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Abstract. The dissolution process for natural single fluoro- 
apatite (FAP) crystals is studied in phosphoric acid solutions, 
containing the main inorganic impurities present in the industrial 
wet-process phosphoric acid production. A special flow device 
providing constant dissolution conditions was used for this 
purpose. The device gave the possibility to obtain new inform- 
ation about the dynamics concerning shape and size of each 
individual FAP crystal during its dissolution. Dissolution rates 

for the FAP crystals were measured under various conditions. 
The process of epitaxial coating of the FAP crystal surface 
by CaS04. 0.5 H,O was also studied. Without coating 
formation the single FAP crystals always dissolved with 
continuously increasing rates for all crystal faces. The meas- 
ured values of dissolution rates are applied to computer 
simulation of industrial reactors. 

Phosphorus is one of the main chemical elements which 
is absolutely necessary in agriculture for producing large 
crops. Books dedicated to phosphorus and its fertilizer 
production [l-51 inform, that most of all phosphorus- 
containing inorganic fertilizers are produced from one 
intermediate product - wet-process phosphoric acid. The 
authors of [l-51 also inform that the typical way for 
industrial wet-process phosphoric acid production in- 
cludes dissolution of any natural phosphate mineral in a 
mixture of phosphoric and sulfuric acids with subsequent 
separation of calcium sulfate (by-product) from the phos- 
phoric acid solution. 

The present paper deals with the dissolution process 
of individual crystals of natural phosphate mineral. There 
are many scientific investigations in the field of kinet- 
ics and mechanism of phosphate ore dissolution in phos- 
phoric acid solutions under conditions, close to the in- 
dustrial ones. Some of them are mentioned in referenc- 
es [ 1- 131 and references therein. The earlier level of 
knowledge became the theoretical basis for designing 
and construction of all modem phosphoric acid produc- 
tion plants. However, the papers mentioned were only 
devoted to the dissolution process of great numbers of 
natural crystals (about lo4 crystals and more). As a re- 
sult there is no information about the dissolution laws 
for each individual crystal in acid solution. But such 
information is very important for better understanding 

and adequate simulation of the processes in an indus- 
trial reactor. 

Experimental 

Single crystals of natural Khibin (Kola) fluoroapatite (FAP) 
were used as the phosphate source in all experiments. This 
choice has been made for the following reasons: 1. Khibin 
(Kola) FAP is a magmatic kind of natural phosphate rocks, 
having good crystallised single crystals; 2. Its chemical 
composition is very close to Ca10(P04)6F2; 3. The FAP crystals 
are easily to distinguish and to separate from crystals of other 
admixed minerals under an optical microscope by using a 
needle; 4. Khibin (Kola) rock is the most popular kind of 
natural phosphate rock for the fertilizer industry in the former 
USSR. 

A special flow apparatus was constructed for the exper- 
imental investigations (Fig. 1). One or several FAP crystals 
(4) were placed on a special thermostatic holder (6), having a 
shape of the shallow spoon. Then the holder with FAP crystals 
was placed in a stream of phosphoric acid. Using a large 
quantity (about 1 kg) of acid solution in the thermostatic flask 
(1) and a small weight (about 1 mg) of dissolving FAP crystals 
(4), the composition of the flowing solution remains constant 
during the time of the experiment. Any changes of the crystal 
shape and size during their dissolution were observed and 
filmed by means of an optical polarization microscope MIN- 
8 type (5) ,  provided with a photographic adapter MFNE- 
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Fig. 1 Experimental flow device: 1 - thermostatic flask with acid solution, 2 - peristaltic pump, 3 - dish made from optical 
quartz, 4 - FAP crystals, 5 - polarization microscope with photographic adapter, 6 - thermostatic holder, 7 - heater 

1U4.2 type (both made by LOMO, Russia). The main merit 
of this installation is the possibility to observe and film the 
dissolution process for each individual FAP crystal. But it is 
restricted by the microscope magnification (up to 100 times) 
and the stream rates of the acid (not more than Re > 100 
hydrodynamics). WhenRe > 100, the non-fixed FAP crystals 
are usually washed away from the holder (especially in the 
final phases of their dissolution). Attempts to glue the FAP 
crystals to the holder always resulted in surface pollution by 
glue components. For some investigations a scanning electron 
microscope JSM-35CF was also used. 

The experimental concentrations were as follows: phos- 
phoric acid: 0 - 16 mol/dm3, sulfuric acid in 7.2 M 
solution: 0-0.4 mol/dm3, calcium sulfate in 7.2 M H3P04 
solution: 0-0.08 mol/dm3, calcium monophosphate in 7.2 M 
H3P0, solution: 0-1.1 mol/dm3, H2SiF6 in 7.2 M &Po4 
solution 0-0.7 mol/dm3. Initial crystal size (Req): 25-1000 
pm. Temperature: 60-90 OC, Re hydrodynamics < 100. All 
reagents were “pure grade” quality made by the Russian com- 
pany REACHIM. 

Results 

The flow device experiments resulted in a series of suc- 
cessive photographs for each individual dissolving FAP 
crystal or group of crystals (Figs. 2 and 3). The com- 
parison of these photographs with each other has made 
possible for the first time to show the change of their 
size and shape during the dissolution. To aid calcula- 
tion of dissolution rates the successive photographs were 
printed on one sheet of photo-paper (Fig. 4). Here the 
distances between adjacent contours divided by the time 
interval correspond to the rate values of the FAP crys- 
tal dissolution in the selected direction for the selected 
time interval -Glocal ( p d s ) .  The averaged Glocal values 
for all directions during the selected time interval is an 
average linear dissolution rate during this time interval 
-Gtime (pds)  and all averaged Gtime values give an av- 

erage linear dissolution rate for the investigated crystal 
-Gcr (pds).  The last value is easy to recalculate to the 
value of an average mass dissolution rate from the sur- 
face unit -Gmas, (kg/m2s): 

Here: 106- correction factor from pm to m, PFAP = 3200 
kg/m3 - FAP density. 

For G,, values calculation the Glocd values from 12 dif- 
ferent directions for each FAP crystal were averaged 
according to Fig. 4. Having been passed through indus- 
trial mills during their extraction from natural deposit, 
the FAP crystals always had an accidental irregular 
shape. So the largest crystal size (9 = 0 in Fig. 4) was 
chosen as the initial one. The other 11 directions differ 
for 30” each. These 12 directions are sufficient enough 
for the calculation of G,, values, and it was shown that 
by using, for example, 24 directions, the exactness of 
G,, values increases only by f 1 %. 

We found that the FAP crystals dissolve only from 
their surface without any disintegration (Figs. 2,3). But 
different small parts of the FAP crystal surface (about 
1-5 pm) dissolve with different local rates with param- 
eters close to a Gauss distribution which has only one 
maximum. So the dissolution process can be described 
only by values of the average dissolution rate and its 
fluctuation coefficient [ 141. Crystal cleavage was ex- 
tremely rare during dissolution and occurred only when 
the initial crystals contained cracks. We applied the val- 
ues of the face dissolution linear rates as the main char- 
acteristics of the dissolution rate instead of the well- 
known conversion coefficient values [ 1-13, 15, 161. The 
advantage of the face linear dissolution rates compared 
with the conversion coefficient is obvious. Knowing the 
first values it is easy to calculate crystal sizes for any 
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Fig. 2 Example of the dissolution of individual FAP crystals under conditions preventing any coating formation. 
Experimental conditions: 52% H3P04, t = 80 OC, Re I 100,75 pm I R ,  I 125 pm. Dissolution time: a - 20 s, b - 5 min, c - 10 
min, d - 14.5 min. Magnification x 90. Horizontal field width = 1 mm. 

Fig. 3 Example of the dissolution of individual FAP crystals under conditions of CaSO, 0.5H20 coating formation. Experimental 
conditions: 52% H3P04, 2% H2S04, t = 80 OC, Re I 100,75 pm 4 R,! I: 125 pm. Dissolution time: a - 15 s, b - 1 min, c - 45 
min, d - 90 min, e - 128.5 min, f - 135 min. Magnification x 90. Honzontal field width = 1 mm 

Fig. 4 Dissolution of a FAP crystal 

FAP crystal or group of crystals at any time of their 
dissolution, which is very difficult by using the tradi- 
tional conversion coefficient values. 

Sometimes it is possible to find regular FAP crystals 
among natural rocks. Their comparison with the habit 
of an ideal FAP crystal [ 171 resulted in the determina- 
tion of the dissolution rates for main FAP crystal faces. 
We found that dissolution rates for prismatic and pina- 
coid faces are similar and about 1.5 lower than those 
for pyramidal ones. This phenomenon has been ex- 
plained by means of scanning electron microscopy. We 

Fig. 5 Example of etching mechanism difference between 
prismatic (1) and pyramidal (2) faces for the FAP crystals. 
Experimental conditions: 52% H3P04, t = 80 OC, Re 5 3000, 
75 pm I R ,  I 125 pm. The bar amounts to 10 pm 

found different etching processes for different crystal- 
lographic faces [ 181. Unlike pyramidal faces prismatic 
and pinacoid ones were always covered by etch pits (Fig. 
5 )  which were sites of fastest dissolution rates [ 171. We 
found that in our case pyramidal faces were similar to 
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etch pit's crystallographic faces, i. e. from the crystal- 
lographic point of view each pyramidal face was some- 
thing like a big pit, but upside down. 

Moreover, the crystals of natural FAP always dissolve 
in acids with continuously increasing rates for all faces 
(Fig. 4). This is indicated by the increase of the dis- 
tances AR between adjacent contours during equal time 
intervals. The change of the relative size of FAP crys- 
tals (RIR,) versus relative time (&,) is shown in Fig. 6 
(curve 1). To the end of the dissolution process, the Gti, 
value were found to increase to 1.6 times [ 141. 

We found that under the chosen experimental condi- 
tions the dissolution rates for FAP crystal surface de- 
pend neither on the velocity of the acid's flow around 
the crystals nor the initial crystal size. Regardless of 
the dissolution conditions, where epitaxial coatings of 
any by-products were not formed, the effect of dissolu- 
tion acceleration according to Fig. 6 (curve 1) was al- 
ways observed. Consequently, the acceleration effect is 
found to be a property of the FAP crystals themselves 
and depends only on their dislocation structure [14]. 

However, it may be difficult to take into account the 
acceleration effect for the simulation of real technical 

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.0 I 

z/z, 

Fig. 6 Comparison of the average dissolution rates G,, (curve 
1) and G (line 2). 

reactors. So, for the simplicity of the process simula- 
tion we propose the other average value of the linear 
dissolution rate G (pmls): 

Gi - dissolution rate averaged to all directions for i-crystal, 
pds ;  n - number of FAP crystals; - equivalent radius for 
i-crystal, pm; T ~ , ~  - full dissolution time for i-crystal, s. 

The comparison of the average dissolution rates G,, and 
Gi for one FAP crystal is shown in Fig. 6. Here G,, - is 
an averaged value from all tangents to curve 1 (each 
tangent is equal to the Gtimevalue), and Gi is the straight 
line 2. Fig. 6 also shows, that the correlation between 
Gi and G, values changes during the dissolution pro- 
cess. When 0 I zi/zi,o < 0.5 Gi > Gcr; when zi/zi,, = 0.5 
Gi = G,, and when 0.5 < zi/zi,o I 1.0 Gi < G,, (zi is the 
current dissolution time). According to the demands of 
the fertilizer industry experimental plots of the G val- 
ues, averaged from Gi values for n = 30-50 FAP crys- 
tals, as a function of dissolution parameters were meas- 
ured (Figs. 7-10). 

Discussion 

The relations in Fig. 7-10 show, that G has a maximum 
in pure phosphoric acid and depends highly on the 
amount of impurities. Beside strong mineral acids such 
as HN03 and HC1 [9] all other usual technological im- 
purities decrease the G values. The obtained negative 
influence of calcium in the phosphoric acid solution on 
the G values (Fig. 7) has been explained earlier in the 
literature by neutralization of a first H+ ion [l-51. 

The G value dependence on the amount of H2S04 in 
the phosphoric acid solution (Fig. 8) corresponds to sim- 
ilar results obtained in a laboratory reactor with agita- 
tor [19]. But, unlike to the results of [19], in which only 
the final dissolution stages were accurately measured 

G. m/s 

0 0.2 0.4 0.6 0.8 1 1.2 

C.O. mOvdm) 

Fig. 7 Dependence of the FAP dissolution rate on the amount 
of CaO in phosphoric acid solution. Experimental conditions: 
52% H3P04, t = 80 O C ,  Re 2 100,75 pm I Re, I 125 pm 
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Fig. 8 Dependence of FAP dissolution rate on the amount of 
H2S04 in phosphoric acid solution. Experimental conditions: 
52% H3P04, f = 80 "C, Re I 100,75 ym I R, I 125 pm 
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Fig. 9 Dependence of FAP dissolution rate on the concen- 
tration of H3P04 in solution. Experimental conditions: t = 
80 "C, Re I 100,75 pm I Re, I 125 ym 

(because during the initial period of dissolution it was 
difficult to distinguish the experimental curves from 
each other), the flow device used in the present work 
has made possible to determine the negative influence 
of H2SO4 from the very beginning. 

The very important problem of epitaxial CaS04. 
0.5 H20 coating formation on the FAP crystal surface 
[2-51 was also studied by means of our laboratory de- 
vice (Fig. 3). It is interesting to note, that under lami- 
nar hydrodynamics the FAP crystals were quickly cov- 
ered by CaS04. 0.5H20 coatings (during 1-2 minutes, 
when there were more than 1.5% H2SO4 in phosphoric 
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I 
10 

Fig. 10 Dependence of FAP dissolution rate on the amount 
of CaS04. 0.5 H20 in phosphoric acid solution. Experimental 
conditions: 52% H3P04, t = 80 OC, Re 5 100,75 pm I Rq I 
125 pm 

acid solution). A growing of long needle-like CaS04. 
0.5 H20 crystals on the FAP surface at the beginning of 
dissolution could easily be seen (Fig. 3a, b). Then, the 
dissolution process for the covered by CaS04-0.5 H20 
FAP particles continued very slowly without changes 
of common external geometric size of FAP and coating 
(Fig. 3c, d). During the last dissolution period the coat- 
ing became transparent and disappeared during 5-7 min- 
utes (Fig. 3e, f) [20]. So, there were some specific con- 
ditions for a stable quasi-equilibrium between the grow- 
ing of CaS04. 0.5 H20 crystals inside and its dissolu- 
tion outside. This quasi-equilibrium is stable only till 
the last moments of existing FAP crystals under the 
CaS04. 0.5H20 coating. 

Fig. 11 Example of the FAP crystal with knocked out 
fragments of CaS04. 0.5 H,O coatings. Experimental con- 
ditions: 52% H3P04, 2% H2S04, t = 80°C, Re -5 000,75 pm 
I R ,  I 125 ym. The bar amounts to 10 ym 
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The dissolution times and rates of Figs. 2 and 3 dif- 
fer by 10 times. An other words, an increase of the 
H2SO4 concentration in phosphoric acid solution from 
0 to 2% decreases the dissolution rate by 10 times. The 
dissolution acceleration (Figs. 4, 6) increases the dis- 
solution rate not more than 1.6 times [14]. So, under 
conditions of epitaxial coating formation the accelera- 
tion effect needs not to be taken into consideration at 
all. 

in 
solution at t = 80 OC is shown in Fig. 9, which fully 
corresponds to results found earlier at 25, 40, 50, 70 
and 90 OC [ 1,6,2 11. The points of maximal dissolution 
rates of FAP crystals at these temperatures are plotted 
in Fig. 9. The results show, that the point of the maxi- 
mal dissolution rate moves to higher concentrations of 
the phosphoric acid solution when the temperature in- 
creases. It was explained earlier by differences of the 
CaHP04 and Ca(H2P04), solubilities at different tem- 
peratures [ l ,  6,211. 

The G value dependence on temperature, unlike the 
earlier published results for pure H3P04 solutions [ 11, 
was determined for phosphoric acid solutions, contain- 
ing 3.5% CaO (or 0.86 mol/dm3 Ca(H2P04),). In pure 
H3P04 solutions in the concentration range of 10-60% 
H3P04 the dissolution rate coefficient for FAP was found 
rising 1.30-1.40-fold for each 10 OC [ 11. Having recal- 
culated this value to an average dissolution activation 
energy value we found: Eac, = 25 k 2 kJ/mol. Our inves- 
tigations have shown that a presence of 3.5% CaO in 
7.2 M (or 52%) H3P04 solution increases the dissolu- 
tion activation energy twice: Eac, = 48 & 2 kJ/mol. The 
strong dependence of Eact on the calcium content in so- 
lution also explains the negative influence of CaO to 
the G value (Fig. 7). 

But the G value dependence on the amount of CaS04 
0.5 H20 in the phosphoric acid solution is more inter- 

esting (Fig. 10). Our results show, that phosphoric acid 
solutions previously saturated with CaS04* 0.5 H2O dis- 
solve FAP crystals infinitely slowly in spite of the low 
total Ca2+ and S042- concentrations (only about 0.5% 
for each ion). Figs. 7 and 8 show, that these ions in such 
low concentrations in phosphoric acid separately do not 
decrease the dissolution rate so much. This phenome- 
non is explained by the formation of epitaxial CaS04 
0.5 H20 coatings on the FAP crystal surface. The coat- 
ings fully block the initial FAP crystal surface and pre- 
vent its dissolution. Unlike coating in the mixture of 
pure H3P04 and H2SO4 acids (Figs. 3, 8), additional 
calcium cations in the solution prevent the dissolution 
CaS04 - 0.5H20 crystals from outside completely. As 
the result the dissolution rate for FAP is zero in phos- 
phoric acid solutions saturated by calcium sulfate. 

However, it is well-known [l-51, that in industry 
phosphate rock is always dissolved in phosphoric acid 

The G dependence on the concentration of 

solutions saturated or even supersaturated with CaS04 
xH20 (where x = 0,0.5,2). The discrepancy between 

the laboratory and the industrial conditions is easily ex- 
plained by differences in hydrodynamics. There are al- 
ways high agitation regimes in industrial dissolving re- 
actors, so the energy of colliding particles is high enough 
for knocking out fragments of epitaxial CaSO4-0.5 H20 
coatings. At such sites the etched FAP surface becomes 
uncovered (Fig. 11) which increases the dissolution. 
Nevertheless in stagnated zones of chemical reactors 
there may be hydrodynamics conditions, preventing the 
dissolution process. In the former USSR, workers some- 
times found such non-dissolved phosphate particles in 
phosphogypsum deposits during the updating and re- 
construction of industrial wet-process reactors. The re- 
sults point to the importance of good agitation in indus- 
trial reactors. 

We also found that the G value dependence on the 
amount of H2SiF6 in phosphoric acid is small. Our re- 
sults point to the independence of the G values on in- 
creasing H2SiF6 concentrations from 1 to 6% H2SiF6 in 
phosphoric acid solution. Possibly, this phenomenon 
may be explained by similar values of the first dissoci- 
ation constants for H3P04 and H2SiF6. 

By means of the obtained data it becomes possible to 
simulate the dissolution process only knowing the ini- 
tial size distribution of the phosphate rock particles and 
the initial chemical composition of acid solution. An 
example of simulation and construction of an original 
dissolution reactor for the wet-process phosphoric acid 
production basing on the obtained results has been pub- 
lished earlier [22]. 

The obtained experimental results about the process 
of the single FAP crystals dissolution (Figs. 2-1 1) show, 
that new intensification principles of phosphate rock 
dissolution require a separation of phosphate rock dis- 
solution and calcium sulfate crystallization stages. The 
same conclusion was also established by some other 
investigators: (i) after studying of CaSO4-0.5 H20 crys- 
tallization mechanism [23-251, (ii) after creation a tech- 
nology of phosphoric acid production without cadmi- 
umcontent [12, 131, (iii)US. patentNo.4,828,811 [26]. 

Notation 
Eat, activation energy 
G 

Glocal local value of linear dissolution rate in a selected 

Gtime average value of local linear dissolution rates for all 

G,, 

G,,, average mass dissolution rate 
n 

average value of all linear dissolution rates in equa- 
tion 2 

direction and the selected time interval 

directions and the selected time interval 
average value of all linear dissolution rates for all 
directions and all time intervals 

number of the FAP crystals 
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AR 
R 
R,  
R ,  
P F A ~  FAP density 
cp 
z 
z, 

local distance between next adjacent contours 
current size of a FAP crystal 
initial size of a FAP crystal 
equivalent radius of a FAP crystal 

initial crystal direction in Fig. 4 
current dissolution time for a FAP crystal 
full dissolution time for a FAP crystal 
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