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a b s t r a c t

This work focuses on fluoride recovery as a solid product CaF2 in order to (i) improve process efficiency by
means of the reduction of fines formation with the distributed feeding of calcium along the height of the
reactor when high fluoride concentrations have to be treated; and (ii) to correlate the supersaturation
effect on the fines formation and the process efficiency for the fluoride recovery as synthetic calcium
eywords:
luoride control
alcium fluoride
rystallization
upersaturation

fluoride.
An estimation of two parameters related to the product growth and the fines formation equations was

performed in order to predict the process efficiencies in terms of fluoride removal and recovery as a solid
product. The process simulation also provided the description of the crystallization process carried out
in the tubular reactor contributing to the design and operation purposes for industrial applications of

recov
the fluoride control with
industrial use.

. Introduction

The limited natural resources of fluorspar, calcium fluoride, and
he world consumption of fluorspar for chemical production, sta-
ilising at around 4 million tons in 2004 (World Mineral Statistics,
004) require that an effort be made to achieve sustainable man-
gement of the raw material as well as valorizing and including
ecycling in the production processes.

The fluoride recovery process to obtain synthetic calcium fluo-
ide consists of a crystallization process in a fluidized bed reactor,
hich is proposed as an alternative to the conventional pre-

ipitation in the BREF document on Best Available Technology
n common waste water and waste gas treatment and manage-

ent systems in the Chemical Sector (European Commission,
003).

The objective of the crystallization process under fluidized con-
itions is to achieve the fluoride removal requirement for the waste
ater disposal as well as the fluoride recovery as synthetic CaF2

n the form of pellets available for industrial use: (i) reuse as raw
aterial for the HF production (acid grade fluorspar: 97% CaF2); (ii)

ller material in concrete, enamels for ceramic substrates (ceramic

rades fluorspar: 85–97% CaF2), (iii) flux in the manufacture of steel
nd cast iron (metallurgical grade fluorspar: 60–85% CaF2).

Previous works were focused on the study of the fluoride
emoval and recovery as synthetic CaF2 by crystallization in a flu-
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ery of solid product recovery as synthetic CaF2 in pellet form available for
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idized bed reactor working with standard fluoride solutions at
laboratory scale [1–3], and the pilot plant scale operated with
industrial waste waters [4].

A model of crystal growth of calcium fluoride was reported by
Aldaco et al. [5–7], from the fitting of growth rate data to the vari-
ables: supersaturation, seed particle size, and superficial velocity in
the fluidized bed. The crystal growth model was based on the aggre-
gation and molecular growth mechanisms, while the nucleation
process related to fines formation was described by a nucleation
rate equation as a function of the supersaturation with well corre-
lated data [7].

Low supersaturation values are related to nucleated precipita-
tion, molecular growth and aggregation on the seed grains; while
discrete precipitation, primary nucleation, is favored when the pro-
cess is operated at higher supersaturation levels, leading to the
formation of many nuclei which are not possible to be retained in
the reactor, not even by aggregation with the seed particles. Under
these conditions, the efficiency of the process decreases and the
turbidity of the effluent increases.

As fines formation leads to a reduction of the process efficiency
in terms of the amount of crystallization product recovered in the
reactor, it is important to focus on the understanding of the mech-
anisms of fines formation in order to minimize this effect, mainly
by means of the control of supersaturation.
Using the concept of distribution of local supersaturation along
the reactor, achieved by multiple feed points, Costodes et al. [8]
reported results of crystallization efficiencies up to 94% for the
nickel hydroxy-carbonate recovery. The efforts made to understand
of the mechanisms involved in the fluidized bed were also refer-

http://www.sciencedirect.com/science/journal/13858947
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mailto:gareaa@unican.es
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Table 1
Main experimental data of the fluoride control and recovery in the reactors used at laboratory and pilot scales.

Reactor Seed load (kg) F− in reactor (mg/l) X XF XR F− out reactor (mg/l)

LAB1 (0.11
l,0.02 × 0.35 m)

0.07 150 0.91 0.19 0.72 15
500 0.86 0.30 0.56 26

LAB2 (0.3 l, 0.02 × 1 m) 0.14 150 0.91 0.23 0.68 14
500 0.96 0.45 0.51 22
500 (3) 0.98 0.31 0.67 13
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nced for the removal of phosphorous [9,10], borax decahydrate
11], calcite and calcium fluoride [6,12,13].

Taking into account these previous studies on crystallization
rocesses in fluidized bed reactors, the focus of this work is on flu-
ride recovery as solid product CaF2 in order to (i) improve process
fficiency by means of the reduction of fines formation, and (ii) be
ble to describe the effect of the distribution of the supersatura-
ion, with the introduction of the product growth model and the
nes formation equation so that the process efficiencies in terms of
uoride removal and recovery as solid product may be predicted.

. Experimental section

The operation of the crystallization process was carried out at
aboratory scale, by using two fluidized bed reactors (one prepared
or the distributed feeding of calcium from hydrated lime solution,
ig. 1), and at pilot scale working in this case with industrial fluoride
aste water (capacity 5 m3 h−1, operated with 3 m3 h−1 [4]).

Samples were taken during each experiment at different time
ntervals for the measurement of fluoride dissolved, pH and concen-
ration of fines in the outlet stream. Dissolved fluoride was analyzed
y a specific fluoride ion electrode provided with a reference elec-
rode. The concentration of fines as suspended solids in the outlet
tream was calculated from filtration (0.45 �m filter) of samples
nd determination of the cake weight.

Table 1 summarises the main data corresponding to the oper-
tion in the reactors, the dimensions of each reactor, seed load
industrial CaCO3) and fluoride concentration at the inlet (bot-
om, at the first point of contact between the fluoride and calcium
treams) and at the outlet of the reactor; and the results calculated
rom the measured variables are shown in terms of process effi-
iency (X, as total fluoride removal fraction), conversion to solid
roduct (XR, as synthetic CaF2), and fraction of fluoride lost as fines
o the outlet stream (XF), defined as follows

= wF,bottom reactor − wF,out reactor

wF,bottom reactor
(1)

R = wF,grains product

wF,bottom reactor
(2)

F = wF,fines

wF,bottom reactor
(3)

eing

= XR + XF (4)

here wF,bottom reactor and wF,out reactor are the fluoride molar
owrates, at the bottom of the reactor (first point of contact with

he calcium stream) and at the outlet of the reactor in the filtered
amples; wF, grains product is the fluoride molar flowrate as product
ecovered from the reactor (synthetic CaF2), and wF, fines is the fluo-
ide molar flowrate as small particles contained in the outlet stream
f the reactor.
0.88 0.18 0.7 18
0.91 0.16 0.75 13
0.95 0.43 0.52 14

It should be noted that in Table 1 the row related to the experi-
ments (three replicates) operated with a relative high concentration
of fluoride, 500 mg l−1, with three points of calcium along the reac-
tor in order to study the effect of the local supersaturation on the
fraction of fines.

The supersaturation can be defined for the calcium fluoride sys-
tem at room temperature [2] as

S =
[

[Ca2+][F−]2

3.4 10−11

]
(5)

During the experiments, the increase in height of the fluidized
bed in the reactor was also measured, as it is shown in Fig. 2, and the
CaF2 content in the growing particles was estimated from time zero
when the seed particles of CaCO3 were loaded (325 �m of mean
diameter size, density 2.66 g cm−3, Calcinor, S.A.).

3. Improvement of process efficiency by multiple feed
points of calcium

For an industrial application, production of fines must be
minimized since they can be elutriated out of the bed when
the superficial velocity through the bed exceeds their terminal
velocity.

Potential sources of fines in the fluidized bed are: homogeneous
nucleation due to high supersaturation at feed points [14], attrition
as a result of collisions occurring in the bed and lastly dissolution
of larger particles to form smaller ones.

In order to control the distribution of the supersaturation
throughout the bed, the local supersaturation was changed by
changing the number of feed points of calcium to the reactor, from
one inlet point at the bottom up to three inlet points equally spaced
along the bed.

It can be observed from the results of XR and XF at different
inlet fluoride concentrations that the conversion of fluoride to solid
product in the reactor is affected by this variable (Table 1), when
higher fluoride concentrations are treated lower product recovery
(XR) is achieved and a higher amount of fluoride is lost as fine
particles in the exit stream (XF).

From the results obtained it can be observed that there is a
decrease in fines in terms of XF, 0.31 fraction compared to 0.45 frac-
tion when only one point of calcium feeding is working at the same
fluoride concentration (500 mg l−1). The decrease in fines fraction
leads to higher conversion to solid product, 0.51 to 0.67, as CaF2
which remains in the reactor during the operation and it is recov-
ered for reuse when the operating cycle indicates stop (controlled
by an allowable maximum pressure drop).

Fig. 3 shows the effect of the multiple inlet points of calcium
on the local supersaturation and the fraction of fines determined

at each point along the bed. The supersaturation values are repre-
sented as relative respect to the supersaturation value at the inlet
point at the bottom of the reactor (height H = 0).

From the results obtained, the distributed supersaturation
along the bed in order to decrease the fraction of fines, as
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Fig. 1. Scheme of the laboratory react

s shown when three inlets of calcium were operated, can be

een to have a significant effect, with the values of fines local
raction varying from 0.4 (at the bottom of the reactor, consid-
red height H = 0, first point of contact between calcium and
uoride solutions) to 0.05 at the exit of the reactor (height,
= 1 m).

Fig. 2. Trends of bed height and CaF2 purity (%) during the operation time for
h multiple inlets of calcium streams.

4. Simulation of the crystallization process: product pellets
and fines growth Rates
In order to describe the crystallization process of synthetic CaF2,
the mass balances for fluoride and calcium have to be solved in
conjuntion with the equations of product (grains) growth and fines

fluoride concentrations of 500 and 150 mg l−1 at the bottom of reactor.
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Table 2
Estimated parameters for fitting the particle growth and fines
formation equations.

n 2/3
kF 26 (mg s−1 l−1)
Mean global error (%) 12%
ig. 3. Effect of 3 inlet points of calcium to local relative supersaturation and fraction
f fines along the bed height when 500 mg l−1 fluoride is treated.

ormation along the bed during the operation time. The Zaki equa-
ions were used for the description of bed porosity and pressure
rop as functions of the discretizated variables diameter and den-
ity of the growing particles along the bed, in terms of Reynolds
article number and terminal velocity.

The particle growth equation (Eq. (6)), was proposed as over-
ll linear growth rate, G, based on the aggregation and molecular
rowth mechanisms from previous studies with accurate fitting to
xperimental data at laboratory scale [6] in the studied range of
ariables, superficial velocity (SV), particle size of the seed material
Lo), and supersaturation (S)

= (k1 + k2Lo2)SV0.5Sn (6)

onsidering the relationship between the crystal growth rate
xpressed as mass deposition, RG, and the overall linear growth
ate as the change in a characteristic dimension on the crystal per
ime unit, G

G = 1
A

dM

dt
= 3

˛

ˇ
�

dL

dt
(7)

here L is a characteristic size of the crystal, ˛ and ˇ the volume
nd surface shape factors, and � the crystal density.

The formation of fines as a function of the supersaturation was
escribed by the following Eq. (8) taking into account the well cor-
elated data reported from previous studies at laboratory scale [7]( )

F = kF exp − Cs

(ln S)2
(8)

Introducing the data obtained in the present work, at labora-
ory and pilot scales, and with three inlet points of calcium to the

Fig. 4. Simulation results of the distributed diameter of pellets and bed p
Fig. 5. Simulation results of the mean dimensionless mass of product and pressure
drop for long operational times.

fluidized bed in order to analyze the effect of the distributed super-
saturation variable, the global estimation of two parameters was
carried out. The estimated parameters are related with the super-
saturation dependence of the particle growth equation, given as a
potential dependence of S in Eq. (6), Sn, and the kinetic constant of
the Eq. (8) for fines formation, kF, considering that the effect of the
distributed supersaturation in the fines formation fraction.

Table 2 shows the results of the estimated parameters, n (from
Eq. (6)) and kF (from Eq. (8)), as well as the mean global error (%) of
the simulated results respect to the experimental data (laboratory
and pilot scales) of four variables: fluoride dissolved at the outlet
stream, and the fractions X, XR, XF. The value of the mean error was
12% for the global simulation of the total amount of data (laboratory
and pilot scales).

The software used for the estimation and simulation tasks is the
custom modelling language of Aspen Custom Modeler (Aspentech).

The simulation of the process operation is also shown in
Figs. 4 and 5: Fig. 4 summarises the simulated trends over time
of some variables, particle diameter and porosity of the bed, at 10
nodes of the discretizated height of the reactor (H = 1 being at the
top, the outlet of the reactor); Fig. 5, though, shows the simulated
trends of the dimensionless variables: total mass of particles grow-

ing in the bed and the corresponding total pressure drop which is
used as the control variable for the operation cycle.

From the simulation tool, the behaviour of the crystallization
process carried out in the tubular reactor is described, contributing

orosity at 10 nodes along reactor height for long operational times.



A. Garea et al. / Chemical Engineerin

F
i

t
t
s
r
i
r
fl
c

5

i
c
r
i
d
o
fi

[

[

ig. 6. Scheme of HF and AlF3 production with integration of raw material by flu-
dized crystallization (CaF2).

o the design and operation purposes for industrial applications of
he fluoride control and recovery as solid product to be reused as
ynthetic CaF2 in pellet form available for industrial use: (i) reuse as
aw material for the HF production as is shown in Fig. 6 (if 97% CaF2
s achieved, as the required acid grade fluorspar); (ii) filler mate-
ial in concrete, enamels for ceramic substrates (ceramic grades
uorspar: 85–97% CaF2), (iii) flux in the manufacture of steel and
ast iron (metallurgical grade fluorspar: 60–85% CaF2).

. Conclusions

The experimental results of process efficiency at laboratory scale
ndicated a significant increase of 30% when three feed points of
alcium where used in comparison to one point at the bottom of the

eactor, working with a fluoride concentration of 500 mg l−1 at the
nlet of the reactor. It is important to remark that with the use of the
istribution of local supersaturation, it is possible a better control
f the supersaturation in the bed and, therefore, the production of
ne particles that reduce process efficiency.

[

[

[
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The process simulation also provided us with an estimation of
the benefits of the consumption of raw materials and waste dis-
posal, and it is used as an important tool to scale up the process for
its integration into the production lines.
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