Ecker GmbH. Fluoride stock solution was prepared
starting from NaF, bought by Sigma Aldrich (CAS=7681-49-4, >99%),
solubilized in a matrass of 1 L capacity using ultra-pure water, to pre-
pare a stock solution characterized by a concentration of Cpg
= 1000 ppm. The sample of mineral water to test was collected in Santa
Maria alle Capannelle (RM). The composition of the tested mineral
water is reported in Table 1.

2.2. Experimental setups

2.2.1. Batch experimental setup for adsorption isotherm investigation

To obtain thermodynamic data in isothermal condition, an apparatus
composed of a water bath placed on a heating and stirring plate was
used, to ensure a rigorous stirring rate and temperature control.
Different adsorbent amounts (0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07
and 0.08 g), 10 mL of fluoride solution with a concentration of 10 ppm
and small magnetic stirrers were placed in 8 vials. The latter were put in
a water bath and the test was conducted for a week at 30 °C, at pH= 7.9
+ 0.1. In this way, this equipment could allow the execution of eight
isothermal experiments simultaneously.

Table 1
Summary of the concentration of each ion concentrations in both ultra-pure and
mineral water.

Ultra-pure Water Mineral Water

Calcium [mg/L] <0.1 41.5
Phosphorus [mg/L] 2.0 7.0
Sodium [mg/L] 13.5 48
Potassium [mg/L] <0.1 53.5
Magnesium [mg/L] <0.1 21.3

2.2.2. Batch experimental setup for kinetic experiments

A stock solution of fluoride (F’) with a concentration of 1000 ppm
was prepared and successively diluted to obtain solutions of 6, 8 and
10 ppm. To collect adsorption kinetic data in batch conditions, the
experimental equipment shown in Fig. 1A was adopted. It is composed
by a jacketed glass stirred tank vessel connected with a thermostat that
guarantees to work at the desired constant temperature ( £ 0.1 °C).
Temperature is visible via a dedicated temperature indicator connected
to a thermocouple. The liquid-solid mixture was stirred mechanically
using an impeller at a desiderated temperature.

To conduct the kinetic experiments, a volume of 150 cm? of fluoride
solution added to the reactor. The solution was heated to the desired
temperature and stirred at a constant rate. Then, a measured amount of
powdered Fluorandel®, obtained by crushing the pellets with a mortar,
was introduced to the liquid phase. The pH of the solution was moni-
tored at the beginning and at the end of each run and it was found to be
stable within + 0.1 units. Each experiment lasted 5 h. During this time
different samples were collected periodically. Samples were analyzed by
ionic chromatography method to obtain the evolution of fluoride (F’)
concentration. Different experiments were conducted to investigate the
effect of the main operation conditions such as stirring rate (v), tem-
perature (T), initial fluoride concentration (Cr-,9) and sorbent bulk
density (pp) on the fluoride adsorption kinetics. A summary of the ex-
periments is reported in Table 2.

2.2.3. Continuous experimental setup

To obtain continuous kinetic data, the experimental equipment
shown in Fig. 1B was adopted. It is composed of a piston pump which
allows to feed a fluoride solution (stream) through a fixed-bed column,
packed with Fluorandel® in pellet (0.6 x0.2 mm). The adsorption col-
umn is a jacketed glassy cylindrical pipe with length L= 0.4 m and
radius r.= 0.005 m. The pipe is connected to a thermostat that ensures a
constant temperature throughout the adsorbent bed and the tempera-
ture was measured using a thermocouple installed at the column exit. A
three-way valve was used to withdraw samples along the experimental
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Fig. 1. Sketch of the experimental device adopted for the investigation of fluoride (F’) adsorption kinetics in batch (A) and continuous (B).

Table 2
Summary of kinetic experimental conditions for the kinetic experiments con-
ducted in batch.

Table 4
Summary of the experimental conditions adopted for the desorption kinetics
investigation.

Experiment T [K] v [rpm] Cr0 [ppm] pp [kg/m®] Experiment Waas [g] Stirring rate [rpm] Cnaon,o [ppm] PH [-]

1 303 500 10.2 3.33 1 0.1253 500 0 7

2 303 750 10.3 3.33 2 0.1236 500 0.0001 10

3 303 500 8.4 3.33 3 0.1262 500 0.0010 11

4 303 500 6.4 3.33 4 0.1301 500 0.0100 12

5 303 500 10.3 1.67

6 303 500 10.4 0.83

7 313 500 10.0 0.83 ammonium groups that separates the components of the mixture to be
8 293 500 10.3 0.83

time. All samples were analyzed by ionic chromatography to measure
the evolution of fluoride concentration in time. Different experiments
were conducted varying several operation conditions. The summary of
the experimental rationale is reported in Table 3.

2.2.4. Regeneration experimental setup

The desorption kinetics and possible sorbent regeneration were
investigated using the same experimental equipment adopted for the
kinetic experiments in batch. Fluorandel® powdered samples were put
in contact with a fluoride solution (Cr. =50 ppm) for one week. Then,
the obtained saturated Fluorandel® samples were put in contact with a
solution of sodium hydroxide (NaOH) at a fixed pH value, to conduct
desorption kinetic tests. Each experiment had a total duration of 5 h and
samples were withdrawal periodically. The summary of regeneration
experiments is reported in Table 4.

2.3. Analytical methods

Fluoride concentration was measured by ionic chromatography
(Metrohm® 930 IC Flex). The eluent used for the chromatographic
analysis was a degassed solution of sodium carbonate (NapCOs3) and
acetonitrile (C2HaN). The liquid phase, composed of eluent and sample,
reaches the column (Metrosep A Supp 17 - 250/4.0) made from a
styrene-divinylbenzene resin functionalized with quaternary

Table 3
Summary of the experimental conditions for the kinetic experiments conducted
in continuous.

Experiment Waas [g] T [K] Q [mL/min] Cr-,0 [ppm]
1 16.19 303 5.4 10.0

2 10.08 303 7.7 10.0

3 16.22 303 7.7 10.0

4 17.09 303 13.4 10.0

5 17.10 303 17.8 10.0

6 16.17 303 21.5 10.0

7 17.92 303 13.4 7.5

8 17.82 303 13.4 5.0

analyzed; based on the affinity with column, ions in the samples comes
to the suppressor and detector in different times. Chemical suppressor
cartridges were used to reduce the conductivity to reduce the analytical
error, consisting of three cartridges that are used alternatively for ion
suppression, regeneration by HoSO4 and washing with ultra-pure water.
Finally, a conductivity detector allows to detect the ions present in the
sample.

Wide-angle X-ray diffraction patterns of powder samples were ob-
tained with nickel-filtered CuK, radiation with an automatic Philips
powder diffractometer (Almelo, the Netherlands) operating in the 6/26
Bragg-Brentano geometry using specimen holders 2 mm thick. The
phase recognition was carried out by using the PDF-4 4 2021 (Inter-
national Center for Diffraction Data®) database.

SEM analysis was carried out by means of a Nova NanoSem 450 FEI
Microscope (Hillsboro, Oregon).

Granulometric distribution of the powdered HAP was obtained by
using a Malver Mastersizer 3000 laser granulometer.

The adsorbents, both in powder and pellet form, were characterized
by nitrogen adsorption at 77 K using the ASAP 2020 apparatus. Before
the measurement, the solid samples (about 0.02 g) were degassed for
about 15h at 573K under a vacuum (P < 0.7 Pa). The Bru-
nauer-Emmett-Teller (BET) method was applied to calculate the spe-
cific surface area of the adsorbent. The Non-Local Density Functional
Theory (NLDF) was used to estimate the total pore volume and pore
structure of the solids.

2.4. Batch and continuous kinetic modeling

The interpretation of the kinetic data was conducted using ADIM
(Adsorption Dynamic Intraparticle Model) [9,19,20]. According to this
model, the system can be divided into three domains: (i) bulk liquid
phase, where fluid-solid external diffusion can occur; (ii) liquid intra-
particle phase; (iii) solid intraparticle phase.

Both batch and continuous models consist of several assumptions:

1. All the particles are considered of the same size, with cylindrical
geometry (s = 1).
2. The system is considered isothermal with no density change.
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Following these hypotheses, the mass balance equations for the
batch system can be derived considering both fluid-solid (Eq. (2)) and
intraparticle diffusion (Eq.(3)) limitations:

0C,
SB_IB = - kmayp (CB - CL|,.P:RI,) 2

where, Cp is the sorbate liquid bulk concentration, t the simulation time,
k the fluid-solid mass transfer coefficient, ay, the sorbent specific sur-
face area per volume of particle, Cy |rp—gp the liquid phase concentration
of the sorbate inside the pores calculated at the solid surface (r,=R;),
and ¢’ the fluid bulk-to-solid phase volumetric ratio.

9 0Cs _ Dp 0 (150G ({_\1L 0 (15, 0 0C
e o + (1 e) o 78}% ar (rparp> + <1 8>r}; ar (r,,DSCSarP
3

¢ is the sorbent porosity, Cg is the sorbate concentration on the solid
surface, r;, the sorbent radius, Dp the pore diffusion coefficient, Dg the
surface diffusion coefficient, S the shape factor (S=2 for spherical par-
ticles and S=1 for cylindrical particles), and C*, the solute saturation
concentration on the solid, is defined as in Eq. (4).

. & n
C'=1In (K) (@)

Kp and n are the Freundlich isotherm parameters.

The effective pore diffusivity Dp presented in Eq. (5), is defined as
the molecular diffusivity D, adjusted with the ratio of porosity (¢) to
tortuosity () of the particle, considering the irregular geometry of the
porous structure.

Dy =°D, (5)
T

The value of tortuosity was calculated from the correlation (Eq. (6))
reported in the literature [21]:

7= g 05 6)

The molecular diffusivity, Dp, (cmz/s), was estimated through the
Nernst-Haskell equation [22], valid to describe the diffusion of ions in
aqueous media (Eq. (7)).

_RT oy | " 4 |n |

= - - @)
P+

m

where R is the universal gas constant, T is the temperature in kelvin, F is
the faraday constant (equal to 96500 C/g-equiv), A2 and A0 are the
limiting zero concentration ionic conductances of the cation Nat (19=
50.1) [23] and the anion F° (/19: 55.4) [24], n, and n. are the valences of
cation and anion, which are + 1 and — 1, respectively. Given the pro-
vided data, the calculated values for D,, at 20, 30, and 40 °C are
1.38 x 10° m?/s, 1.42 x 10" m%/s and 1.47 x 10° m?/s, respectively,
which are comparable with the diffusivity value reported in the litera-
ture (D, = 1.39 x10° m?%/s at 25 °C) [25]. The boundary conditions
that are necessary to solve the mass balance equations for the batch
system are reported in Egs. (8) and (9).

aC;
Tj =0j=L,S ®
rp rp=0
ac ac*
eDpH + (1 - e) DsCs = kn (CB - CL\,,,:RP> ©)
rp=Rp P lrp=R
4 P P i P P

Eq. 7 express the symmetry at the center of the solid particle (r,=0)
for either liquid or adsorbed phases, while Eq. (8) represents the con-
tinuity equation between the fluid bulk and fluid intraparticle phases
(rp=Ryp).

The intraparticle local equilibrium between the liquid and adsorbed
phases is expressed in terms of the adsorption equilibrium isotherm.

Journal of Environmental Chemical Engineering 12 (2024) 111973

Fluid-solid mass transfer coefficient, kp,, for the batch system was
evaluated using the following correlation [26].

ND 0.5 0.38 D
ky = (24047 <”L > (ﬂ”L > (10)
M D dp

where py and py are the liquid phase viscosity and density respectively, N
represents the impeller rounds per minutes, D is the impeller diameter,
Dy, is the molecular diffusivity and d, is the solid particle mean diameter.

Solving the mentioned equations, it is possible to estimate the surface
diffusivity, Ds, and tortuosity factor, 7, that are two incognita parame-
ters, needed to describe the experiments conducted also in continuous.

In the continuous model is necessary to consider the motion of the
fluid along the packed column; thus, it is necessary to include the
convective flux and dispersion terms. In this way, the concentration
profiles depend also on the axis and radius of the column. In this work, a
column with a ratio between length and diameter of the pipe (L/D~40)
that allows to neglect the radial dispersion [27], was used. The mass
balance for bulk liquid phase is expressed by Eq. (11).

Cy

/a& _ ' ()CB
&€ = 022

o~ e

+ D~ — kna,, (CB - CL|,P:RP) an

where u is the flow velocity and D, is the axial dispersion coefficient.

The solid phase mass balance equation is identical to the one adopted
for the batch model. All the boundary conditions already defined for the
particle phase remain valid (Egs. 8 and 9), but it is necessary to include
the boundary conditions related to the column coordinates (Eqs. (12)—
(16)).

Gl _oj—Ls 12
orp|,,—
EDP& + (1 - 8) Dscsac =k, <CB - CL) 13)
orp ro=Rp orp rpRp
6CB
D=2 =ulcy-cC 14
F o M( B B|,:0) 14)
oC,
= =0j=L,S (15)
07 |,
oC;
—| =0j=B]LS (16)
02 z=L

At the entrance of the column, no adsorption process occurs. The first
two equations (Egs. (12), (13)) represent the symmetric condition at the
center of the particle for liquid and solid concentrations inside the
particle. Eq. (14) considers that at the external surface of the particle,
fluxes must be equal (continuity condition). The assumption that the
spatial derivatives of the concentrations at the column boundaries (both
inlet and outlet) are equal to zero is a reasonable approximation (Egs.
(15), (16)), considering that the concentration variations between the
inlet flow and the first section of the column are typically slight [28].

2.5. Desorption percentage calculations

To quantify the percentage of fluoride ions released, the area (A)
under the experimental washout curve, fluoride concentration vs time,
was calculated. Thus, the desorbed amount of fluoride can be calculated
as in Eq. (17).

-100 a7

Cr- desorbe A 1
Removal {%] = I devorbed 190 =
F0 fena Cr-
Cr.0 is the fluoride initial concentration, Cf. desorbed iS the concen-
tration of fluoride released by desorption in the liquid phase and t,,q is
the final time of the recovery experiment.
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2.6. Numerical methods

The partial differential equations were solved adopting the numeri-
cal Method Of Lines (MOL) implemented in gPROMS ModelBuilder v.4.0
environment [29], adopting a finite difference method to solve the set of
partial differential equations of the model. In detail, the sorbent radius
coordinate was discretized adopting a second order central finite dif-
ference method (fixing 75 elements), while the pipe axial coordinate
with first order backwards finite difference method (fixing 200
elements).

3. Results and discussion
3.1. Characterization of the adsorbent

Adsorption experiments were conducted using Fluorandel®. Wide
angle X-ray diffraction characterization (Fig. 2) has pointed out that the
material could be made of hydroxyapatite (Cajo(PO4)s(OH)2, 00-064-
0738), fluorapatite (Cajo(PO4)¢F2, PDF CARD 01-080-3032) or by a
mixture of both: the univocal determination of the chemical composi-
tion cannot be carried out using only wide angle X-ray diffraction since
these two apatite are isomorphic, as they both crystallize in the space
group P63/m with almost identical cell parameters (a= 0.937 nm in the
case of fluorapatite, and a= 0.941 nm in the case of hydroxyapatite, c=
0.688 nm for both structures) [30].

Accordingly, the isomorphism between fluorapatite and hydroxy-
apatite does not allow to highlight significant structural differences in
the WAXD patterns (Fig. 3) of as obtained (unused) and used
Fluorandel®.

Scanning electron microscopy images (Fig. 4) show the presence of
micrometric granular particles of Fluorandel® of irregular shape
constituted by the aggregation of smaller particles with average size of
(0.1 x 0.2) pm. A highly porous structure is apparent.

The adsorbent textural properties, used as input parameters in the
batch and continuous models, are listed in Table 5.

3.2. Adsorption isotherms

Equilibrium adsorption experiments were conducted at three tem-
peratures, namely T =293 K, T =303 K and T = 313 K, which corre-
spond to the same temperatures used in the kinetic experiments. These
temperature choices are consistent with the typical investigation range
for fluoride adsorption on HAP, as reported in existing literature

Hydroxyapatite

Fluorapatite

Intensity (a.u.)

Fluorandel (R)

5 10 15 20 25 30 35 40 45 50 55 60
20 (deg)

Fig. 2. X-ray powder diffraction patterns of (a) Fluorandel®; (b) Fluorapatite
(PDF CARD 01-080-3032), and (c) hydroxyapatite (PDF CARD 00-064-0738).
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after tests

Intensity (a.u.)

as received

(b)
\jL‘J\I\J\/\J
(a)

10 15 20 25 30 35 40 45 50 55 60
26 (deg)

Fig. 3. X-ray powder diffraction patterns of Fluorandel® (A) as received (un-
used) and (B) after the adsorption tests (used).

[31-33]. The collected data were interpreted adopting the Freundlich
isotherm, Eq. (18).

Cs = Kz C\/" 18)

The results are reported in Fig. 5.

As revealed, adsorption is favored at high temperature, suggesting a
chemical endothermic adsorption mechanism. This mechanism can
surely be justified as fluorine replaces the hydroxyls included in the
sorbent structure, following a chemical adsorption mechanism. [34-36].

The estimated isotherm parameters are reported in Table 6, together
with statistical information.

3.3. Kinetic results in batch conditions

Batch adsorption kinetic experiments were conducted investigating
the effect of different operation conditions for a deep understanding of
the phenomena occurring in the adsorption kinetics network. The effect
of the stirring rate of the mixture is reported in Fig. 6. As revealed, liquid
film mass transfer is not the rate limiting step of the process, as the
stirring rate has not a visible effect on the kinetic curves. For this reason,
all successive experiments are conducted at a stirring rate of
y= 500 rpm.

Furthermore, experiments were conducted by varying the pollutant
loading concentration (Fig. 7). As can be seen, the initial slope of curves
increases when the initial bulk concentration of fluoride increases.
Moreover, higher is the initial load, lower is the final plateau value, fact
in agreement with the experimental observation collected in the
adsorption isotherm section.

The effect of bulk density is evident, as using a higher amount of
solid, an increase of the adsorption kinetics can be observed (Fig. 8). The
final plateau value is influenced by the sorbent load, as a higher amount
of sorbent lead to a higher adsorption efficiency of the system.

The effect of temperature (Fig. 9) is, instead, weak but present, and it
is possible to note that higher temperature, a faster adsorption rate can
be observed. De facto, molecular diffusivity increases with temperature,
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Fig. 4. SEM images of Fluorandel®, at (A) 800 and (B) 75,000 magnifications.

Table 5
Adsorbents physical properties.
Property Value
Powder Pellet
ag [m*m3] 3.40 x 10° 2.00 x 10°
R, [m] 8.81 x 104 @ 1.00 x 103 ®
S[-] 2 1
Apgr [m?/ gl 73© 71©
e[ 0.36 0.33©
Psolid 3150
T 1.679 1.74@

® Obtained from particle size distribution (deo/2); ® Taken from technical data
sheet; ) Obtained from N, physisorption analysis; @ calculated from Eq. (6).

500
400
i
o]
mf/)
‘= 300
©
£,
2 i
o 200 o T=293K
A T=303K
100 > T=313K
Freundlich fitting
0 T T T T T T T T
0.0 0.1 0.2 0.3 0.4
3
C, [mol m~ 4]
Fig. 5. Adsorption isotherms at T = 293, 303 and 313 K.
Table 6

Summary of Freundlich adsorption isotherm parameters fitted on the experi-
mental data.

T [K] K [ (mol m3)1/m] nl] R

293 520 + 10 27+0.1 0.99
303 570 + 30 38403 0.99
313 700 + 50 43402 0.99

thus an increase in the adsorption rate is expected. Moreover, the higher
adsorption capacity measured at higher temperature values is in line
with the adsorption isotherm investigation.

0.6 - Cr ,=0.54mol/m® T=303K; p,=3.33kg/m*
A v=500rpm
0 v=750rpm
—
()
£
o
E
m £z i
o >t
0.1+
0.0

T T T T T T 1
0 2000 4000 6000 8000 10000 12000 14000
t[s]

Fig. 6. Effect of stirring rate on the adsorption kinetics. Experimental condi-
tions are: Cp-o = 0.54molm™>; T=303K and ps=3.33 kg m>. Symbols
represent experimental data, lines the calculated profiles.

0.6 p5=3.33kg/m®; T=303K; v=500rpm
0 Cg,=0.54mol/m?
A& Cp=0.44mol/m?
<& Cp=0.33mol/m®

6000 8000 10000 12000 14000
t[s]
Fig. 7. Effect of the initial F* concentration on the adsorption kinetics. Exper-

imental conditions are: v = 500 rpm; T = 303 K and pg= 3.33 kg m™>. Symbols
represent the experimental data, lines the calculated profiles.

0 2000 4000

All the collected data were interpreted with the ADIM (Adsorption
Dynamic Intraparticle Model) proposed by our research group and
described in the previous section of this paper [9]. A single parameter
estimation analysis was conducted to determine the tortuosity factor
and the surface diffusivity values. The activity was run simultaneously
on all the experimental data. The obtained results (reported in Figs. 6-9)
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Cr. i=0.54mol/m?; T=303K; v=500rpm
0 p=3.33kg/m®
A py=1.67kgim®
& py=0.83kg/m®

o 041 7T 3
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Fig. 8. Effect of the sorbent bulk density on the adsorption kinetics. Experi-

mental conditions are: Cg-o = 0.54 mol m?, T=303K and v=500 rpm.
Symbols represent the experimental data, lines the calculated profiles.
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Fig. 9. Effect of temperature on the adsorption kinetics. Experimental condi-
tions are: Cg-o = 0.54 mol m>; pp= 0.83 kg m™ and v =500 rpm. Symbols
represent the experimental data, lines the calculated profiles.

show a high flexibility of the proposed model that leads to a good
description of the experimental data collected in a wide range of
working conditions, with a very good degree of explanation R? = 0.99.

The parity plot reported in Fig. 10 shows that the data fall in a
window of error of 10%, thus the agreement can be considered
satisfactory.

The estimated parameters, together with the statistical information,
are reported in Table 7. It is possible to notice that the values of Dg in-
crease with the temperature. As revealed, surface diffusivity is rather
high, indicating a relatively high motion of F" ions on the sorbent sur-
face, probably due to electronic repulsions. Confidence interval values
indicate that the parameters are characterized by good statistical
significancy.

3.4. Kinetic experiments conducted using the adsorption column

A lab-scale adsorption column was installed and packed with pellets
of Fluorandel® to collect breakthrough curves data. Kinetic experiments
were performed investigating the effect of some operational conditions
(flow rate, mass of adsorbent and fluoride concentration). The

Journal of Environmental Chemical Engineering 12 (2024) 111973

0.6 T T T T T
//
/, 4
0.5 pah e
— D /DE -7
& g e
- z -
g 0.4 DD/’D‘:r E//
-~ Vé
o w7
= o
@ o
o 0.2 3,’@§D i
&) 7
/ll:rt
0.1+ 4 .
%
0.0 T T

0.0 0.1 0.2 0.3 0.4 0.5 0.6

3
Cg exp [mol/m7]
Fig. 10. Parity plot between the experimental and the simulated data.
Table 7

Results of the parameter estimation activity. C.I. 95%: confidence interval at
95%.

Parameter Value + C.I. 95%

T=313K
(2.1 +£0.1)-10!

Ds [m%s] T =293 K

(8.6 + 0.5)-10'12

T=303K
(1.00 + 0.01)-10'*

experimental results are reported in Fig. 11.

As revealed, the initial slope of the breakthrough increases when
volumetric flowrate increases; the greater is the flowrate, the faster the
curve approaches the saturation value. Furthermore, when the fluoride
initial concentration increases, the adsorption kinetics become faster.
The collected data were interpreted using ADIM model. The adsorption
parameters were fixed to the values obtained as described in the pre-
vious sections. Liquid-solid external mass transfer was not considered a
rate determining step. This can be surely considered a realistic hy-
pothesis bed due to the high mobility of anions in water. The unique
parameter that was estimated on each experiment is Pe, that is Peclet
number, fixing the column void degree (¢,) to 0.31, determined with
preliminary experiments. The definition of Pe for a packed column is
reported in Eq. (19).

_uL
D,

z

Pe (19)
The results of the trend of Pe with the Reynolds number are reported
in Fig. 12. Reynolds number, Rep, is defined as in Eq. (20).

L (20)
M

As revealed, by increasing the liquid flowrate, an increase of Pe is
observed, due to the higher turbulence that can be achieved. Further-
more, the absolute values of Pe suggest a fluid-dynamics strongly devi-
ating from plug-flow ideality, fact due to the geometrical characteristics
of the packing.

Finally, the parity plot reported in Fig. 13 shows the accuracy of
model in describing the data collected in the continuous system. Thus,
the ADIM interprets with rather good results experimental data collected
both in batch and continuous system.

3.5. Regeneration of the sorbent

To collect desorption data and to study the regeneration of adsor-
bent, a batch regeneration system was assembled. The successive
desorption and regeneration steps are carried out by bringing the
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adsorbent, having fluoride compounds adsorbed, and putted in contact
with an alkali solution (NaOH) at different pH values.

As it is possible to see from Table 8 and Fig. 14, by increasing the pH,
the percentage of removal of fluoride increases as well. In fact, a better
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Table 8
Summary of the regeneration experimental
results.
pH [-] Removal [%]
7 0
10 3
11 4
12 10
3.0x10° - T=313K; C,=0.0032 mol/g; wxps=0.12 g; v= 500 rpm
’ o pH=7
A pH=10
2.5x10°° + o pH=11
© pH=12
& &
2.0x1075 +
E ¢
o _
1S 1.5x1075 + &
Rl
[21]
O 1.0x10°% 1
&
§ © 2 =
5.0x10° % g g 2
0.0 +————=4 T S L T | —
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Fig. 14. Regeneration kinetic data at different pH values. Experimental con-
ditions are: T = 313 K, Co = 0.0032 mol/g; waps= 0.12 g and v = 500 rpm.

regeneration of Fluorandel® is obtained with highest NaOH concen-
tration, leading to a faster exchange of F* with OH" anions. This result is
in agreement with literature data that reported that the best pH for
hydroxyapatite regeneration is pH = 13. Furthermore, The XRD analysis
reported in Fig. 3 shows that there are not substantial differences be-
tween Unused Fluorandel® and used Fluorandel®. That is an indication
that elementary cell of crystals does not undergo changes and that there
is not a complete exchange between F" and OH™ ions considering of the
concentrations of solution used in the experiments.

3.6. Preliminary tests with mineral water

To verify the performance of the adsorption process of fluoride on a
real aqueous matrix a study was conducted treating mineral water
coming from the source of Santa Maria alle Capannelle (RM), where NaF
was added to reach the desired fluoride concentration (10 ppm).
Comparing the adsorption isotherm obtained when using in alternative
ultra-pure and mineral water (Fig. 15).

As revealed, hydroxyapatite shows a higher adsorption capacity
when working with mineral water. This aspect may be explainable due
to the interaction of the ions contained in mineral water with the sor-
bent. One hypothesis could be related to the presence of alkaline metals
ions (e.g., K*, Na*, Ca®"), able to react with the free hydroxyls of the
sorbent, leading to free sites that are readily available to absorb fluoride.
De facto, for the conduced experiment, an increase of the pH was
measured, enforcing the above-mentioned assumptions.

The comparison between the Freundlich isotherm parameters ob-
tained using either ultra-pure water or mineral water is reported in
Table 9.

As revealed, the maximum adsorption capacity (Kp) increases of 3.4
times when using mineral water, with a light change in the affinity
parameter, within the error.
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Fig. 15. Comparison of the adsorption isotherms obtained at T = 303 K using
respectively ultra-pure water and mineral water from Santa Maria alle Capa-
nnelle (RM) source, where NaF was added to increase the fluoride content
to 10 ppm.

Table 9
Summary of Freundlich adsorption isotherm parameters obtained using ultra-
pure and mineral. water.

Matrix K [ (mol m™3)11/"] n[-] R?
Ultra-pure water 405 + 60 3.8+0.5 0.99
Mineral water 1360 + 340 2.8+0.5 0.97

4. Conclusions

In this work fluoride adsorption over commercial hydroxyapatite,
namely Fluorandel®, was investigated using a model matrix consisting
in a solution of NaF in ultra-pure water. A complete description of both
the kinetics and thermodynamics was conducted with dedicated ex-
periments in batch mode. The analysis of the equilibrium isotherms
allowed to retrieve the main thermodynamic parameters, described
using the Freundlich isotherm. It was verified that the increase of the
temperature promotes the adsorption efficiency. The kinetic investiga-
tion allowed to exclude the influence of fluid-solid external mass
transfer limitation. Fluoride initial concentration has a remarkable ef-
fect on the rate of adsorption; in fact, initial slope of the kinetic curves
increases when the initial concentration of fluoride increase. Similarly,
using a greater amount of solid, an increase of the adsorption kinetics
was observed. The collected data were described by using the ADIM
(Adsorption Dynamic Intraparticle Model) approach. From non-linear
regression analysis of experimental data, it was possible to obtain the
value of surface diffusivity Dg,

Thus, the experiments conducted in flow were simulated using the
same parameters obtained in batch mode, allowing to a good description
of the data in every case.

Fluorandel® was characterized by various techniques. XRD analysis
has shown that it is a synthetic hydroxyapatite and that there are not
substantial differences between used and unused Fluorandel®, demon-
strating the possible industrial application of the sorbent.

Sorbent regeneration tests were conducted showing that by
increasing the pH, there is an increase of the sorbent regeneration rate.
Finally, preliminary thermodynamic tests were conducted on a mineral
water and the results were compared with our model system, showing
higher adsorption capacity. This aspect shall be further investigated in
the future, indicating a strong dependence of the nature of the matrix on
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the adsorption efficiency.
Concluding, the present work is surely a good starting point to scale-
up the fluoride adsorption at an industrial level.
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