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Reaction kinetics is crucial for understanding process mechanisms and plays a key role in the recovery of
phosphorus extraction, providing essential insights for optimization and scaling up, which directly impact
profitability and engineering design. This article focuses on the comprehensive study of the reaction kinetics
involved in phosphorus extraction from apatite mineral using prepared HCl, emphasizing its significance for
efficient resource utilization and process enhancement. The impacts of acid concentration, solid-to-liquid ratio,
particle size fractions, agitation rate, and temperature on the dissolution rate were meticulously evaluated. The
dissolution kinetics of phosphorus extraction from apatite using heterogeneous reaction models, identifying the
best-fitting equation for experimental data. A P,Os extraction rate of 99.93 % was achieved at 14 °C with
(+0.063-0.15) mm particles after 90 s. The variance coefficient (CV) of the typical sample was calculated to be
112 %. Shrinking Core Models (SCMs) were employed to determine the rate-controlling phase of the leaching
process, leading to a semi-empirical kinetic equation for P»Os leaching. The activation energy was found to be
15.88 kJ/mol using the Arrhenius equation. Energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD),
and Fourier transform infrared spectroscopy (FT-IR) analyses confirmed silica residue. This work sheds light on
phosphorus extraction kinetics, aiming at optimizing the process conditions, designing efficient reactors, and
assessing the operation’s economic viability.

1. Introduction

Phosphorite, is a type of rock that contains a significant quantity of
apatite, with the general formula (Ca;o(PO4)¢ (anion group)s, where
“anion group” can be F’, Cl', and OH (Martin B. Hocking, 2005). It can
be either volcanic or sedimentary in nature and serve as the primary
ingredient in the manufacturing of phosphoric acid (Becker Pierre,
1983). Additionally, it is an essential mineral resource that has extensive
uses in multiple industries, particularly in the manufacturing of fertil-
izers, chemicals, and food products (Hao et al., 2014; Orabi et al., 2018).
Phosphorus is vital for sustaining the optimal functioning of human
beings as it plays a role in numerous fundamental biological processes
(Ferket et al., 2002). Feed phosphates are chemically synthetic sub-
stances used as a supplement in animal feed for a variety of animals,
such as pets, chickens, cattle, and fish (European Commission, 2010).
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Defluorinated calcium phosphate (DFP) is a crucial component of these
feed phosphates, which also include monocalcium phosphate (MCP) and
dicalcium phosphate (DCP) (Sullivan et al., 1994).

Depending on their principal gangue constituents, phosphorite ores
vary greatly. By main impurities, phosphate rocks are classified as sili-
ceous ores, clayey ores, sedimentary calcium-based ores, organic phos-
phate ores, and complicated mineralogical phosphate ores (Abouzeid,
2008; Khoshjavan and Rezai, 2011). Two essential procedures are used
to extract phosphoric acid from phosphorite for industrial
manufacturing (Gilmour, 2013). The first method, referred to as the “dry
process”, yields furnace acid. This procedure entails combusting yellow
phosphorus in the existence of air as an intermediary phase, followed by
the reaction of the resultant phosphorus pentoxide with water. Another
approach involves acidifying phosphate rock with mineral or organic
acids, often known as “wet processes”. Recognizing the significant
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energy consumption and pollutants associated with the thermal process,
the wet process has been identified as the primary technique for phos-
phoric acid manufacturing offering advantages such as cost efficiency,
widespread adoption for large-scale production, the ability to process
lower-grade phosphate rocks, and prevention of P;0s emissions (Lv
et al., 2021; Ma et al., 2018).

An extensive analysis has been carried out on the kinetics of phos-
phate ore dissolving using various mineral acids(Bandara and Sen-
anayake, 2019), including sulfuric (Sinirkaya et al., 2012), nitric
(Olanipekun, 2003; Poissonnier et al., 2021), phosphoric (Elmisaoui
et al., 2024), and hydrochloric (Azeez et al., 2024) acids, as well as Cl,
(Abali et al., 1997) and SO (Yartasi et al., 1994) gases in a water-based
solution. These acids were used individually or in combinations (Antar
and Jemal, 2008; Ethiopia, 1999), and organic acids such as acetic
(Arroug et al., 2021), oxalic (Mendes et al., 2020), and succinic (Ashraf
et al., 2005) acids were also employed to extract valuable compounds
from rock. Table 1 provides an overview of several reported kinetic
expressions.

The sulfuric acid method is currently the most widely used technique
in the phosphoric acid industry and is particularly favored for high-
grade phosphate rock acidolysis due to its economic feasibility and
relative simplicity (Lassis et al., 2015; Liu et al., 2021). However, its
widespread use results in the generation of large amounts of phospho-
gypsum, a difficult-to-manage by-product. Currently, most phospho-
gypsum is discarded in vast stockpiles without treatment, with an annual
increase of 200-280 million tons (Lv and Xiang, 2022). Excessive
phosphogypsum requires substantial area for storage and contributes to
environmental contamination as well (Renteria-Villalobos et al., 2010).
Simultaneously, phosphate particles are readily covered by the phos-
phogypsum produced during sulfuric acid leaching, resulting in a
reduced phosphate leaching yield (Wu et al., 2023). A promising alter-
native to the latter is the phosphogypsum-free technique, which employs
hydrochloric acid.

The hydrochloric acid leaching method for phosphate ores is espe-
cially advantageous for processing complex, low-grade ores and pro-
ducing high-purity phosphoric acid. HCl is a potent acid and a very tiny
molecule. This is anticipated to have a more rapid diffusion rate
compared to some other acids in the leaching process. Its ability to
recover valuable by-products and avoid problematic gypsum waste
provides both technical and economic benefits (Yu and Du, 2023). Due
to the chemical characteristics of sulfuric and hydrochloric acids, which
are monoprotic and diprotic acids respectively, hydrochloric acid
leaching may need larger acid consumption than sulfuric acid tech-
niques. Nonetheless, the financial gains from valuable by-products and
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the reduction of environmental obligations may counterbalance these
costs. Moreover, Trade sulfuric acid is normally three to four times the
price of by-product hydrochloric acid. This makes HCl leaching a stra-
tegic choice in high-value phosphate processing and resource recovery
industries. Water-soluble calcium chloride and phosphoric acid are
produced by dissolving phosphate ore with HCI (Soltani et al., 2017).
Afterward, the phosphoric acid in the solution is removed using solvent
extraction techniques to yield pure phosphoric acid (Abdel-Aal, 2000;
Jinetal., 2014). For “high added value” applications like detergents and
food additives, dry-produced phosphoric acid has less contaminants.
Phosphoric acid from wet procedures is generally used to make fertil-
izers (Martin B. Hocking, 2005). The decision regarding which of such
procedures is contingent upon variables such as the grade of the ore, the
expenditure of energy, and the desired final outcome (Liu et al., 2022).

Kinetics is a field that is closely linked to profitability and engi-
neering design. It has a broad variety of practical applications, including
determining the quantity and amount of materials involved in a reac-
tion, creating reactors, managing and optimizing processes, and scaling
them up. The kinetic investigation of phosphoric ore dissolution holds
fundamental significance, as it provides insights into the intricate
mechanisms underlying the process. Gaining an exhaustive knowledge
of such steps is vital for improving process conditions, developing effi-
cient reactors, and evaluating the economic feasibility of the operation
(Mgaidi and Mokni, 2018). It is further noted that the kinetics of the
solid-lixiviant interactions during the leaching process are largely
controlled by the shrinking core models (SCMs), which are heteroge-
neous in nature (Habbache et al., 2009; Liddell, 2005). Due to the
absence of a product layer on the particles surfaces of unreacted phos-
phate ore, the leaching reaction with hydrochloric acid is consistently
rapid (it has been recorded that the leaching efficiency of P2O5 exceeded
80 % within 6 min at a temperature of 45 °C) (Brahim et al., 2017).
However, research on the kinetics of hydrochloric acid is somewhat
scarce, particularly with low to medium-grade ores.

This study aimed to investigate the impact of acid concentration,
solid-to-liquid ratio, particle size fraction, agitation speed, and reaction
temperature on the rate at which phosphate rock dissociates in hydro-
chloric acid solutions. A mathematical model was applied to accurately
describe the dissolving kinetics of phosphate ore, considering the in-
fluence of various parameters.

2. Experimental

Prior to delving into the detailed leaching experimental procedure, it
is essential to underscore the reactions between phosphorite and hy-

Table 1
A review of some documented kinetic equations for phosphate ore digestion using different acids and their respective activation energies.*
Leaching agent (s) Kinetic formulas Ea [kJ/ mol] Temp. Range Ref.
H,S04 1-2/3x-(1-)%% = kt 17.6 60-90 °C (Ethiopia, 1999)
H,S04 —In(1-x) = [koCacia > 2d54(S/L) ¥ exp “3567-52/T110.7 29.66 14-70 °C (Sevim et al., 2003)
H,S04/HCl 1-2/3x-(1-x)%3 = kt 13.3 60-90 °C (Ethiopia, 1999)
HNO; 1-(2/3)x-(1-x)*3 = kt 14.2 40-70 °C (Olanipekun, 2003)
HNO3 [H*]/rp =1/k + SR/a 99.5 3-18°C (Bayramoglu et al., 1995)
HCI 1-3(1-)%*° + 2(1-x) = 0.32C145(S/L) 0628 expP600/ Dy 21.6 25-45 °C (Brahim et al., 2017)
HCl 1-3(1-0%3 + 2(1-x) = koCacia >2°(L/S) *%5ry 216t 1.5 20-50 °C (Aly et al., 2013)
HCl 1-(2/3)x-(1-x)%® = 0.65C3%7§°d,) O-85e-4321RD¢ 42.3 50-80 °C (Ayinla et al., 2018)
HCl 1-(1-0Y% = 7.6 * 10°Cycig (ro) LexpTHP2%RD ¢ 41.99 10-40 °C (Lv et al., 2021)
HCl 1-[1-0.7183x]2 = 3.8 * 107 Cyeia(ro) Lexp6000/RD¢ 46 10-40 °C (Lv et al., 2021)
x<0.71
HCl 1-[(1-%)/0.571"3 = 3.8 * 107 Cyeiq (ro) 'exp40°%RDr x > 0.71 46 10-40 °C (Lv et al., 2021)
H,S04/ —In(1-x) = 2.2*¥10°°C2E0(S/L)*75GO45GRO-47 2671/ Dy -18.48 25-40 °C (Soussi-Baatout et al., 2016)
HsPO,
H,S04/ —In(1-x) = 2.2*10°C;2H0(S/L)75G O-455RO-47¢(6959/ Dt —57.89 45-60 °C (Soussi-Baatout et al., 2016)
H3PO,
HsPO, 1-3(1-0%3 + 2(1-x) = 0.053CL73(L/8) % dy O 2°SR**%exp 3053/ D¢ 25.4 +1.8 25-65 °C (Soussi-Baatout et al., 2018)

* Symbols used in Tablel: x=P,0s conversion linked to time; k = rate constant; k, = rate coefficient; t = clock time; C,¢iq = acid concentration; ry = initial particle
radius; do = initial particle diameter; r, = formation rate of HsPO4; SR = rotational stirring rate; a = coefficient of mass transfer; G = grain size fraction; L/S = liquid-to-

solid ratio; S/L = solid-to-liquid ratio.
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drochloric acid in precisely balanced quantities (Eqs.1-4).

Cayo(PO4)4F, = 3Cas(POy), + CaF, )
Cas(POy), = P,0s + 3Ca0 @)
Cas(POy), + 6HCl = 3CaCl, + 2H;PO, ©)
Cayo(POy),F; + 20HCI = 6H3PO, + 10CaCl, + 2HF 4

2.1. Material handling and preparation

The phosphate ore incorporated into this research weighed about
100 kg and was primarily composed of the output from the crushing
circuit product (jaw crusher), exhibiting a size smaller than 4 mm. The
sample was a kind of medium-grade banded phosphate rock (apatite).
The provided ore originated from El-Naser Phosphate Company situated
in Elsebaiya, Egypt. Following a comprehensive blending of the head
sample, it was then divided into small samples using coning and quar-
tering method. The thoroughly mixed samples were subsequently sealed
tightly in plastic bags to maintain uniformity and keep them away from
weathering circumstances to serve as a stock. The raw phosphate ore
was then sieved to different size fractions. Through using ASTM stan-
dard sieves, equipped with an electric vibrating platform, the material
underwent screening subsequent to being dried at 110 °C for a duration
of 12 h. All the reagents used in this study (HCl, HNO3, NH4Mo00Oy4,
NH4V204, and KHoPO4) provided by Shanghai Aladdin Biochemical
Technology Co., Ltd. are of analytical grade. The used solvent was ul-
trapure water with resistivity of 18 MQ.

2.2. Analysis and characterization

Approximately 50 g of the representative head sample were dried
and ground well for both X-ray examinations. The chemical composi-
tions of the ore head samples resulting from the crushing circuit were
examined through X-ray fluorescence spectrum analysis. Using the ARL
PERFORM’X X-ray fluorescence (XRF) sequential spectrometer. XRD
investigations were conducted utilizing a DX-2007 X-ray diffraction
spectrometer (Danton, China) employing a Cu Ko radiation source
filtered via a graphite monochromator at a wavelength of A = 1.54 nm.
The voltage and anode current were 40 kV and 30 mA, respectively.
Moreover, the morphological examination was executed with a Carl
Zeiss ULTRA 55 Plus equipment (Germany) model scanning electron
microscope equipped with EDX on an Oxford X Max 80 electron mi-
croscope (UK) and XRF on a Shimadzu EDX7000P spectrometer (Japan).
The structural composition of the phosphate ore and the resultant res-
idue was also analyzed using Fourier transform infrared spectroscopy
(FT-IR, Thermo Nicolet, USA, 0.5 cm™ resolution). Scanning was con-
ducted on the samples from 4000 cm ™! to 400 cm ™. The concentration
of P2Os5 in the liquid phase was measured using an Origin Aquamate
8000 UV-Vis spectrophotometer (Lambda 750S). The particle size dis-
tribution of phosphate ore was determined through screening in accor-
dance with ASTM standard, E11.

2.3. Dissolution procedure

Every leaching run occurred within a 200 mL Pyrex three-necked-
glass reactor, which was outfitted with a constant speed programma-
ble temperature bath to go on the reaction temperature being stable,
fluctuating no more than 0.01 °C throughout the process. Additionally,
the agitation action was executed using a digitally mechanical stirrer
outfitted with a Teflon rod. The leaching procedure involved adding
200 mL of a freshly prepared hydrochloric acid solution with a particular
concentration into the three-necked reactor. All openings of the reactor
were sealed, and the temperature bath was heated to the target tem-
perature for 15 min before starting the run. The leaching runs were
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conducted with the following parameters: agitation speeds (n) set at 50,
100, 200, 300, 400, 500, and 600 rpm; hydrochloric acid concentrations
(Cycy varying from 0.05 to 1.50 N; solid-to-liquid ratios (S/L) ranging
from 1/20 to 1/50 g/mL; and leaching temperatures (T) maintained at
14 °C, 20 °C, 25 °C, 30 °C, and 40 °C. At the desired reaction temper-
ature, a specified quantity of crushed phosphate ore (precisely weighed
to 0.0001 g) was swiftly introduced into three-necked-glass flask con-
taining 200 mL diluted HCl (leaching agent) at a specific S/L ratio and
rotational stirring speed as well. Furthermore, kinetic trials were con-
ducted to assess the dissolution extent of phosphorus ore over time,
altering the operational parameters of the reaction.

In the end, the reaction was quit by placing the reactor away from the
suction ventilator at the end of the reaction. The solid phase was
promptly separated from the suspension using vacuum filtration fol-
lowed by washing and drying at 105 °C to a constant weight overnight.
Washing was done in a triplicate manner with distilled water quantity of
one-third the acid volume each time. In this investigation, a batch pro-
cess approach was implemented, to prevent the error arising from
ongoing sampling. Fig. 1 shows the scheme for the system used for the
leaching process.

2.4. Evaluations

The phosphate content in an ore is typically indicated by its P2Os
amount. The simplest method of quantifying this is through mass mea-
surement, as illustrated in Eq. (5).

MP,0
MP20s (%) = M;re5

x 100% 5)

where MP,0s(%), is the percentage mass of P;0s in the ore; MP,Os, is
the P,Os mass in the ore; and More, is the ore total mass.

The percentage dissolution extent of phosphate ore, (D %), is
calculated using Eq. (6) as follows:

P,O
D(%) = 11\:1192201

x 100% (6)

Here, nP,05 (gm) refers to the P,Os mass in the aqueous phase.
Based on the calibration curve, the content of P,Os in the aqueous
phase can be calculated by (Eq. (7). The absorbance can be subsequently

Monitor == |

Rotational speed regulator=—>

Byrex three-necked
glass reactor

Outlet direction

Constant speed programmable
temperature bath

Fig. 1. Schematic diagram of the reaction vessel containing leach liquor con-
nected with digital water bath while mechanical stirring is going on during the
kinetic study.
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correlated with the phosphate concentration in a linear manner, as
demonstrated in supporting info. Al.

Cpoz- % filtrate volume x 0.7476

nP,0s(mg) = x 142 @

Sample dilution ratio x 103

The Coefficient of Variation (CV) is a statistical metric that indicates
the proportion of the standard deviation over the mean of a dataset (Eq.
(8), expressed as a percentage as follows:

CV(%) = % x 100% ®)

where o is the standard deviation and A is the mean (See supporting info.
A2).

3. Results and discussions
3.1. Characterization of phosphate ore

3.1.1. The chemical and phases composition

Chemical analysis as presented in Table 2, reveals that El-Sebaiya
phosphorite deposits consist predominantly of CaO, P20s, and SiO3 in
the oxidized phosphorite, with proportions of 40.48 %, 23.05 %, and
14.29 %, respectively. This suggests that the primary component is the
apatite mineral.

The diffraction pattern from X-ray of the rock sample demonstrates
that the principal mineral components are the Hydroxyfluorapatite (Cas
(PO4)s (OH, F)), Brushite (CaHPO4-2H20), and Whitlockite (Cag (MgFe)
(PO4)¢ (PO3OH)). These minerals are characterized by prominent
diffraction lines with d-spacing of (3.44, 2.72, 2.63, 2.73, 2.81, and 3.46
A), (7.67, 4.27, 3.06, and 2.68 A), and (2.47, 2.73, 2.87, and 3.07A),
respectively. The accompanying gangue mineral is predominantly
quartz (SiO3), which is detected at diffraction lines with d-spacing of
3.34, 4.26, 1.82, and 1.54 1°\, as illustrated in Fig. 2.

3.1.2. The sieve analysis

The phosphate ore was crushed, dried, and subsequently sifted into
varying size fractions (+0.063-4.00 mm, +3.00-4.00 mm, +2.00-3.00
mm, +1.00-2.00 mm, +0.50-1.00 mm, +0.25-0.50 mm, +0.20-0.25
mm, +0.15-0.20 mm, +0.075-0.15 mm, +0.063-0.075 mm). More-
over, partition curve was constructed according to plotting the percent
partition coefficient for cumulative retained against geometrical mean
size of particles as presented in Fig. 3. When a material subjected to sieve
analysis, irregular particles exhibit behavior akin to that of a sphere -
with an outer diameter that falls within the range of two sieve apertures.

It was shown that the particles of 690 um in size have an equal
probability of being classified as either oversized or undersized; i.e. cut-
point of the bulk ore sample (ds) is of 690 um. On the other hand, 80 %
of the bulk sample passed through 2.2 mm opening sieve. Data source for
partition curve construction and calculations with screen analysis pro-
cedure are demonstrated in supporting info A3.

3.2. Impacts of procedural variables on dissolution

3.2.1. The influence of hydrochloric acid concentration on P05 extraction

An investigation was conducted to analyze the influence of hydro-
chloric acid concentration (Cycy) on the process of digestion, specifically
on the pace at which substances dissolve. The concentrations tested
ranged from 0.05 N to 1.50 N. The reaction took place at a temperature
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Fig. 2. X-ray diffraction profile of the crushed ore specimen.
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Fig. 3. The particle size distribution (PSD) of the crushed rock sample.

of 14 °C (room temperature), with a stirring speed of 400 rpm, a particle
size fraction of (+0.063-4.00) mm, and a solid-to-liquid ratio of 1/25 g/
mL. Fig. 4 illustrates that a longer leaching period of 320 s leads to a
faster and more complete dissolving when higher acid concentrations (e.
g., 1.50 N) are used. This results in a significant dissolving of more than
99.9 % of P,0Os into the filtrate. The heightened oscillation of H protons
when they collide with the outermost layer of an unreacted particle may
accounts for this observation. The studies presented by Bandara
demonstrate a similar pattern (Bandara and Senanayake, 2015). In the
meantime, a regular pattern emerged, with the dissolve rate being very
rapid at the outset (usually during the first 30 s) and then gradually
decreasing as the leaching duration approached 320 s.

At the 320-second mark, the phosphorus pentoxide recovery per-
centages were 23.86 %, 31.81 %, 44.60 %, 66.45 %, and 77.95 % for

Table 2

Chemical composition of the studied sample from El-Sebaiya phosphate ore deposit.
Component L.O.I F Na,O MgO Al,03 SiO, P,0s5 S0; 2 Cl K,0 CaO
Weight % 7.66 2.43 0.73 0.42 1.14 14.29 23.05 6.82 0.185 0.074 40.48
Component TiOy V205 MnO Fe,03 ZnO SrO Y,03 BaO CeOy U —
Weight % 0.077 0.022 0.11 2.06 0.028 0.176 0.009 0.137 0.093 0.008 —
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Fig. 4. Effect of HCI concentration on phosphate dissolution extent (S/L = 1/
25 g/mL, G = (+0.063-4.00) mm, n = 400 rpm, and T = 14 °C).

solutions with the intermediate concentrations of 0.05N, 0.15N, 0.30 N,
0.50 N, and 0.70 N, respectively. At lower concentrations, the solid-to-
liquid ratio of 1:25 g/mL utilized in the study may be high, leading to
an inadequate amount of acid being administered to the ore sample.
Therefore, it is crucial to do research on how the solid-to-liquid (S/L)
balance affects the efficiency of leaching the major components.
Increasing the acid concentration would result in a significant release of
carbon dioxide from the dissolution of carbonates, which would produce
foams and significantly increase the use of defoamer. A solution with a
hydrochloric acid concentration of 0.70 N was selected for further
investigations.

3.2.2. The influence of solid-to-liquid ratio

The impact of the solid-to-liquid ratio (S/L) was investigated through
experiments conducted at S/L values of 1/20, 1/25, 1/30, 1/35, 1/40,
1/45 and 1/50 g/mL. Other parameters were held constant, including a
particle size of (+0.063-4.00) mm, a stirring speed of 400 rotations per
minute, an acid concentration of 0.70 N, and a reaction temperature of
14 °C. Based on Fig. 5, the efficiency of P,0s leaching exhibited a
notable initial rise as the ratio decreased. It reached a maximum of
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Fig. 5. Effect of solid-to-liquid ratio on P,0s dissolution extent (Cyc; = 0.70 N,
G = (+0.063-4.00) mm, n = 400 rpm, and T = 14 °C).
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around 97.1 % when the liquid-to-solid ratio was 1/50. A reduction in
the ore’s solid content is predicted to lower its density, which will
improve reactant mixing and lessen mass transfer resistance as the re-
action proceeds, explaining this phenomenon (Kim et al., 2014).
Furthermore, an ideal acid stoichiometry is produced by lowering the
concentration of the phosphate ore particles in the reaction mixture. In
addition, the dissolution rate difference between 1/50 g/mL and 1/40 g/
mL at 320 s is not greater than about 5.55 %. To examine the leaching
behavior with particle size modification, a ratio of 1:40 S/L was there-
fore used.

3.2.3. The influence of particle size

For each of the seven distinct size fractions (+0.063-4.00 mm),
(4+2.00-4.00 mm), (+1.00-2.00 mm), (+0.50-1.00 mm), (4+0.20-0.50
mm), (+0.15-0.20 mm), and (+0.063-0.15 mm), the impact of particle
size fractions on the leachability of phosphate ore was investigated. At a
stirring speed of 400 rpm, 0.70 N HCl, 14 °C, and S/L ratio of 1/40 g/mL,
all these experiments were carried out.

Fig. 6 clearly demonstrates that the dissolving rate of P,Os was
higher when the particle size dropped. This can be attributed to the
larger surface area and greater freedom of movement of apatite parti-
cles. The particle size range of (+0.063-0.15) mm achieved the
maximum P,Os extraction rate of 99.93 % after a reaction time of 90 s.
As for the rest of the considered size ranges which are: (+0.15-0.20),
(+0.20-0.50), (+0.50-1.00), (+1.00-2.00), and (+2.00-4.00) mm, as
well as (+0.063-4.0) mm, the dissolution extents obtained after 320 s
were 100 %, 96.94 %, 86.64 %, 77.11 %, 73.44 %, and 91.55 %,
respectively.

The results show a significant level of agreement with the in-
vestigations carried out by Abali et al. (Abali et al., 1997). Since the
grinding operation impacts particle size, the Bonds equation states that a
high reduction ratio between feed size and product size is connected
with increased energy consumption. Table 3 illustrates how the con-
centration of phosphorus pentoxide fluctuates between different size
fractions due to its random liberation during the grinding of phosphate
rock. It demonstrates that the high mass % of P,Os exists in
(+0.20-0.50) size fraction. Therefore, the following investigations will
include the influence of particle size on the leaching process within the
specified limits of (+0.20-0.50) mm range.

3.2.4. The influence of agitation rate
During a 320-second reaction time at 14 °C with an HCl concentra-
tion of 0.70 N and a solid-to-liquid ratio of 1/40, the effect of stirring
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Fig. 6. Effect of particle size fraction on P,0s dissolution extent (Cyc = 0.70 N,
S/L = 1/40 g/mL, n = 400 rpm, and T = 14 °C).
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Table 3

Chemical composition (mass%, dry basis) and corresponding geometric particle mean size of different fractions of phosphate ore.
Particle size fractions, mm Geometric mean size (G), mm Yield, % Mass fraction, % CaO / P05

L.O.I P,05 CaO SiO, Fe,03 SO3 Others

(0.063-0.15) 0.097 21.37 08.28 26.05 38.19 16.23 2.15 5.47 Traces 1.47
(0.15-0.20) 0.173 03.99 08.93 25.49 42.74 10.16 1.91 5.81 1.68
(0.20-0.50) 0.316 26.04 08.70 26.70 43.35 09.65 1.97 4.92 1.62
(0.50-1.00) 0.707 16.54 09.57 25.80 41.76 10.60 2.02 5.44 1.62
(1.00-2.00) 1.414 15.58 07.91 24.58 41.82 12.27 2.09 6.45 1.70
(2.00-4.00) 2.828 16.48 11.27 19.15 33.20 24.23 2.15 5.46 1.73
(0.063-4.00) 0.502 100.0 07.66 23.05 40.48 14.29 2.06 6.82 1.76

speed (n) on the rate of phosphate ore dissolution was investigated. As
evidenced by the percentage of PoOs recovery, Fig. 7 describes how the
speed of agitation affects the amount of phosphate ore digestion.

Increasing the stirring speed and reaction duration clearly increased
the P05 leaching percentage, indicating improved leaching perfor-
mance under intensified hydrodynamic conditions. When the stirring
rate is 300 rpm or lower, the leaching agents may not effectively
penetrate the particles’ surfaces suggesting that the process is predom-
inantly controlled by external mass transfer through the liquid film. The
inadequate stirring fails to fully suspend the particles. This leads to the
inadequate transport of hydrogen ions (H) from the bulk solution to the
surface of the ore particles, as well as the delayed removal of reaction
products back into the solution.

In contrast, when the speed surpasses 400 rpm, the leaching effi-
ciency curves at 400, 500, and 600 rpm exhibit a tendency to converge.
There is no significant improvement in the particle dissolution rate,
particularly if the particles are already completely suspended. The re-
sults indicated that the maximum recovery rates of phosphorus pent-
oxide content during the reaction time period when using the latter
stirring speeds were 91.55 %, 92.25 %, and 93.92 %, respectively.
Additionally, swirling the leaching acid solution reduces exterior
diffusion resistance (Calmanovici et al., 1997). As a result, the external
diffusion resistance was minimized and the leaching kinetics become
increasingly governed by surface chemical reactions occurring at the
ore-solution interface. This transition elucidates the observed plateau in
leaching efficiency at elevated stirring speeds, where additional in-
creases in mixing intensity cease to facilitate dissolution.

These findings point to a mechanistic transition in the rate-
controlling step. Thus, the apparent contradiction is reconciled by
recognizing that the dissolution process does not follow a single con-
trolling mechanism, but rather evolves from an initial mass transfer-
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Fig. 7. Effect of stirring rate on P,Os dissolution extent (Cyc = 0.70 N, S/L =
1/40 g/mL, G=(40.20-0.50) mm, and T = 14 °C).

limited regime to one dominated by interfacial reaction kinetics under
optimized hydrodynamic conditions. Hence, an agitation rate of 400
rpm ensures sufficient particle suspension and has been approved for
subsequent trials.

3.2.5. The influence of reaction temperature

To determine how temperature affects PoO5 leaching efficiency, 400
rotations per minute, size fraction of (+0.2-0.5) mm, 1/40 S/L ratio, and
0.70 N HCI acid concentration were used in a series of tests at temper-
atures ranging from 14 °C to 40 °C. The kinetic isotherms that were
obtained are depicted in Fig. 8. It is true that the higher temperature
slightly affected the rate at which P,05 recovered.

The digestion recovery shows a rapid increase in the initial phase of
the process, where the recovery rose from 72.47 % to 83.76 % within the
first 120 s as the temperature increased from 14 °C to 40 °C. This sig-
nificant improvement suggests that temperature has a strong influence
on the early kinetics of the reaction, which is typical when surface re-
action controls the process. However, from 120 s to 320 s, despite the
temperature remaining constant at 40 °C, the recovery increased only
marginally from 83.76 % to 98.03 %. Notably, at 25 °C, recovery was
already close to 95.37 %, indicating that most of the leaching occurred
at a lower temperature, and the higher temperature only contributed a
small gain of 2.66 %.

In case of diffusion-controlled processes, increasing the temperature
does not accelerate the speed of molecular movement in the leaching
suspension, the frequency of collisions, the rate at which mass is trans-
ferred, or the reaction rate between the leaching agent and the mineral
particles(Liao et al., 2015; Rao et al., 2015). Habashi’ s observation
indicates that the leaching process is mostly controlled by diffusion,
with just a tiny correlation to temperature. Conversely, temperature
fluctuations greatly affect a chemically controlled process (Habashi,
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Fig. 8. Effect of reaction temperature on P,Os dissolution extent (Cyc = 0.70
N, S/L = 1/40 g/mL, G=(+0.20-0.50) mm, and n = 400 rpm).
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2017). The dissolution kinetics show a two-stage mechanism:

a) The sharp recovery rise with temperature increase in the early stage
suggests that the reaction is initially controlled by a temperature-
sensitive mechanism (chemical reaction control).

The flattening of the recovery curve at constant temperature (from
120 s onward) implies that the rate slows down despite constant
thermal energy input. This typically indicates a shift to a diffusion-
controlled process. As the reaction progresses, the formation of a
diffusion barrier (pores network) leads to a shift toward a diffusion-
controlled process (intraparticle diffusion), where temperature has
limited additional effect.

b

-

Consequently, it is recommended to use hydrochloric acid to extract
phosphorus pentoxide from phosphate rock at a temperature lower than
30 °C. Leaching at that temperature serves the dual purpose of pre-
venting equipment corrosion and saving energy.

3.3. Meeting the optimum leaching conditions

The leaching results of phosphate ore in multiple acidic solutions, as
documented in the literature and our investigation, are described in
Table 4. The leaching efficiency exhibited considerable variation based
on the distinct compositions, structures, and leaching conditions of
various phosphate ores. Despite these considerations, this study dem-
onstrates superior leaching efficiency under mild conditions (low tem-
perature, short time, moderate acid strength), which is highly promising
from both economic and environmental perspectives. This could indi-
cate favorable ore mineralogy and particle size, well-optimized agitation
and acid concentration, and finally kinetically efficient leaching system
likely governed by surface reaction control at the specified particle size,
due to excellent performance in such a short time.

To optimize the phosphate leaching process using either acid, several
conditions must be met:

e Ore Characterization: Conducting a thorough analysis of the phos-
phate ore to determine its composition, including the presence of

Minerals Engineering 231 (2025) 109480

impurities and valuable by-products, to select the most suitable

leaching agent (Guan et al., 2022).

Process Optimization: Adjusting parameters such as acid concen-

tration, solid/liquid ratio, particle size, stirring speed, temperature,

and leaching time to maximize phosphate recovery while minimizing
reagent consumption and operational costs (Gharabaghi et al.,

2010).

Material Selection: Using corrosion-resistant materials in equipment

design to withstand the acidic environment and ensure operational

longevity.

e Environmental Compliance: Implementation measures to manage
and treat waste products, ensuring adherence to environmental
regulations and minimizing ecological impact (Tayibi et al., 2009).

e Economic Assessment: Conducting a comprehensive cost-benefit
analysis considering factors like grinding cost, acid cost, potential
revenue from by-products, and infrastructure requirements to
determine the most economically advantageous method (Campbell
et al., 2023).

3.4. Kinetic analysis

The dissolution of phosphate ore in a hydrochloric acid solution
entails a chemical reaction between a solid and a liquid. This process can
be characterized as a heterogeneous reaction, in which the ore particles
interact with the leaching agent. When a system consists of various
components, the total rate expression becomes intricate due to the
interplay between physical and chemical processes. The whole response
model is stated as follows(Sohn, 1979):

Ro+cRy =P )

The equation uses the symbol “R,” to denote the liquid employed for
leaching, “R,” to signify the solid reactants, which are the ore particles,
“c” to indicate the stoichiometric coefficient, and “P” to refer to the
resultant product. Furthermore, it is presumed that the particles
participating in the reaction possess a spherical geometry and maintain
an equal size.

A hypothesized series of reactions has been suggested to clarify how

Table 4
Comparison of the leaching behaviors of several phosphate ores from our investigation with existing literature*.
Origin P,0s (in Leaching Agitation Particle size Acid S/L Temp., D, % Remarks Ref.
ore) % R rate, rpm range, um concentration ratio °C
Agent Time,
Sec
China 28.11 HClL 240 300 150-180 0.488 M 1/250 30 97.80 (Lv et al., 2021)
Turkey 16.58 H,S04 900 2513 710-860 98 % w/w 1/40 70 99.98 (Sevim et al.,
2003)
Nigeria 33.81 HNO3 2400 400 —-100 13.3 M 1/100 70 100.0 (Olanipekun,
2003)
Egypt 30.1 HCl 960 400 63-150 0.1 M 1/ 50 80.45 (Azeezet al., 2024)
1500
Pakistan 22.7 HClL — a 74-208 3.5% 1/15 b 98.15 (Zafar et al., 2006)
Nigeria 33.1 H,S04/ HC1 1800 500 -53 H,S04:HCI (5.5 1/50 90 92.00  HySO4: (Ethiopia, 1999)
M:2.4 M) HCl =1:1
HyS04 1800 500 —53 5.5M 1/50 90 79.00
China 36.54 + H3PO4 1200 400 59-260 30 wt% 1/10 70 100.0 (Liao et al., 2023)
0.3
Turkey 24.56 SO,- 1800 1885 1400-1700 - 1/67 15 100.0 (Yartasi et al.,
Saturated 1994)
water
Nigeria 35-40 HNO3 +1000 500 — 1M 1/250 60 100.0 (Poissonnier et al.,
2021)
30-35 HNO;3 120 500 - 0.1 M 1/250 60 100.0
China 31.7 HCl 7200 150 - 36 % 1/2.2 60 98.80 (Seyed Ghasemi
and Azizi, 2018)
Turkey 22.6 Cl, gas in 5400 400 180-250 Cl, flow rate = 1/150 20 98.65 (Abali et al., 1997)
water 300 mL/min
Egypt 26.05 HCl 90 400 63-150 0.7 N 1/40 14 99.93 This work

*' Moderate rotational speed = 150-300 rpm, b: Ambient temperature.
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particle size, e) reaction temperature.

fluorapatite dissolves in hydrochloric acid(Dorozhkin, 1997):

Cas(PO,)sF +7H" = 5Ca** + 3(H,P0O4)” + HF 10)
Cas(POy4),F + H,0 + H* = Cas(PO,),  H,O + HF 1)
Cas(PO,4), ® H,O = 3Ca3(P0,), + Ca*" + 2H,0 + 2¢” 12)
Ca3(PO,), +2H" = CaHPO, + Ca*" (13)
CaHPO, = Ca*" + (HPO,)~ 14)
CaHPO, + 2H" = Ca®*' + H3PO, 15)

Employing the previously outlined reactions as a basis, the influences
of acid concentration, liquid-to-solid ratio, particle size fraction, agita-
tion rate, and temperature on the kinetics and mechanism of phosphorus
pentoxide (P20s) extraction in a hydrochloric acid (HCI) solution are

scrutinized and appraised.

Considering the ore mostly consists of densely packed visible grains,
which gradually decrease in size when a layer forms around the
unreacted core during leaching (as depicted in Fig. 14), the research has
opted for the shrinking core model. This type is more appropriate for the
leaching process of solids that lack pores. The dissolution mechanism is
thought to involve the following four processes, which are thought to
happen in order:

1. Diffusion of the leaching agent through the thin film layer around the
particle,

2. Surface chemical reaction within the unreacted core at the interface,
along with,

3. Leaching agent diffusion through the pore network,

4. Getting all the soluble products out of the reaction site by passing
them through the product layer and the aqueous thin film toward the
liquid’s bulk.
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Fig. 10. Arrhenius plot for phosphate rock dissolution.

3.4.1. Model fitting

Various Shrinking Core Models (SCMs) were applied to the experi-
mental data to identify the step that controls the rate of the leaching
process and to gain a deeper insight into its behavior. To achieve this,
the following mathematical formulations were employed to elucidate
the dissolution kinetics of PoOs5 Egs. (16-19). If the leaching kinetics are
dictated by surface chemical reactions, liquid film diffusion, ash layer
diffusion, or a combination thereof in a mixed kinetic model(Espiari
et al., 2006; Seyed Ghasemi and Azizi, 2018), the integrated rate model

kp, ks, kr, and kjy; are being referred to respectively.

Ln {d[1- 2(1-x)"" + (1-x)**)/ds}
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The framework utilize the term “x” to denote the fractional conver-
sion of P,0s within a restricted range (0 < x < 1). The variable “t”
represents the time it takes for the reaction to occur, measured in sec-
onds. Additionally, “kp”, “ks”, “k;”, and “ky,” are used to designate the
apparent rate constants that govern surface chemical reactions, liquid
film diffusion, ash or product layer diffusion, and a mixed kinetic model,
respectively. These rate constants are expressed in units of sec’l. When
analyzing mechanisms of reaction employing kinetic approaches, it is
generally advisable to acquire five rate coefficients with an error rate of

+5 % rather than a single fixed with a certainty of +1 %. The analysis of

the experimental results, utilizing graphical and statistical techniques
within the framework of fluid-solid mixed reaction mathematical
models, concluded that the data adhered to a mixed controlled kinetic
model. The supporting information presents Table A3, which displays
the data from the kinetic investigations, including the rate constants and
their corresponding regression coefficients for various kinetic models as
influenced by the leaching variables under investigation.

Curves were generated by plotting conversion fraction values against
SCMs at preset time intervals to represent the dissolving process.
Conversely, the mixed mechanism model produced distinct linear pat-
terns intersecting at zero for each leaching parameter, suggesting that
the rate of digestion might be controlled by both chemical reaction and
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Fig. 11. Plot of Ln [d[1-2(1-x)'/3+(1-x)>3]/d¢] for influential parameters on P,0s dissolution rate against natural logarithm of: a) HCl acid concentration, b) solid-
to-liquid ratio, c) stirring speed, d) particle size.
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Fig. 12. Comparison between the empirical kinetic model and experimental
values of 1-2(1-x)'/3+(1-x)> for P,05 dissolution rate.

diffusion mechanisms. The apparent rate constants and R? were deter-
mined by graphing the expression “1-2(1-x)'/3+(1-x)%%" against “t” for
each parameter, as shown in Fig. 9 for the mixed kinetic model. The
apparent rate constants in these figures have been identified based on
the gradients of the linear regressions.

3.4.2. Rate-controlling step of the leaching kinetics

It is of the utmost importance to determine the rate-controlling phase
of the leaching process. This can be accomplished by confirming that the
kinetic parameters that have been measured, such as the order of reac-
tion or activation energy, agree with the mechanism that has been
posited (Crundwell, 2013; Madakkaruppan et al., 2016). Therefore, the
Arrhenius equation was utilized to calculate the apparent activation
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Fig. 14. X-ray diffraction pattern of the residue specimen at opti-
mum condition.

energy and gain a more precise understanding of the mechanism and
kinetics of the process. The relationship between the reaction rate and
temperature follows the Arrhenius-type equation (Eq. 20 or 21).

k = A.exp(~Ea/RT) (20)

Ink = InA — Ea/RT 1)
In this context, Ea denotes the apparent activation energy (J/mol), k
signifies the reaction rate constant (sec’!), A represents the frequency
factor (sec’)), T stands for the reaction temperature measured in Kelvin
(K), and R is the universal gas constant valued at 8.314 J/(mol K).

The Arrhenius equation was graphed by plotting Ln{d[1-2(1-x)!
34 (1-0%%/der against 1/T x10° (refer to Fig. 10) for each temperature.

T y T T o

o L

Fig. 13. SEM images of (a) ore grains, and (b) residues after leaching (t = 90 sec at 14 °C, size fraction of (+0.063-0.15) mm, S/L ratio of 1/40, 400 rpm, and 0.70 N

HCI). EDS analysis of (c) ore grains, and (d) residue grains.
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Fig. 15. FTIR analysis for a) original phosphate ore, and b) final residue.

The activation energy was then determined by calculating the slope of
the straight line, where the slope is equal to the negative activation
energy divided by the gas constant (—Ea/R). From this graph, the acti-
vation energy for phosphate dissolution in hydrochloric acid within the
temperature range of (14-40)°C is determined to be 15.88 kJ/mol for
the interval of (0-320) seconds.

Since, diffusion-controlled processes often have lower activation
energies, typically around 21 kJ/mol (Jung and Mishra, 2016; Liu et al.,
2012), whereas chemical-controlled processes frequently have energies
around 40 kJ/mol (Seyed Ghasemi and Azizi, 2018). In addition, in a
process regulated by mixed control, the activation energy approximately
ranges from 21 to 42 kJ/mol (Liu et al., 2012).The results shown here
are inconsistent with the notion that a mixed model regulates the rate-
controlling step. Despite the mixed kinetic model showing the highest
fitness on the leaching data and the dissolution rate being influenced by
both diffusion and chemical reaction processes, it can be inferred from
the activation energy magnitude (15.88 kJ/mol) that the primary
mechanism governing the leaching kinetics is diffusion via pores. The
presence of numerous patterns that govern the entire phenomenon is
responsible for this paradox, which arises from the extensive variation in
the size range of particles. This dual behavior likely results from sample
heterogeneity, where smaller particles, due to their higher surface area,
undergo chemical reaction-controlled leaching, while larger particles
face diffusion limitations as the leaching agent must penetrate their
internal structure. The first assumption, based on the CV of a magnitude
exceeding 30 %, indicates a wide size distribution; the bigger particles
were not yet dissolved during the leaching, but there was thought to be a
point when the smaller particles were fully leached (Gbor and Jia,
2004). The CV value of the typical sample was calculated to be 112 %.
Second, the chemical reaction may initially control the process, but no
layer of product forms as the reaction progresses. Thus, the pores may
resist the leaching agent’s penetration, reaching a point where the
diffusion rate through the product layer matches the rate of the chemical
reaction due to the effect of continuous agitation (Faraji et al., 2022).

3.4.3. Reaction orders with respect to leaching parameters

Fig. 11 (a), (b), (c), and (d) show graphs of the natural logarithm of
the derivative of the expression [1—2(1—x)1/ 34 (1—x)2/ 3] with respect to
time, plotted against Ln Cycj, Ln S/L, In G, and Ln n, respectively. The
semi-empirical kinetic equation (Eq. (22)) describes the process of P»0s
leaching during the entire reaction duration.

ACS(S/LY G/t exp ~F/RDt (22)

The power variables a, B, ¥, and & denote the reaction order for their
base parameters. The magnitude of these constants gained from the
slope of the straight lines resulted from the graphs of Ln [dr1-2(1-x)Y

11

34(1-0%?]1/dt] versus Ln Cucl, Ln S/L, In G, and Ln n, respectively.
Lastly, (Eq. (23)) provides the reaction kinetic model for extracting PoOs
from the phosphate ore deposit using hydrochloric acid reagent:

1-2(1-x)"+1 -x)*°

_ [07694C}K3317 (S/L)—1.584G—0,872nl.Sﬁe)q)(—15879.9/RT)]t (23)

The study revealed that the reaction rate exhibited a direct propor-
tionality to the initial acid concentration raised to the power of 1.37 and
stirring speed raised to the power of 1.56, and an inverse proportionality
to both of solid-to-liquid ratio and particle size raised to the power of
1.58 and 0.87, respectively. The pre-exponential factor (A) was deter-
mined to be 0.7694 sec™* using Eq. (15). Therefore, the rate of reaction is
directly proportional to the concentration of acid [H'], following a first-
order dependence.

The relationship between reaction kinetics and particle size arises
when the rate of the reaction is regulated by diffusion through a layer of
product. In this scenario, the diffusion rate is consistently proportional
to the reciprocal of the starting particle radius, following an inverse
square relationship. On the other hand, for reactions controlled by a
chemical reaction, the leaching kinetics vary inversely with the initial
particle radius (Dreisinger and Abed, 2002).

The graph depicted in Fig. 12 presents a comparison between the
experimental conversion values (Xexp = [0.7694C111‘817 (S/L) %G
0'872n1'56exp('15879'9/ Rn]t) and the calculated values (Xca = l—2(1-x)1/
3+(1—x)2/ 3) derived from the preceding Eq. (18). It can be deduced that
the agreement is acceptable.

4. Physicochemical characterizations of the optimum residue

Images obtained via scanning electron microscopy (SEM) of the
phosphate sample prior to and subsequent to leaching with HCI solution
(t =90 s at 14 °C, size fraction of (+0.063-0.15) mm, solid-to-liquid
ratio of 1/40, 400 rpm, and 0.70 N HCI) were recorded and shown in
Fig. 13. The SEM images presented in Fig. 13 (a, b) indicate that the
morphology of the phosphate sample has undergone progressive alter-
ations upon leaching. The SEM image of the phosphate sample prior to
leaching (Fig. 13a) revealed a smooth surface with aggregation resulting
from the presence of diverse phosphate components. Nonetheless, the
structure of the residue post-HCl leaching (Fig. 13b) has altered,
revealing distinct silicon particles. This indicates that all minerals
encasing the silicon and occupying its micro pores have been dissolved.
Energy dispersive X-ray spectroscopy (EDS) of the phosphate sample
prior to leaching (Fig. 13c) identifies the presence of O, Fe, Na, Ca, and P
in significant amounts. However, no phosphorus was detected in the
residue following leaching with hydrochloric acid (Fig. 13d), and the
concentrations of most elements were greatly diminished, which may be
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attributed to a complete phosphate dissolution. This result was
confirmed by XRD analysis of the residue sample as demonstrated in
Fig. 14.

Fig. 15 displays the FTIR spectrum of the original phosphate ore and
its residue after the leaching process. Fig. 15a indicated that the phos-
phate group displays the most prominent IR peaks, occurring at 1045
and 604 cm™!, due to asymmetric stretching and bending vibrations of
P-O bonds, respectively. Si-O bonds depict characteristic peaks at 1096,
798, and 470 cm ™. The Si-O stretching vibration mode at 1096 cm ™
overlaps with the P-O peak. The stretching band of calcium carbonate, v
(CO3), is seen at around 1430-1460 cm~ . The wide characteristic peak
in the range of 3600-3400 cm™! could be attributed to the —OH
stretching vibration of adsorbed water and bound water molecules.

After the leaching process, the characteristic IR peaks of PO‘?{’ group
completely disappeared indicating the complete dissolving of the
phosphorus-containing moieties (Fig. 15 b). The spectra instead showed
characteristic peaks of Si-O functional groups as the main residual
component. IR peaks corresponding to adsorbed water molecules
become more intense as a result of the leaching process.

5. Conclusions

The influence of process variables on the dissolution reaction indi-
cated that the extent of phosphate ore dissolving markedly increased
with higher concentrations of hydrochloric acid and stirring rates,
alongside a reduction in the particle size of the phosphate ore as well as
solid-to-liquid ratios and gently with reaction temperatures. At an
equivalent temperature and stirring speed, nearly complete recovery of
phosphorus pentoxide was attained when the initial sample was sub-
jected to 1.5 N HCI at a solid-to-liquid ratio of 1:25 for approximately
320 s, whereas a comparable recovery percentage was observed when
the size fraction (4+0.063-0.15) mm was treated with 0.7 N HCI at a
solid-to-liquid ratio of 1:40 for a duration of 90 s.

The leaching rate demonstrated an inverse relationship with particle
size but did not fully align with standard chemical reaction control or
diffusion control models. A mixed-model approach was utilized, sug-
gesting that both chemical reaction kinetics and diffusion limitations
contribute to the leaching process. The typical sample had an estimated
variance coefficient of 112 %.

The mathematical analysis of the results yields an activation energy
of 15.88 kJ mol ! along with a semi empirical formula as follows:

1-2(1-x)"+(1-x*
_ [O.7694C111'317 (S/L)—1.584G—0.872nl.SGexp(—15879,9/RT)}t

SEM images show phosphate sample morphology changes post-
leaching, with distinct silica particles indicating dissolution of min-
erals encasing silicon as well as in micro pores, contrasting with the
smooth surface before leaching. EDS reveals no significant amounts of
phosphorus was detected, indicating complete phosphate dissolution.
XRD and FT-IR analyses confirmed that the residue sample includes only
SiO4 as the main phase.
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