Dissolution Equilibria and Kinetics of Fluorite

and Calcite Mixtures

Minerais commonly contain impurities, and their dissolution involves
complicated ionic equilibria and multicomponent mass transfer. This
paper describes the experiments that were carried out and proposes a
mechanism for dissolution behavior of fluorspar containing calcite as a
major impurity in both batchwise and continuous packed-bed systems.

The mechanism is based on analysis of coupled equilibria among the
soluble species. Of more than eight potentially relevant species, only
three (viz., F~, HCO;", and Ca®*) are significant. The coupled flux equa-
tions for F~ and HCO,;~ are written in terms of “main’’ and ‘‘cross”
mass transfer coefficients, with the concentration of Ca®?' being
accounted for by electroneutrality. Only one main mass transfer coeffi-
cient needs to be determined experimentally; and other coefficients can
be evaluated from it by means of simple diffusion coefficient ratios,
which are determined independently. The Stanton number based on the
main mass transfer coefficient is correlated with Reynolds number and
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the Schmidt number for packed bed dissolution.

Introduction

Multicomponent mass transfer at a fluid and solid interface
can be found in many chemical engineering processes such as
leaching, dissolution or crystallization, electrolysis, and adsorp-
tion, as well as chemical reactions involving solid reactants or
porous catalysts. Consequently, it has long been a focus of stud-
ies in many different disciplines (Wendt, 1965; Woolf, 1972;
Stewart and Prober, 1964; Stewart, 1973; Cussler, 1976; An-
derson and Graf, 1976; Taylor, 1982; Smith and Taylor, 1983;
Pinto and Graham, 1987). But most of the previous work cen-
tered either on the sole aspect of multicomponent diffusion or on
the mathematical treatments of convective processes under well-
defined conditions. Relatively little work has been published on
multicomponent mass transfer operations involving convection
and complicated boundary conditions, much less for situations
that are normally encountered, such as in batch and fixed bed
operations.

Since Toor (1964) introduced multicomponent mass transfer
cocflicients, little effort has been devoted to their applications.
This is because prevalent process conditions involve concentra-
tion gradients that are difficult to measure or predict; hence, the
coefficients are not easily accessible from measured flux. Nev-
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ertheless, extensive correlations have already been established
for single mass transfer coefficients. Incentives for developing
multicomponent mass transfer correlations exist when cross-
term mass transfer cannot be neglected, i.e., when the flux of
one component may be affected by the concentration gradient of
another. This is especially true in electrolyte solutions, where the
interactions among ionic species lead to a relatively large cross-
term effects.

Dissolution of calcium fluoride or fluorspar (i.e., fluorite with
various impurities) has been the subject of many studies because
of the roles that the former has played in dental care, and due to
the prevalence of latter and its impact on geology and miner-
alogy (Maier and Bellack, 1957; Maier, 1960; Brown and
Roberson, 1977; Diniz et al., 1982; Bruun et al., 1983; Lagerlof
et al., 1988; others are reviewed by Qi, 1988). The primary
inducement for this study has evolved from a combination of the
previous reasons: fluorspar may be an alternate, inherently safe
and inexpensive water fluoridation source. Actually, if a mineral
source of pure CaF, were readily available, no such study would
be necessary because there are few subtleties involved in dissolu-
tion of a pure solid. Conversely, since common sources of fluor-
spar contain calcite as a major impurity (Bates, 1969), its disso-
lution produces more than two aqueous species and must be
treated as a multicomponent mass transfer system (Qi, 1988).

The purpose of the present study is to combine the complex
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equilibria and multicomponent diffusion concepts that are in-
herent to mineral dissolution to develop a mathematical model
that is applicable to a wide variety of conditions and geome-
tries.

Equilibrium Analysis

Dissolution equilibrium of fluorspar containing calcite is sim-
ilar to that of a CaF,-CaCO, mixture, where the major hetero-
geneous dissolution reactions are:

CaFy(s) = Ca?* + 2F~ K, 1)
CaCO,(s)(calcite) = Ca’* + CO>™ K, 2)

Also occurring are the following reactions in the aqueous phase
that affect the above two:

COy(aq) + Hy,O—=H" + HCO;," K, 3)
HCO,” — H* + CO® K, @
CaF*—=Ca’ + F~ K, 5)
CaHCO,* — Ca?* + HCO,~ K, ®)
H,0—H'+OH~ K, N

where Eq. 3 is a combination of the two reactions below:
CO,(aq) + H,0 — H,CO;4 (3a)
H,CO, = H* + HCO," (3b)

In these equations, the constant that follows each reaction is the
equilibrium constant for that reaction, defined as the product of
product activities divided by product of reactant activities. Note
that the activities of both the solid and water are taken as uni-
ty.
Besides the above reactions, there are actually some other
reactions occurring in the liquid phase to form species such as
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Figure 1. Equilibrium caicium concentration calculated

from Eqgs. 9 and 10 as a function of saturation
activity of aqueous carbon dioxide.
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HF, HF,", Ca(HCO,),, CaCO,°%, and CaOH". But effect of
these species on the equilibria can be easily shown to be negligi-
ble (Qi, 1988). The electroneutrality of the equilibrium solution
gives:

2[Ca¥] + [CaHCO,;*] + [CaF*] + [H*]

= [F~] + [HCO;"] + 2[COs"] + [OH™] (8)
where the brackets [] represent the molar concentration. By
employing the equilibrium constants in Eqgs. 1 to 7, the equilib-

rium calcium concentration of this multicomponent system can
be expressed as:

2 [Caz+} + 1 \/7Ksp2Kal [Ca2+}7Cl“aCOz(aq)
Y CaHCO,~ K
+ Kivcor+ K"”[C32+]7C'2+

+ _I_ \/KalKazaco,(aq)[Ca“]‘Yc.’*
Yu+ Ksp2

- _1__ 4 / Kv-'l’l + _._._25'_”3_“
YE- [Caz+]’ycﬂz+ [Caz+]7Cl’*‘YCO;’“

P A/ KoK aitcoan
Yuco,- ¥ K;p[Ca¥*]vygq-
K.,
e et ©
You- KalKEZaCOz(aq)[Ca ]‘YCa“

where ; is the activity coefficient of species {; and acg,q is the
activity of agueous carbon dioxide.

The activity coefficients of the ionic species were estimated by
the Debye-Hiickel theory (Stumm and Morgan, 1981) and the
solubility products and equilibrium constants were obtained
from literature sources, pK,,, = 10.3, pK,,; = 8.3 (Snaeyink and
Jenkens, 1980); pK,, = 6.3, pK,, = 10.4 (Larson and Buswell,
1942); pK, = 1 (Butler, 1964); pK. = 1 (Jacobson and Lang-
muir, 1974). Finally, the activity of aqueous carbon dioxide can
be calculated in accordance with the system conditions. If sucha
system is open to atmosphere, then the activity of aqueous car-
bon dioxide can be estimated from Henry’s law since the atmos-
pheric carbon dioxide partial pressure is known to be 0.00033 +
0.00001 atm (Weast et al., 1986). This results in acg, (o = 0.013
mM (Stumm and Morgan, 1981). Thus, Eq. 9 can be solved for
[Ca**], and the results have been shown by Qi (1988) to agree
closely with experimental measurements for open systems at
various temperatures and initial pH and calcium ion back-
grounds.

An order of magnitude analysis for an open system indicates
that only species F~, HCO,™, and Ca®* are necessary in analy-
sis. Thus, Eq. 9 is virtually equivalent to:

1 f 1
[Ca2+] - (____ Kspl g
2ve- Voyear  27F

A comparison of the exact solution (Eq. 9) with the approximate
solution (Eq. 10) is shown in Figure 1 for a range of aqueous
carbon dioxide activities. Since the discrepancies are negligible
except at very low concentration of agueous carbon dioxide, the

2/3
&Z_K_LM) (10)
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open system of fluorspar dissolution equilibrium (viz.,
Aco,aq) = 0.0013 mM) can be treated as a dilute ternary system
consisting of F~, HCO;™, and Ca?*.

Coupled Flux Equations and Their Solutions

An inherent feature of a batch system open to the atmosphere
is that it is in continual equilibrium with ambient CO,. Similar-
ly, when considering a packed column, if the influent water is
equilibrated with the atmosphere and its residence time in the
column is short, it can also be treated approximately as an open
system, i.e., with CO, at equilibrium between atmosphere and
water.

Because open-system dissolution of fluorspar can be treated
as a ternary system of F~, HCO,~, and Ca’*, in terms of equi-
librium calculatioin, as Eq. 10 shows, a similar relationship is
expected for their molar fluxes, since the concentration gradient
between the solid surface and the bulk solution largely deter-
mines the relative magnitude of each ionic flux. If species F~,
HCO,", and Ca®* are designated by 1, 2, and 3, respectively,
electroneutrality of the system requires:

20 =01+ J, 11
where J; is the molar flux of species i with respect to the molar
average velocity. By neglecting conveyance effects, these are
identical to the fluxes with respect to fixed coordinates, i.e., the
solid surface.

The fluxes of F~ and HCO;~ are considered as the two inde-
pendent fluxes in this study. The multicomponent mass transfer
coeflicients defined by Toor (1964) can be extended to give:

Ji = ku(Cis — C) + kip(Cos — Gy) (12)

Jy = kn(Cis — C)) + kn(Cos — &) (13)
where C; and C; are the concentrations of species i on the sur-
face of solid and in the bulk solution, respectively; k,, and k,, are
main mass transfer coefficients, and k,, and k,, are cross mass
transfer coefficients.

For a column packed with soluble solids, a mass balance at
steady state can be made on a differential column volume, d¥, to
yield

Jia(l — &ydV = QdC, (14)
where ¢ is the voidage; a is the surface area per unit volume of
solid; and Q is the interstitial volumetric flow rate.

Substituting Eqs. 12 and 13 into Eq. 14 gives:

0 dG
a(i — o F7an ki(Cis — C)) + kip(Cos — Gy} (15)
Q0 dG
a(l — e) W = k21(ClS - C]) + k22(CZS — Cz) (16)
Let
7=a(l — eV/Q (17)

Since fiuorspar is only sparingly soluble, the packing can be
assumed uniform. Therefore the voidage is constant. Equations
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15 and 16 then become:

dC
7 = *n(Cis = Q) + kin(Cos ~ ) (18)
dcC
- = k(s = ) + kn(Cos — Co) (19)
with boundary condition:
Ci=Co at 7=0,(i=1,2) (20

where C,, represent concentratons at the upstream end of the
section considered.

Let
= GGy .
Ci=——,(i=1,2 21
o= 12) 1)
C,- _ ClS - ClO (22)
C?.S' - CZO

Assuming constant k; and then solving Eqs. 18 and 19 by the
Laplace transform gives:

Ci(r) = 1 — exp (By7) + Bylexp (Byr) — exp (Bi7)]  (23)
Cy(r) = 1 — exp (B,7) + Bylexp (Byr) — exp (B,7)]  (24)
where

B - - M{l 4 \/1 _ 4(knksy; — kxzfn)] (25)

2 (ki + kz)
5, knt kzz[l _ \/1 4k ~ kule)} 26)

2 (ki + k32)
B, — ki + ki2/C, + B, (27)

B, - B,

B, - knC, + ky + B (28)

B, — B,

Essentially identical equations can also be derived for dissolu-
tion in a batch system by equating V,dC; to aV,Jdt, as shown by
Qi (1988) except the different definitions of the variables used.
In a batch system, C, and C,, respectively, represent the initial
concentration and the instantaneous bulk concentration of spe-
cies i, and 7 = a(V,/V,)t, where a is the surface area per unit
volume of solid, ¥, and ¥ are the volumes of dissolving solid and
solvent, respectively, and ¢ is the dissolution time.

Experimental Studies

The material used in this study was white or translucent
native fluorspar ore from the Rosiclare district of Illinois. Infor-
mation on this mineral has been given elsewhere (Weller et al.,
1952). After gravel and other debris were removed, the fluor-
spar was crushed and segregated into different size ranges with
standard U.S. sieves. The segregated particles appeared in vari-
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ous shapes, with aspect ratios roughly from 1 to 4. Prior to their
use for experiments, the fluorspar particles were gently washed
with distilled water to remove fine powder and dust, and then
dried in ambient air. The washed particles were examined with a
microscope and found to be virtually dust free.

The chemical composition of the fluorspar was initially ana-
lyzed using a wide-angle X-Ray crystallograph to show presence
of calcium fluoride, quartz and calcite. The mineral was then
further analyzed to indicate that it contained about 97 wt. %
CaF,, 2 wt. % calcite and 1 wt. % quartz.

Batchwise experiments were conducted in a tank stirred with
a rotating basket impeller. Suzuki and Kawazoe (1975) per-
formed detailed study of this type of contactor for mass transfer
from surface of solid particles to bulk liquid. The basket impel-
ler in this study was constructed of fine-mesh metal screen with
three external mixing vanes that induced flow through the bas-
ket as it rotated. The basket had a diameter of 5.5 cm and vol-
ume of 130 cm?. It held 70 grams of fluorspar and was immersed
in 1,500 mL of distilled water, while rotating at a constant revo-
lution speed. The tank, 14 cm in diameter and 3,000 mL in vol-
ume, had three evenly-spaced, 2-cm-wide baffles. During each
experiment, samples of 10 mL were pipetted periodically to
measure fluoride concentration as a function of time. Experi-
mental data were collected at 210 rpm. (Several preliminary
runs indicated that dissolution rate increased when revolution
speed increased from 150 to 240 rpm.) After each run, the solid
was unloaded from the basket and air dried for reuse. Due to the
low solubility of fluorspar, the mass loss and size change of the
particles were insignificant. Additional details of the experi-

Table 1. Fluoride Concentration vs. Time in Batch Dissolution
Using Rotating Basket Impeller for a Single Sample of
Fluorspar Particles*

Identical Conditions, [F~], mM

Time
min Runl Run2 Run3 Run4 Runé Run7 Runll
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 0.023 0.0068 0.0063 0.0049 0.0031 0.0032 —
2 0041 0011 00095 0010 0.0059 0.0063 0.0068
3 0.061 0.019 0.014 0.012 0.0095 0010 0.0095
5 0.088 0029 0.020 0017 0015 0.014 0.015
10 0.113 0.048 0034 0.029 0.025 0.022 0.023
15 0.143 0061 0.044 0.037 0.034 — 0.029
20 0.163 0.075 0.051 0.045 0.045 0.036 0.036
30 0.178 0.091 0.064 0.053 0.051 0.052 0.048
35 — — —  0.057 — — —
45 0.190 0.113 0075 0.072 0066 0.061 0061
75 — — — 0088 0.079 0.077 0.076
105 0.227 0.149 0.107 0.101 0.092 0.089 0.092
165 — — — 0.121 0.112 0.108 0.110
225 0271 0.185 0.137 0.140 0.132 0.123 0.126
315 — — —  0.157 0.148 0.144 0.142
405 0281 0.217 0.172 0.171 0.161 0.156 0.162
24 h — — — — — — 0.169

*Initial pH for all runs, 5.6; total dissolution time for each run is 405 min except
for Run 11.

Run No. 1 2 3 4 7 11

Final pH 6.9 6.9 7.1 7.2 7.2 73

Total initial water volume, 1,500 mL; system open to atmosphere; sample size
for each measurement, 10 mL; particle size, 0.60-0.83 mm; solid weight loaded, 70
8; Vg = 22.6 cm’; revolution speed, 210 rpm.
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ments, along with the fluoride concentration-vs.-time data, are
given in Table 1.

Continuous dissolution was studied using 2.5-cm-inside-
diameter plexiglass columns packed with fluorspar particles.
Fine sand was placed in the bottom of the column to a depth of
about 3 cm to eliminate end effects. Nylon netting was placed
below the sand layer to prevent possible blocking of the outlet by
fine particles. A solid-state Varistaltic pump was used to pump
distilled water to a flask located above the column. The flask
had an overflow drain to maintain a constant fluid head. All con-
nections were made with Tygon flexible plastic tubing. Flow
rates were adjusted by a hose clamp attached to the outlet tub-
ing and measured by timing the volume of effluent.

To determine equilibrium solubilities, saturated solutions of
fluorspar in a packed column were obtained by recirculating
effiuent through the column at 500 ¢cm®/min. This recirculation
reduced the mass transfer resistance sufficiently for the liquid
stream to reach equilibrium with the solid within a relatively
short period of time. Saturated solutions were also obtained by
allowing long contact time (e.g., 75 to 270 days) in stationary
columns (cf. Table 2).

All the experiments were conducted at 20 = 1°C. The fluo-
ride concentration in the solution was measured using an Orion
Model 94-09 fluoride specific electrode. Calcium ion concentra-
tion was determined by EDTA titration with Eriochrome blue
black R as indicator. Calcium ion concentration was measured
only for equilibrium solutions, since the column effluent was too
dilute to be titrated accurately. All pH measurements were per-
formed using a Sargent-Welch 3000 pH meter, which was fre-
quently calibrated with standard reference buffer solutions of
pH 4, 7 and 10.

Results

In order to evaluate the main mass transfer coefficient, k,,,
the surface concentration C,s and the bulk concentration C,
must be known. When measuring these quantities, however, it
was found in both batchwise and continuous packed bed experi-
ments that there was a transient period during which Cig
decreased with dissolution time until a steady-state value was
reached. As shown in Table 1, where the data from seven identi-
cal runs (of the total of 11) for a single sample of fluorspar are
listed, repetition of batch experiments led to lower dissolution
rates and ultimate fluoride concentrations. The reductions ap-
parently diminished with subsequent runs. For example, there

Table 2. Saturation Fluoride Concentrations in Packed
Columns of Fluorspar Particles

Particle  Contact [F~]Inside [Ca®*] Inside
Size Time Column Column pH Inside
mm day mM mM Column
0.3-0.42 75 0.179 0.83 7.9
0.6-0.83 100 0.183 0.74 8.0
270 0.178 — —
0.186* — 7.8*%
1.2-1.7 75 0.178 — -
Average 0.180

*Obtained by recirculation of effluent at 500 mL/min. Other data were mea-
sured in zero-flow rate columns (column initially filled with distilled water). All
the experiments were conducted after aging process was completed, i.e., after
about 80 hours dissolution in the packed column (cf. Figure Al).
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was virtually no difference between Runs 7 and 11. The tran-
sient period was as long as about 60 hours for the packed bed
operated at 50 ¢cm’/min. This phenomenon is referred to as
aging and is discussed in the Appendix.

The previous derivation of the equations to predict packed
bed effluent compositions (Egs. 23 and 24) relied on the
assumption that C;sc was constant. Therefore, the value of Cig
after the transient period (i.e., after Run 6 in the batch experi-
ments or 60 hours dissolution in the packed bed) is of interest to
“this study. This steady-state C,s was measured and is shown in
Table 2, where the measured value of equilibrium pH was pre-
dicted using K, and K, as well as the carbonate concentration,
which was calculated from K, and the calcium ion concentra-
tion obtained from Eq. 9 or 10 (Qi, 1988). The average of five
measurements gave: Cig = 0.181 + 0.005 mM. Note that this is
about one third the value (~0.5 mM) obtained for pure CaF,
(Qi, 1988). Listed in Table 3 are the steady-state effluent fluo-
ride concentrations at different flow rates and packing heights.

The saturation HCO;™ concentration is calculated approxi-
mately from pH measurements to be C,g = 1. mM. Evidently,
Cio = 0 for the influent stream of distilled water. Furthermore,
the distilled water had pH = 5.6 and therefore should give
approximately, C; ~ 2.5 x 10~ * mM (Stumm and Morgan,
1981).

Validation of Theoretical Model

If the coupling effect is insignificant, i.e., the cross-term mass
transfer can be neglected, then the dissolution system can be
modeled by considering only one mass transfer coefficient.
Analysis of batch dissolution data using a single mass transfer
coefficient was attempted here by employing Eq. 23 and setting
ki, = 0. Since the liquid volume was not constant due to sam-
pling during the experiments, Eq. 23 is applied to the interval

Table 3. Steady-State Results of Packed Column Dissolution
at Different Packing Heights and Flow Rates*

Column Flow Rate Effluent
Height (cm) Voidage cm®/min [F], mM pH
12.5 0.50 50 0.053 7.0
100 0.032 6.5
200 0.020 6.1
400 0.012 5.9
25.0 0.49 50 0.069 7.2
100 0.050 6.8
0.46 50 0.076 7.0
100 0.052 6.5
200 0.034 6.5
300 0.028 6.3
400 0.023 6.0
37.5 0.46 50 0.095 7.2
100 0.079 6.8
200 0.051 6.4
300 0.038 6.4
50.0 0.45 0 0.183 7.8
50 0.111 8.3
100 0.089 7.8
200 0.063 6.7

*¢d, = 0.59 mm; particle size, 0.60-0.83 mm; distilled water feed; pH of
influent distilled water, 5.6.
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between two sampling times ¢, and ¢,, ;:

Cis — G Vs
—_— —kyja— (@, - 4 29
Com G, ~ P\ ey (e 1) @

where the subscript i represents the ith sampling; V,; is the lig-
uid volume between sampling times i and i + 1; and C,; and
C, ;. are the fluoride concentrations of ith and i+ 1th samples,
respectively.

Multiplying the above equation from i = 0 to i = n gives:

ClS - Cl n+l - ti+1 - ti
—— = ¢X — k aV —
Cis — Cio P ! SZ Ve

(30)
Therefore, if the preceding assumption of k,, = 0 is valid, we
should obtain a straight line with a zero intercept when plotting

Cis = Gy V. i Lyt — &
ST el g gy L
Cis — Gy o Vi

The data of Runs 6, 7 and 11, which are considered to have con-
stant Cyg, should be used for the plot. Unfortunately, such a plot,
as shown in Figure 2, demonstrates very weak linearity for the
majority of the experimental data.

The fact that this simple treatment using a single mass trans-
fer coefficient cannot accurately reflect the nature of the prob-
lem provides inducement for considering cross-term effects. A
nonlinear regression, based on Eq. 23 and data of runs 6, 7 and
11, was performed to give Bja = —4.60 min~', Ba = —0.27
min~', and B, = —0.81 (Qi, 1988). The fit is compared with the
experimental data in Figure 3. Since Eq. 23 involves three con-
stants B, B,, and B,, which have to be determined experimen-
tally, it might be viewed merely as a data fitting equation. To
the contrary, the method developed below reduces the number of
empirical constants to one main mass transfer coefficient, which
incorporates the cross-term coupling effects by employing diffu-
sion coefficient ratios.

Conventional mass transfer correlations for flow through a
packed bed are generally represented by a dimensionless equa-

|Oo T T I ¥ T T
a RUNG6
a RUN 7 b
- o RUNII 1
+] ©
glo 1
O i
|9 2 o
Ol© a
.y -~
[m]
é
lo" Il Il | L
0 6 8
(min)

Figure 2. Conventional method of modeling, considering
only the main-term mass transfer coefficient.
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tion of the following form (van Krevelen and Krekels, 1948):

St o« Re "Sc¢™"™ a3
where m and n are constants; St is the Stanton number, defined
as k/v, in which k is the sole relevant mass transfer coefficient
(since such correlations were typically obtained for dissolution
of single solute) and v is superficial velocity. Re is the modified
Reynolds number, defined as ¢d,v /v, in which ¢ is shape factor,
d, is particle diameter, and » is kinematic viscosity. Sc is the
Schmidt number, defined as v/D, in which D is the diffusion
coefficient.

By analogy to such correlations, the existence of the following
relationship for the absolute values of main and cross mass
transfer coefficients is expected:

St;« +Re™"|Sey|™™ 32)
where St; and Sc; are the Stanton number and the Schmidt
number obtained by replacing k and D with k; and Dj; in their

11D\ 1 Dzzm]
]+ —|—=1 —=[1 — 1 —
+c,(ul. 2| T U TV

be lost if m were different for each species. Using the above rela-
tion, Eqs. 25 to 28 become:

P 3 ! Dzz
Du
\
szDzl)"']
Du ky
D22 m]Z
Du
l Dn
B, = — — -+-
: Dn
{ Dyy\"
Du

4[(Dy/ D)™ — (DuDu/D%.)"'J)
[1+ (Dzz/Du)m]z

(34)

\
(DIZDZl)
Dn)m}Z
DH

ki (35)

3 =

(36)

4[(Dy/Dy)" -

(D12D5/ D))

[1 4+ (Dy/Di)™ \/7

iz R ) O

1+ (D22/D11)m]2

4[(Dy/Dy)" — (D.an/D%I)"ﬂ)
{1+ (Dzz/Du)m]2

4=

(37

(D10 /D)™

” 4[(Dn/Dy)" —
1 Dy, /Dy,
[1 4+ (Dy/Di)™ \/7 {1 + (Du/D)™

definitions, respectively. Note that the Stanton and Schmidt

numbers should have the same sign as D;;.
Equation 32 can be reduced to:

jo = | Dyl" (33)

There is no apparent reason for m to depend on the species,

although much of the simplicity of our proposed method would
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Figure 3. Batch dissolution model vs. experimental data.
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The signs for the terms (| Dy,| /Dy, )™ and (| Dy, |/Dy))™ in Egs.
36 and 37, respectively, also depend upon the cross diffusion
coefficients.

The electrolyte diffusion coefficients D;; can be computed by
(Lasaga, 1979, 1981; Cussler, 1976):

0
D, = 8,00 - 2,2,C\D; (D% - DY), (i,j=1,2) (38)
Z ZiCkD?g
k=1
where
Owheni # j
0 =
1 wheni=j
RT
D= ——=N\, (=123
Tz t ) (39)

Using the data available for ionic conductivities at 25°C (Perry
and Chilton, 1973):

for F~ ion: A = 55.4 cm?/ohm/equivalent

for HCO;™ ion: A = 44.5 cm?/ohm/equivalent

for Ca?* ion: A = 59.5 cm?/ohm/equivalent
we obtain:

0.2232

Dy=D1 - —————
ne 1 + 0.9051C,/C,

(40)
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0.1284D°

Dp=— 41

12 1 + 0.9051C,/C, (41
0.2466D3

Dy = — ————2 42

A 1+ 1.105C,/C, (42)
0.1418

D, = D}[1 (43)

T 1+ 1.105C,/C,

Negative values of cross diffusion coefficients Dy, and D, in
Egs. 41 and 42 lead to negative values of ky; and k5. According-
ly, the terms (] Dy,]/D1;)" and (| Dy, | /D))" in Egs. 36 and 37,
respectively, should have negative signs. From Eqs. 34 to 37 and
40to 43, B, [k, By [k, B;, and B, can be calculated and, there-
fore, k,, can be evaluated from concentration data.

Equations 40-43 suggest that the diffusion coefficients and,
therefore, the mass transfer coefficients are functions of the con-
centration ratio of ions 1 and 2, i.e., F~ and HCO,". It should
also be noted from Eqs. 34-37 and 39-43 that B, /k,,, B,/ k,, B;
and B, are functions of the concentration ratio and the conduc-
tivity ratios. The conductivity ratios should be constant by the
Walden’s rule (Harned and Owen, 1958; Robinson and Stokes,
1959). In order to apply Eqgs. 23 and 24, the values of B,, B,, B;,
and B, averaged over the range of the concentration ratio should
be used.

The surface area per unit volume of solid can be evaluated by
(Perry and Chilton, 1973):

(44)

where ¢ is shape factor; d, is average particle diameter; and ¢d,
can be obtained from the Kozeny-Carman equation (Carman,
1951; Cadle, 1965; Stockham and Fochtman, 1977; Subraman-
ian and Arunachalam, 1980):

_h__ 150 (l—e)zﬂ)_

(45)

where /4 is the measured head loss over the packing height L.

The approach suggested here combines the effects of fairly
involved equilibria and multicomponent mass transfer. It has a
single adjustable constant (k,,) to be evaluated from experimen-
tal data. Through that one parameter, effects of variations in
flow rate, temperature, solvent background composition, pH,
and other conditions may be assessed. The following paragraphs
describe the procedure for correlating continuous flow and dis-
solution in a packed bed.

For Egs. 40t0 43, C,/C, = C,5/ Cys = 0.18 can be assumed for
a given 7. As a first approximation, we also assume that the film
mass transfer concept may be applied, i.e., k; = D,; /2, where £ is
the apparent film thickness. The film theory implies that in Egs.
31and 32, m = 1.

Substituting these values in Egs. 40 to 43 to obtain D, D,,,
D,,, and D,,, then using m = 1 in Eqs. 34 to 36 resultin B; /&, =
~1.0, B, /k;; = —0.7, B; = —0.59.

These constants and the data given in Table 3 are employed to
calculate k;, from Eq. 23. To evaluate k;, as a function of tem-
perature, it is necessary to estimate the dependence of saturation
fluoride concentration on temperature via Eq. 10 using standard
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entropy and enthalpy changes (Qi, 1988). Neglecting the slight
difference of the temperature dependence of the aging effect,
Egs. 21 to 24 predict that C,/C, is not significantly affected by
temperature. Hence, the data from Peng (1988) obtained at the
Reynolds number of about 1.0 and temperatures of 2 to 49°C,
are used to evaluate kj; and to examine its dependence on Sc,;.

The above-stated calculations allow log (St,,) to be plotted
against log (Re) at constant Sc,; to obtain value of n. Since this
procedure requires m to be known, however, one begins with the
previously-stated values of B,/k,,, B,/k,,, By, and m as a first
approximation. Such evaluated » then can be used to plot
log (St Re™) versus log (S¢,;,) for a new value of m, which is
then used to recalculate B,/k,,, B,/ ki, and B;. This procedure
is repeated until values of m and » are consistent. In this man-
ner, we obtain ultimately

n=069 m=12
and

B,/k, = ~-1.00, B,/ky = -0.69, B;=-0.25
‘Comparisans of the calculated values using these correlations
with experimental data are shown in Figures 4 and S. For fur-
ther details of the correlation, see Qi (1988).

Discussion and Conclusions

Dissolution of fluorspar can be viewed as a process consisting
of two steps. The first is the chemical reaction or hydration step
and the second is the diffusion step in which hydrated species
transfer into bulk fluid. The chemical reaction occurring in a
very thin film of the solvent adjacent to the solid surface is
believed to be sufficiently rapid for this film to be saturated with
the species released from the dissolution. Therefore, the rate-
determining step is the mass transfer from the saturated film to
bulk solution.

As Eqgs. 1 to 7 show, more than eight species are potentially
relevant in CaF, — CaCO,dissolution. These eight species pres-
ent in the saturated film transfer to bulk solution in rates that
satisfy the electroneutrality of the solution. The equilibrium cal-
cium concentration listed in Table 2 shows that in this film, the
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Figure 4. Steady-state model vs. experimental data for
packed columns.
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dissolution of CaCO, plays an important role since the calcium
concentration far exceeds the value contributed by CaF, disso-
ciation alone. The pH increase (i.e., from 5.6 of distilled water to
8 as shown in Table 2) also demonstrated the importance of the
following two reactions of calcite (Berner and Morse, 1974):

H* + CaCO; — Ca’* + HCO;~ (46)

2H* + CaCO, — Ca?* + H,CO, 47)

since the consumption of H* by formation of HF can be easily
shown to be negligible.

Fortunately, the surface reaction film can be treated as a sys-
tem only involving F~, HCO,~, and Ca**, since other species
can be shown by theory and/or experiments to be negligible
compared to these three species (Qi, 1988). Despite the fact that
the main and cross diffusion coefficients for many ternary sys-
tem can be calculated and measured accurately, the application
of those coefficients requires one to know the concentration gra-
dients in order to calculate the mass transfer fluxes. These gra-
dients are difficult to determine for many dissolution systems.
The approach presented in this paper provides a method for
resolving the complicated situations.

The value obtained for # (0.69) in this study is very close to
that obtained by Williamson et al. (1963) and Wilson and Gean-
koplis (1966) in their studies of packed-bed dissolution of ben-
zoic acid spheres. They found that in the range of 0.0016 to 55
for the packed bed Reynolds number, and Stanton number (or
k/v) was proportional to Re~%3, a relationship theoretically
derived by Pfeffer (1964). The dependence of mass transfer
coefficient on the Reynolds number also partially validates a
tacit, but crucial, assumption that the dissolution of fluorspar is
mass-transport-controlled. Furthermore, the dependence of dis-
solution rate on revolution speed (as mentioned in the Experi-
mental section) was still observed even though the Reynolds
numbers in the batch experiments were 3 to 4 orders of magni-
tude greater than those in the column. This leads us to conclude
that the possibility of a surface reaction kinetic constraint is low
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even in the batch experiments, where the mass transfer rate is
greatly enhanced by agitation.

The values of m appearing in the literature are usually less
than one, while m = 1.2 was found here. Neglecting the temper-
ature effect on aging may have introduced some inaccuracy in
the correlation. Furthermore, since the data were obtained over
a limited range (about ! decade of Sc) and the variation of Se,
was induced solely by temperature, m = 1.2 should not be
expected to be universally applicable.

Notation

a = surface area per unit volume of solid
Aco,aq = activity of aqueous carbon dioxide
B,, B,, By, B, = constants in steady-state rate equations
C, = molar concentrations of species i
C;s = surface concentration of species i
Cy = influent or initial concentration of species i
C=(Cs ~ Ci0)/(Cos — Co)
G = (G — Co)/(Cis — Co)
C = instantaneous effluent fluoride concentration
C, = initial fluoride concentration
Cs.r = effective surface concentration of F~
Cs = initial surface concentration of F~
D = diffusion coefficient
D? - tracer diffusion coefficient of species
Dy = elements of multicomponent diffusion coefficient ma-
trix
d, = average particle size
F = Faraday constant, 96,400 C/equiv., C* = J . s/ohm
f = fraction of surface fluoride unable to dissolve
h = head loss
J; = molar flux of species /
K,, K. = dissociation constants of CaF* and CaHCO;*
K, , K,; = first and second carbonic dissociation constants
K, K, = solubility product of calcium fluoride, calcite
K, = dissociation constant of water
k = mass transfer coefficient
k;; = elements of multicomponent mass transfer coefficient
matrix
ky, k_; = attachment rate constants of surface complex
L = length of packed column
£ = film or diffusion layer thickness
m, n = empirical constants of correlation
Q = volumetric flow rate
R = gas constant
S, Sy = surface covered by adsorption, and total surface
T = absolute temperature
t = dissolution time
V = volume of packed column
V. = volume of liquid in batch
Vs = volume of solid in batch
v = superficial velocity

I

Greek letters

+v; = activity coefficient of species /
¢ = voidage
6 = sum of rate constants, k;, + k_,
A? = equivalent conductivity of ion { in infinite dilution
v = kinematic viscosity
7 = variable in rate equations
¢ = shape factor

Subscripts

0 = influent or initial
1,2,3 = F,HCO,", Ca?*

L = liquid

S = saturation or solid
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Appendix: Decrease in Dissolution Rate Caused
by Surface Concentration Reduction

Mineral dissolution commonly involves such factors as impu-
rities, reprecipitation, surface complex formation, adsorption of
ions on the surface, and polymorphic phase transformation.
(See, for example, Kim and Cussler, 1987; Saska and Myerson,
1987, Franke et al., 1987; Krebs et al., 1987; Bryant et al., 1987;
Crundwell, 1988.) Thus, the mechanism is more complex than
for a pure solid, and almost every mineral has unique dissolution
characteristics. This Appendix offers explanations on aging phe-
nomena observed during fluorspar and other mineral dissolu-
tions, from a viewpoint different than previous theories.

In 1987, Franke et al. reported that the dissolution rate of alu-
mina in water and acidic solutions decreased as alumina experi-
enced successive dissolution. A single sample in repeated identi-
cal batch dissolution experiments led to lower dissolution rates
and lower apparent solubilities. Similar phenomena were also
found in their packed column dissolution experiments. They pos-
tulated the possible formation of two surface species, AIOOH
and [AI(OH),],S0,, and suggested that these relatively insolu-
ble species remained on the alumina to inhibit the dissolution.
The empirical rate expression from their study, however, did not
exhibit a saturation limit nor a solubility decrease due to aging.

Christoffersen et al. (1984) showed that the solubility and the
dissolution rate of calcium hydroxyapatite (Ca,o(PO,)s(OH),)
were reduced, apparently by the adsorption of fluoride ions on
the crystal surface. They modeled the adsorption of fluoride fol-
lowing the Langmuir approach. While their model represented
the inhibitory effect of fluoride ions on the rate of dissolution for
short times, it did not, however, account for the apparent reduc-
tion of the equilibrium solubility.

Smith et al. (1974, 1977) observed similar reductions of the
solubility of hydroxyapatite in water and ascribed the reductions
to a surface complex formed by hydrolysis of phosphate ions in
the terminal planes of the crystal, a mechanism postulated ear-
lier by Rootare et al. (1962) and Deitz et al. (1964). They
believed that the release of ions by this hydrolysis reaction and a
simultaneous formation of the surface complex,
Ca,(HPO,)(OH),, accounted for the apparent solubility de-
crease. However, neither of them could give a quantitative
model to explain the solubility decrease.

Chander et al. (1982), Kanaya et al. (1983), Rolla and
Ogaard (1986), and Lagerlof et al. (1988) found that very low
concentrations of inorganic phosphate and pyrophosphate con-
siderably reduced the solubility and the dissolution rate of cal-
cium fluoride. Chander et al. (1982) claimed that the adsorption
of HPO,?" onto the crystal surface of calcium fluoride caused
the reduction. This mechanism was also discussed by Fleisch
and Neuman (1961).

In the study of fluoride dissolution, we observed the similar
reduction in solubility and dissolution rate. As shown in Table 1
in the main text, the fluoride concentration at about 405 min-
utes decreased with each run from about 0.28 mM to about 0.16
mM, which is far below the value obtained for pure CaF, (0.5
mM) or fluorspar powder (0.31 mM) (Qi, 1988). In packed bed,
the effluent fluoride concentration decreased with operation
time to a steady state, as shown in Figure A1, where Column
No. 2 was packed and operated in the same manner as No. 1 to
replicate the phenomenon.

Two types of changes may occur on the dissolving surface of a
fluorspar particle: decrease in the active sites for hydration as a
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Figure A1. Decrease in effluent fluoride concentration
with time to a steady-state value, showing the
aging phenomenon.

Flow rate = 50 cm’/min; packing height = 25 cm; voidage = 0.46.

Other experimental conditions are as stated in Table 3.
The curve represents Eq. A9.

result of dissolution, and change of surface chemical composi-
tion, e.g., due to formation of a complex. The decrease in the
active sites is unlikely to cause a decrease in the ultimate fluo-
ride concentration since the equilibrium should not be affected
by the number of sites, but only by the partial molar Gibbs free
energy. Therefore, the change of surface concentration seems to
be more reasonable, since the reduction of both saturation con-
centration and dissolution rate was observed.

We speculate that the reduction of the surface fluoride con-
centration is caused by formation of a complex on the solid sur-
face (e.g., Ca(HCO,)*) due to the presence of calcite. This
complex, perhaps present only as a partial monolayer on the dis-
solving solid surface, binds to exposed fluoride sites. As a result,
fewer fluoride ions are capable of dissolving. The presumed
equilibrium of the rates of attachment and detachment of the
complex to and from the solid surface, therefore, may signifi-
cantly affect the surface fluoride concentration.

The rate of detachment of the complex from solid surface is
taken to be proportional to the covered area, S, and likewise the
rate of attachment is proportional to the uncovered surface area,
Sy — S, where S, is the total area. Therefore we have:

das

—71?=le —k_((So—S) (A1)

where k, and k_, are empirical rate constants. Note that the
concentration of the detached complex in the bulk solution is
included in k_;. Let

f=5/8 (A2)
We obtain:
d
~7{= kif—k,(1-1) (A3)
AIChE Journal



with initial condition:

f=0, att =0 (A4)
Integrating Eq. A3 with Eq. A4 gives:
f= kot (1 —exp [—(ky + k_))1]) (AS)
T+ ko PL=th T &

Assigning Cg (1) to the instantaneous surface fluoride concen-
tration available for mass transfer, which is diminished by the
presumed adhesion of the complex, we have

Csen(t) = Cs(1 = f) (A6)
where Cs is the surface fluoride concentration at ¢ = 0, i.e., the
surface fluroide concentration prior to formation of the com-
plex. This concentration should be equal to that for aqueous flu-

oride in equilibrium with pure CaF,, stated earlier at 0.5 mM.
Combining Eqs. A5 and A6 gives:

Csenlt) = Csen() + [Cs — Cgep()] exp (—8t) (A7)

where Cgq(>) = Csk,/(k, + k_;) = 0.18 mM (cf. Table 2 in
the main text) and § = k; + k_,. Since the hydrodynamic condi-
tions were kept constant during the column aging process, the
mass transfer coefficients and therby B, can be assumed con-
stant. This may be seen in the main text by examining Eqs. 25—
28. According to Eq. 23, the fluoride concentration ratio, 5}, is
therefore independent of aging time. When the influent stream
contains no fluoride (C,, = 0), we have:

@)
CS,eﬂ(t)

C()
CS.eﬂ‘ ()

= constant = (A8)

where C(t) is instantaneous effluent fluoride concentration.
Combining Eqs. A7 and A8 yields:
C(1) = C(=) + [C(0) — C(x)] exp (—~0r) (A9)
where C(«) = 0.074 mM (cf. Figure Al).
The constants in Eq. A9 can be found by regression analysis
of the data in Figure 1A to be:

C(0) = 0.212mM (A10)

6 =0.083h7! (Al1)
Using these values, Eq. A9 is plotted in Figure 1A to show the
representation of the experimental data.

If the surface fluoride reduction is caused by species inside
the stagnant boundary layer adjacent to the solid surface, it fol-
lows that k, and k _, should not depend much upon the hydrody-
namic conditions of dissolution. They should be only related to
the chemical nature of the adhesion. Therefore, Eq. A7 should
be applicable to the batch dissolution aging process as well.

For the batch dissolution, Eq. 23 can be used with 7 = a(Vg/
¥, )t to show that the ratio

C@t) - G
Cser — Co
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Figure A2. Direct application of the expression for in-
stantaneous effective surface fluoride con-
centration.

Developed for packed column to the estimated data from batch
experiments.

should be approximately equal for all runs shown in Table 1
with the same dissolution time, #, since the coefficients in Eq. 23,
B, depend mainly on hydrodynamic conditions, and the solid/
liquid volume ratio did not vary from run to run. (Since Eq. 23 is
derived based on the constancy of Cg 4, here it can only be used
as an approximation by assuming that Cg .z does not change sig-
nificantly during each run.) Note that here the initial fluoride
concentration, C,, is zero. Thus, the instantaneous surface con-
centration, Cs.q, in batch experiments can be estimated from
the bulk concentration and the final saturation concentration.

Consider the data obtained after the transient period of aging:
Runs 7 and 11 in Table 1. The average fluroide concentrations
of these two runs at 225 and 405 minutes are 0.124 and 0.159
mM, which are about 68% and 88% saturation, respectively,
considering 0.18 mM to be the saturation concentration. Ac-
cording to the above analysis, it is reasonable to assume that the
fluoride concentration at 225 and 405 minutes in each of the 11
runs reached 68% and 88% saturation, respectively. In this man-
ner, the instantaneous surface fluoride concentrations are
estimated from the data at 225 and 405 minutes and plotted in
Figure A2, where the total aging time is simply the cumulative
dissolution history. Equation A7, which applies to packed bed
operation, is also plotted in that figure for comparison. As can be
seen, the curve representing Eq. A7 shows very close agreement
with the batchwise data points.

Note that this approach is conceptually different from previ-
ous reports, because the inhibitory effect is accounted for by
progressive reduction of the effective surface concentration,
rather than by a surface kinetic (blocking) effect. As a result, it
is possible to account for observed reductions in both the initial
rate of dissolution and the equilibrium solubility, rather than
just the former. In addition, this approach yields one quantita-
tive expression for the aging phenomenon observed in both
batchwise and continuous packed-bed operations, although final
proof of the proposed mechanism required detailed analysis of
the structure and composition of the fluorspar surface.
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