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Change in the Surface Area and Disso lu tion Rate during Acid
Leach ing of Phosphate Partic le s at 25 °C

A. Mgaidi,* a F. Ben Brah im,a D. Oulahna, b M. El Maaou i,a and J .A Dodds
Industrial Inorganic Chem istry Laboratory, Chem istry Departm ent, Faculty of S ciences,
Tunis 1060, Tunisia, and Laboratoire de Gén ie des Procéd és des S olides Divisés, UMR CNRS 2392,
Ecole des Mines d’Albi Carm aux, Campus J arlard 81013 Albi, France

This paper is par t of a ser ies of invest iga t ions in to the react ion ra te of acid dissolu t ion of solids
and par t icu la r ly the influence of par t icle size dist r ibu t ion . In the case of acid dissolu t ion of raw
phospha te par t icles, preliminary resu lt s show tha t the react ion ra te is sign ifican t ly affected by
the par t icle size dist r ibu t ion . In th is paper , the dissolu t ion in to a 0.3 M H3PO4 solu t ion of one
size fract ion 125-200 µm (d p ) 162.5 µm) prepared by sieving has been studied a t 25 °C using
a ba tch method. Exper imenta l da ta were fit t ed to an empir ica l equa t ion of the form m /m ∞ ) 1
- e-kt, where m is the mass of phosphate dissolved at t ime t and m ∞ is the final mass of phosphate
dissolved. The dissolu t ion ra te constan t k was found to be equa l to 0.2118 min-1. Var ia t ion of
the physica l proper t ies of the remain ing solid with react ion t ime was studied. Exper imenta l
methods such as scanning elect ron microscopy (SEM), mercury porosimet ry, a rgon adsorpt ion /
desorpt ion isotherms, and volume displacement using helium for the determina t ion of the t rue
density were used. As a resu lt , a sign ifican t change in the Brunauer-Emmet t-Teller sur face
area (S BET) occurred dur ing the react ion . S BET was 16 m2‚g-1 a t t ) 0 min , it reached a minimum
value of 10 m2‚g-1 a t 7 min , and it increased aga in to 24 m2‚g-1 a t t ) 50 min . Moreover , SEM
observa t ions revea led tha t phospha te par t icles dissolve beginning from their sur face without
any disin tegra t ion .

1. In troduction

In the product ion of high-grade phosphate fer t ilizers,
the raw phosphate ore is conver ted in to phosphor ic acid
and gypsum by a wet process using sulfur ic acid.
Production can be increased by reducing the part icle size
to decrease the react ion t ime, but rock fineness has to
be sufficient to allow total recovery of P2O5 because large
par t icles are more exposed to react ion blocking due to
gypsum coat ing.
Although the overa ll react ion occurs between the

phosphate ore and sulfur ic acid, actua lly the phosphate
par t icles are fir st dissolved in a phosphor ic acid me-
dium. The liberated calcium ions react immediately with
su lfa te an ions to give ca lcium sulfa te precipita tes.
Usua lly a merchan t phospha te presen t s par t icle size
dist r ibu t ions varying from 40-70 µm to 2 mm with
about 50 mass % over 125 µm.
In previous works,1 2 we obta ined the following re-

su lt s:
1. Gas adsorpt ion /desorpt ion isotherm analysis re-

vea led tha t the raw par t icles are porous and the
mesoporosity increases dur ing the dissolu t ion progress.
2. Ca2+ ion diffusion , from the sur face of the ore in to

the bulk of the solu t ion , is the limit ing-ra te step of
dissolu t ion .
3. Mass-t ransfer coefficien t of Ca2+ in to solu t ion is

equa l to 3 × 10-3 m ‚s-1.
4. Van der Sluis et a l.’s model3 gives a good predict ion

of the dissolu t ion ra te in to concent ra ted and dilu ted
phosphor ic acid solu t ions.

Although there is a wide range of lit era ture dea ling
with the dissolut ion kinet ics of phosphate ores, very few
authors have a t tempted to rela te the kinet ic ra tes to
the solid texture. Evidence indica tes tha t th is rela t ion
is very impor tan t . So, according to Becker ,4 Nor th
Carolina rock, which is a porous ore, reaches more than
99% decomposit ion with in 2 min of dissolu t ion . How-
ever , Kola rock, which is a nonporous ore (S BET < 0.1
m2‚g-1, where S BET is the Brunauer-Emmet t-Teller
sur face area), presen ts on ly 95% decomposit ion after
more than 40 min .
As ear ly as 1957, Hauffman et a l.5 poin ted out the

effect of the microscopic roughness and porosity on the
ra te of dissolu t ion of na tura l fluorapa t ite in dilu te
phosphor ic acid. The authors repor ted tha t S BET of the
natural sample increases as the react ion t ime increases.
Dorozhkin6 repor ted tha t the crysta l of the na tura l
fluorapa t ite a lways dissolves in an acid medium with
cont inuously increasing ra tes for a ll crysta l faces.
Anbeek7 and Vaimakis et a l.8 studied the rela t ionship

between the sur face roughness and the average gra in
diameter for var ious mater ia ls. Studying the hydrolysis
of poly(ethylene terephthala te) (PET) powder in sulfur ic
acid, Yoshioka et a l.9 assumed tha t the sur face area is
propor t iona l to the degree of powder t ransformat ion . It
may be noted tha t severa l previous invest iga t ions were
focused on the var ia t ion of the sur face area dur ing the
thermal decomposit ion or sinter ing of var ious solids.10 11
Zhang and Nater 12 determined the BET-nit rogen sur -
face areas of hornblende samples with increasing dis-
solu t ion react ion t ime at pH ) 4.
Although grea t progress was achieved in der iving a

conceptual kinet ic model for phosphate dissolut ion,4 13 14
no a t ten t ion was pa id to the evolu t ion of the sur face
and porosity of phosphate part icles during react ion t ime.
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This paper dea ls with the dissolu t ion kinet ics of one
par t icle size fract ion of raw phospha te in to phosphor ic
solu t ions a t 25 °C. We were in terested par t icu la r ly on
the rela t ionships between the react ion progress and the
physica l proper t ies of the solid residue. This was
achieved by using solid-sta te chemica l methods: scan-
n ing elect ron microcopy (SEM) and microana lysis, gas
(a rgon) adsorpt ion /desorpt ion isotherms, mercury po-
rosimet ry, and helium density.
The comprehension of such var ia t ions is usefu l in

phospha te fer t ilizer indust r ies and main ly in the pro-
duct ion of ca lcium superphospha te.

2. Experimental Section

The used raw mater ia l was provided from the Redeyef
phospha te mines in Tunisia . The sample was sieved
using ASTM standard sieves, and the par t icle size
fract ion used was +125 to -200 µm; this fract ion is that
which presents the maximum bulk density (see Figure
1).
A tota l of 10 g of phospha te par t icles was placed in to

a glass reactor containing 0.5 L of 0.3 M H3PO4 prepared
from chemical phosphoric acid (85 mass % H3PO4). After
different react ion t imes, the mixture was cooled rapidly
and filt ered through a 1G4 glass filt er . The solid
obta ined a t the end of each exper iment was dr ied and
weighed. The absolu te densit ies of some solid samples,
before and after dissolu t ion , were measured by volume
displacement using an Accupyc 1330 helium micromet-
r ic pycnometer . Specific sur face areas were measured
by argon adsorpt ion a t LN2 tempera ture (77 K) using
the BET method. Before measurement , each sample was
degassed a t 100 °C for about 4 h . The par t icle size
dist r ibu t ion was measured by laser diffract ion using a
MasterSizer Malvern 2000 appara tus. F ina lly, the raw
mater ia l, as well as the remain ing solid collected, was
photographed under appropr ia te magnifica t ions using
SEM. Chemica l ana lysis was performed by spect ropho-
tomet r ic methods on a known quant ity of residue
dissolved in an HCl solu t ion . So, for ca lcium, cadmium,
and iron analysis, flame atomic absorpt ion spectroscopy
(FAAS) was used by employing an automated apparatus
manufactured by Var ian . However , phosphor as the
HPO42- an ion , F-, and SO42- were ana lyzed using a
Dionex ion chromatograph with an IonPac AS12A

Guard Plus ana lyt ica l column. The chemica l ana lysis
of the or igina l sample is seen in Table 1.

3. Kine tic Curve r ) f(t )

Figure 2 shows a typica l dissolu t ion curve tha t can
be fit t ed empir ica lly to an equa t ion of the form

where m is the mass of phospha te dissolved a t react ion
t ime t and m ∞ is the fina l phospha te mass dissolved.
The exper imenta l da ta are well fit t ed by th is equa t ion .
k is the dissolu t ion ra te constan t ; it was found to be
equa l to 0.2118 min-1. It may be noted tha t the curve
looks like fir st -order kinet ics even though th is kind of
kinet ics is observable for homogeneous systems where
a ll of the reactan t is involved dur ing t ransformat ion ,
whereas in heterogeneous systems, only the compound
at the sur face can be dissolved. Such an equa t ion has
been used successfu lly by Kravtchenko et a l.15 to
descr ibe the dissolut ion of pect in powder under dispers-
ing condit ions.

4. Partic le Size Distribu tion

The par t icle size dist r ibu t ion of the remain ing solid
was determined using laser diffract ion with water as a
dispersan t . In th is aqueous medium, the minera l in -
vest igated does not present any solubility because it has
been washed a t fir st severa l t imes with water , so the
par t icle size remains unchanged dur ing the measure-
ment . The differen t ia l size dist r ibu t ion of the in it ia l
sample (t ) 0 min) is given in Figure 3. This figure
shows tha t the mean par t icle diameter of the raw
mater ia l obta ined by the laser diffract ion method is
about 160 µm, not sign ifican t ly differen t from tha t
obta ined by sieving (d p ) 162.5 µm).

Figure 1. Var ia t ion of the bulk density with the average size of
the phospha te par t icle.

Figure 2. Dissolu t ion kinet ics of the phospha te fract ion size
(125-200 µm) in to H3PO4 (0.3 M) at 25 °C.

Table 1. Chemical Analys is of the Phosphate Mineral
Used in Th is Study

component
mass %
(dry basis) component

mass %
(dry basis)

P2O5 27.90 SO42- 5.42
CaO 44.80 F- 3.16
Fe2O3 0.245 CdS 137 ppm

m /m ∞ ) 1 - e-k t (1)
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The par t icle size dist r ibu t ion obta ined by the laser
diffract ion method (see Figure 3) presen ted a small
fract ion having a par t icle diameter of about 70 µm and
another fract ion with a par t icle diameter of about 400
µm. These last values are volume averages, whereas the
sizes of the sieved par t icle fract ions are rela ted to the
projected areas.
The second remark is that , a lthough there was a large

decrease in mass observed after 50 min of react ion , the
two par t icle size dist r ibu t ion curves of the solids a t t )
0 and 50 min (see Figure 3) are a lmost super imposed,
indica t ing tha t the mean diameter of the par t icles is
not a ffected by the progress of the react ion . Moreover ,
F igure 3 shows a monomodal dist r ibu t ion indica t ing
tha t a ll par t icles were submit ted to the same sequences
of sta tes without disin tegra t ion .

5. True Density

Figure 4 shows the var ia t ion of absolu te density as a
funct ion of dissolu t ion t ime. The reproducibility of the

absolu te density measurements with the Micromer it ics
Accupyc helium micromet r ic pycnometer is (0.1%.
The t rue density decreases rapidly with in a few

minutes (2-7 min). Because the t rue density depends
only on the na ture of the phases exist ing in the system,
the decrease indica tes tha t the beginning of the reac-
t ions concerns some of the phases more than others.
This suggests fur ther invest iga t ion of the evolu t ion of
the porosity using gas adsorpt ion /desorpt ion and mer-
cury in t rusion .
From the beginning of the react ion up to about 7 min,

the decrease of the t rue density can be fit t ed using an
empir ica l equa t ion of the type

where k and n are constan t , which can be determined
using a nonlinear regression ana lysis. Probably the k
constan t could depend on the mass % CaO as a

Figure 3. Size dist r ibut ion for the reactant par t icles and part icles
after 50 min of dissolu t ion .

Figure 4. Var ia t ion of the t rue density of the solid versus the
react ion t ime.

Figure 5. Argon adsorpt ion and desorpt ion isotherms for phos-
pha te par t icles before and after 50 min of dissolu t ion in to 0.3 M
H3PO4 a t 25 °C.

Figure 6. Logar ithm of the different ia l in t rusion versus the pore
diameter for phospha te par t icles before and after 50 min of
dissolu t ion in to 0.3 M H3PO4 a t 25 °C.

F ) F0[exp(-k t
n)] (2)
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parameter . Future invest iga t ion could elucida te th is
poin t .

6. Surface Area and Adsorption /Desorption
Isotherms

Figure 5 shows the adsorpt ion /desorpt ion isotherms
of the raw phospha te fract ion 125-200 µm and tha t of
the leached one (after 50 min of dissolu t ion). As was
ment ioned in our previous work,1 a hysteresis between
adsorpt ion and desorpt ion was observed. This is a type
IV isotherm according to the classifica t ion of the In ter -
na t iona l Union of Pure and Applied Chemist ry (IU-
PAC).16 The hysteresis type indica tes the presence of
the ink bot t le pores. Table 2 repor t s a compar ison of
the gas porosimet r ic ana lysis of the samples a t t ) 0
and 50 min of dissolu t ion . In th is table, we repor t th ree
kinds of sur face areas: The fir st is the sur face area
obta ined using the BET method, the second represents

the area when micropores are tota lly filled and the
mesoporous and macroporous sur faces are just covered
by a monomolecula r a rgon layer , and the th ird is the
externa l sur face. The three kinds of areas as well as

Figure 7. SEMs of phospha te par t icles: (a ) unreacted; (b) a fter 5 min; (c) a fter 10 min; (d) a fter 20 min; (e) a fter 50 min .

Table 2. P oros ime tric Analys is of the Phosphate
Fraction be fore and afte r Leach ing

before
dissolu t ion

after
dissolu t ion

size fract ion 125-200 µm
surface area (m2‚g-1)
BET 16.61 24.69
a t p/p0 ) 0.319 (before) and
a t p/p0 ) 0.167 (after )

16.56 23.36

t-plot (externa l sur face area) 16.06 27.60
pore volume (cm3/g)
tota l for diameter < 2269
at p/p0 ) 0.99

0.0316

tota l for diameter < 825
at p/p0 ) 0.97

0.220

pore size (Å) (4V/A by BET) 76 356
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the pore volume and the mean pore size are grea ter
a fter 50 min of dissolu t ion than before the react ion .

Hauffman et a l.5 repor ted tha t the specific sur face
areas of syn thet ic hydroxyapa t it e and fluorapa t it e
increase as the dissolved fract ion increases.
In our case, S BET decreases unt il the react ion t ime

equa ls about 7 min , and then it increases, reaching a
va lue grea ter than the in it ia l one. For example, a fter 7
min of react ion , the S BET va lue of the solid residue is
10 m2‚g-1 less than the in it ia l va lue (16 m2‚g-1), and it
reaches 24 m2‚g-1 a fter 50 min of dissolu t ion . We
pointed out that the BET C values obta ined in this work
are between 5 and 100, confirming the va lidity of the
BET model used to determine the specific sur face area .
The decrease of S BET aga inst the t ime of react ion can

be at t r ibuted to the disappearance of roughness and the
increase to the widening of pores.
Also, pore diameters from 1 mm down to 3 nm can be

measured in a single ana lysis using mercury in t rusion
porosimet ry. We repor ted in Figure 6 the specific
in t rusion volume (mL‚g-1) aga inst the pore diameter
(µm). This figure shows tha t the pore diameter is
concent ra ted a t about 35 µm. This is probably due to
the intragranular porosity. The average pore radius (2V/
A) passes from 95 to 121.5 nm after 50 min of leaching.
The measured porosity was about 31% for the sample
a t t ) 0 min and 53% at t ) 50 min of dissolu t ion . The

Figure 8. Profiles of the exten t of dissolu t ion of CaO, P2O5, CdS,
Fe2O3, SO42-, and F- aga inst the react ion t ime.
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evolu t ion of the pore diameter and porosity is in good
agreement with the increase of the sur face area .

7. SEM Observations

The SEM observa t ions of the phospha tes were per -
formed using the following procedure: A certain amount
of the sample was incorpora ted in to resin , placed on the
copper capsule, left to harden , and th in-sect ioned (120
mesh).
SEM analysis (F igure 7a) revea ls tha t a ll phospha te

par t icles have the same ovoid shape. Each par t icle
remains st ill ovoid up to 40 min of dissolu t ion , and not
a ll par t icles decrease their ou ter dimension . The dis-
solu t ion seems to cause a widening of the pores unt il a
par t ia l fragmenta t ion of the ore par t icle takes place.
F ina lly, it is impor tan t to poin t out tha t severa l

minera l phases, of which apat ite is the dominant phase,
exist in the same phospha te par t icle. The uncer ta in
dist r ibu t ion of the react ive phase (limestone and apa-
t it e) is probably a reason to expla in the behavior
observed during the phosphate part icle dissolut ion. This
leads us to invest iga te the evolu t ion of the chemica l
composit ion of the liqu id phase aga inst the react ion
t ime.

8. Chemical Analys is of the Solu tion

It is well-known tha t the solid invest iga ted is a
complex system conta in ing apa t ite as the main phase
besides lime, gypsum, cadmium sulfide, and iron oxide
phases.
All of these minera ls exhibit differen t behaviors

toward dilu te phosphor ic acid. So, to expla in the previ-
ous resu lt s, par t icu la r ly the r ise of the specific sur face
area and porosity with respect to the dissolu t ion t ime,
we invest igate the evolut ion of the chemical composit ion
of the remain ing solid.
Figure 8 shows the extract ion yield profiles expressed

as P2O5, CaO, CdS, Fe2O3, SO42-, and F- in the solut ion.
The conversion fract ions were ca lcu la ted as follows:

where m 0, X0 P2O5 and m t, Xt P2O5 a re the mass and P2O5
conten ts of the in it ia l (a t t ) 0) and remain ing solid (a t
a t ime t), respect ively.
We poin ted out tha t the meta l ca t ions dissolved

cont inuously dur ing leaching and remained in an aque-
ous solu t ion . No reprecipita t ion was observed; other -
wise, an asymptot ic level would be observed for the ion
involved in the precipita te.
From this figure, it appears tha t a t least 60-70% of

ca lcium exist s as a rapidly dissolvable phase, probably
limestone in which the ca lcium is h ighly leachable. In
Tunisian phospha te ore, about 80% of the ca lcium
present in the par t icle is dissolved in 10 min , but the
t ime to achieve the maximum fluor ine ext ract ion is
more than 1 h of dissolu t ion (Becker 4).
As revea led by the elect ron diffract ion ana lysis,

ca r r ied out across the par t icles a t differen t react ion
t imes (see Figure 9), cadmium and iron ions were
sometimes found to be associa ted with sulfur la t t ice and
F- is rela ted to the ca lcium la t t ice in the form of CaF2.
The presence of Al, Si, S, Na , and Mg was noted. We
can conclude tha t there were three kinds of ca lcium:

limestone, apa t ite, and ca lcium fluor ide. Probably, the
evolu t ion of the texture of the phospha te par t icle
depends on the chemica l composit ion , notably the CaO
conten t % (i.e., CO2). Fur ther invest iga t ions in our
labora tory are in progress to h ighligh t th is behavior
bet ter .

9. Conclu s ion

The present work is an at tempt to extend our knowl-
edge about the phosphor ic acid dissolu t ion of na tura l
phosphate rock. An empir ica l equa t ion was proposed to
descr ibe the leaching ra te. The ra te constan t k was
est imated a t 0.2118 min-1. Porosimet r ic ana lysis of the
par t icle size fract ion 125-200 µm before and after
leaching was invest igated, and the following conclusions
were drawn:
(a) Phosphate par t icles appear to be uniform in shape

and size dist r ibu t ion and do not disin tegra te dur ing
leaching.
(b) The var ia t ion of the t rue density of the solid

residue can be expressed by an empir ica l equa t ion of
the form F ) F0[exp(-k tn)].
(c) The pore structure study using nitrogen adsorpt ion

shows the ink bot t le pores.
(d) The surface areas (BET and external) pass through

a minimum at about t ) 7 min to reach the va lue of 24
m2‚g-1 a fter t ) 50 min by the disappearance of
roughness and the widening of pores.
(e) According to electron diffract ion analysis, cadmium

and iron were found to exist in the su lfur la t t ice.
Calcium exist s such as apa t ite, ca lcite, and ca lcium
fluor ide.
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