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In this work, we report the use of surfactants to improve the performance of phosphate ore leaching while
reducing the concentration of metallic impurities in the leaching solution. Based on the zeta potential
analysis, sodium oleate (SOL) is determined as a suitable surfactant because it can change interfacial
properties and improve ionic diffusion. This is experimentally demonstrated by the high leaching
performance. After that, the reaction conditions on the leaching performance are systematically
investigated. Under the optimal experimental conditions (SOL concentration of 10 mg L™, sulfuric acid
concentration of 1.72 mol L™, leaching temperature of 75 °C, and leaching time of 180 min), a high

phosphorus leaching efficiency of 99.51% is achieved. Meanwhile, the leaching solution presents a lower
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Accepted 28th March 2023 content of metallic impurities. Further measurements performed on the leaching residues indicate that
the additive SOL can promote the growth of platy crystals and facilitate PO leaching. Overall, this work

DOI: 10.1035/d3ra00857e demonstrates that the SOL-assisted leaching method allows for highly-efficient utilization of PO and
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1. Introduction

Phosphoric acid is widely used as an important feedstock for
the production of fertilizers, food products, cosmetics, and
detergents.>” In 2020, the global phosphoric acid production
capacity reached over 58 million metric tons.>* Different
approaches such as thermal and wet processes are mainly
employed to produce phosphoric acid from phosphate ores
(PO).>* The wet process is by far the most common route and
the acid can be used in phosphate fertilizer production.” In such
a hydrometallurgical process, leaching is typically the first step.
Sulfuric acid leaching is currently considered the most viable
and versatile of the available processes, which is also adopted
for the wet process. In the production of wet-process phos-
phoric acid, PO is reacted with sulfuric acid to produce phos-
phoric acid and phosphogypsum (PG) via the dihydrate process,
as described by the reaction below.*°

Ca5(PO4)3F + 5H2SO4 + 10H20 -
3H3PO4 + 5CaSO42H20 + HF
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high-purity phosphoric acid production.

However, reserves of high grade PO are depleting due to the
extensive utilization, compelling the use of medium and low
grade PO.' There are a number of approaches to improve the
quality of medium and low grade PO, including grinding and
classifying,'" gravity concentration,"” and flotation."”® Despite
this, the efficient utilization of medium and low grade PO is
increasingly important. Different methods have been proposed
for the efficient utilization of PO by reducing the loss of phos-
phorus content, such as advanced oxidation processes,** foam
control,® and organic acid leaching.*>'® Generally speaking, the
leaching performance is efficiently improved by selecting
appropriate agents or adopting intensification methods.

Surfactants, consisting of both hydrophilic and lipophilic
groups, are oriented on the liquid surface to regulate liquid
interfacial properties.”””* They have been widely used in the
petroleum chemical industry, medicine, and flotation of
minerals.”*** In mineral leaching processes, surfactants can
change interfacial properties and improve ionic diffusion,
therefore increasing leaching efficiency.”®* For example, Zhang
et al.”® enhanced the copper extraction from chalcopyrite using
polyoxyethylene nonyl phenyl ether, and the copper concen-
tration in the leaching solution increased from 385.62 to
930.91 mg L. Stearyl trimethyl ammonium chloride was used
to promote the leaching of nickel from laterite ores, achieving
a high efficiency of 94.7% under the optimal conditions.”” Thus,
the utilization of surfactants is an effective way to facilitate
mineral leaching.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In addition to the efficient utilization, the dissolution of
metallic impurities (e.g., iron, aluminum, and magnesium)
from the medium and low grade PO should be carefully
considered because such impurities decrease the quality of
phosphoric acid.”®* The metallic impurities also cause diffi-
culties in downstream purification and sedimentation. For
instance, the impurities in the PO affect the size and shape of
the PG crystals.*® The density and viscosity of acid solutions
increase as the concentration of dissolved metallic impurities
increases.*** Therefore, reducing the impurities in the acid
solutions is crucial to improve the quality of phosphoric acid
and facilitate downstream purification and sedimentation.
Karavasteva®® studied a set of surfactants on the acid leaching of
zinc calcine and found that the concentration of impurities in
the solution decreased in the presence of surfactants. This can
be attributed to that surfactants selectively form complexes with
cationic ions. Thus, the use of surfactants offers a practical way
to decrease the content of impurities in leaching solutions.

In this study, to improve the leaching performance and
reduce the dissolution of metallic impurities, we use the
surfactants as additives to facilitate the extraction of phos-
phorus from medium-low grade PO. The optimal experimental
condition is determined by investigating the effects of surfac-
tant concentration, sulfuric acid concentration, leaching
temperature, and leaching time on the overall leaching perfor-
mance. The produced leaching solution and residue are
measured and analyzed using different analytical techniques.
Additionally, measurements on the leaching solution (ie.,
surface tension and viscosity) and PO (i.e., the variation in the
zeta potential) are performed to better understand the leaching
mechanism. Computational simulations are conducted to
reveal the adsorption interaction energy between SOL particles
and PG surfaces and the corresponding preferential adsorption
sites.

2. Materials and methods

2.1. Materials and chemicals

The raw PO is provided by Hubei Xingfa Chemicals Group Co.,
Ltd., China. It is dried at 60 °C and filtered to maintain particles
with a diameter of less than 150 um. Five surfactants are used
for the leaching of PO, including sodium dodecylbenzene
sulfonate (SDBS), sodium  oleate (soL), cetyl-
trimethylammonium bromide (CTAB), polyvinyl pyrrolidone
(PVP), and lauryl sulfobetaine (LSB). Details of these surfactants
and the sulfuric acid are provided in Table S1.1 Deionized water
is produced by a water purification system (HMC-WS10, Human
Corporation, Korea).

2.2. Experiments

2.2.1. Acid leaching. The acid leaching of PO is performed
at a constant temperature by mixing certain amounts of
deionized water, PO, surfactant, and sulfuric acid (¢f Fig. S1 of
ESIT). After the reaction, the leaching solution and residue are
separately obtained using a membrane filter (0.22 pm pore size).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, the leaching solution is analyzed to quantify the
leaching efficiency of phosphorus with eqn (1).
G
" = po M ®
where C,, is the concentration of phosphorus in the leaching
solution (g mL™"), V; is the volume of the leaching solution
(mL), mpo is the weight of PO (g), and M, is the grade of PO
(Wt%). On the other hand, after being dried at 60 °C for 24 h, the
leaching residue is further analyzed.

2.2.2. Sedimentation of leaching solution. The leaching
solution is subsequently preserved at 25 °C. After that, the
sediment (i.e., sludge) and acid solution are obtained via
centrifugation separation separately. Further analyses are per-
formed on the acid solution and sludge that is washed with
deionized water and dried at 60 °C for 24 h. The amount of

sludge 7 is calculated with eqn (2).
ns = msl (2)

where m; is the weight of obtained sludge and V; is the volume
of the leaching solution.

2.3. Analytical techniques

PO samples and leaching residues are analyzed by an X-ray
diffractometer (XRD-6000, Shimadzu Corporation, Japan)
using Cu Ko radiation as the X-ray source (26 = 5-90°), an X-ray
fluorescence (XRF) spectrometer (XRF-1800, Shimadzu Corpo-
ration, Japan), and a scanning electron microscopy (SEM)
(Quattro S, Thermo Fisher Scientific, US) equipped with an
energy dispersive spectroscopy (EDS). The concentration of
phosphorus is determined by a UV-Visible (UV-vis) spectro-
photometer (7225, Lengguang Tech., China) using ammonium
molybdate as the reagent. The concentration of metal ions is
determined via an inductively coupled plasma optical emission
spectroscopy (ICP-OES) (SPECTROGREEN, SPECTRO Analytical
Instruments, Germany). The size and shape of leaching residue
particles are analyzed by a dynamic image analyzer (QICPIC/
L02-OM, Sympatec, Germany). The surface tension of the solu-
tions is analyzed by a surface tension apparatus (JK99C, POW-
EREACH, China). The zeta potentials of PO and leaching
residues are measured by dynamic light scattering (NanoBrook
Omni, Brookhaven Instruments, UK). The viscosity of the
leaching solution is measured by a digital rotational viscometer
(SNB-2, Jingtian, China).

3. Results and discussion

3.1. Characterization of PO samples

Table 1 tabulates the elemental composition of PO analyzed by
the XRF spectrometer. The PO samples mainly contain CaO,
P,0s, SiO,, and Al,O; with mass fractions of 45.79%, 31.69%,
11.39%, and 3.24%, respectively. This can also be observed from
the SEM-EDS profile in Fig. S2.1 In addition, as can be seen from
the XRD pattern in Fig. 1, the PO mainly consists of fluorapatite
(Cas(PO,4)sF) and quartz (SiO,), along with a small fraction of
other mineralogical phases such as glaucophane

RSC Adv, 2023, 13, 10600-10609 | 10601
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Table 1 Elemental composition of PO by XRF

Constituent CaO P,O5; SiO, Al,O; F MgO
Mass fraction (wt%) 45.79 31.69 11.39 3.24  2.40 1.44
Constituent K,0 S Fe,O; Na,O TiO, Others
Mass fraction (wt%) 1.23  1.08  0.92 035 0.19 0.28

» A - Cay(PO,)F

I B-Si0,

C - Na,Mg,Al,Si0,,(OH),
3 D - Cay(Si0,),CO;
E - Cay(PO,),
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Fig.1 XRD pattern of PO.

(Na,Mg;Al,Sig0,,(0OH),), spurrite (Cas(Si0,4),CO3), and calcium
phosphate (Ca;(PO,),).

3.2. Zeta potential analysis and surfactant selection

Many researchers have demonstrated that surfactants can modify
the interfacial properties of ore particles and improve ionic diffu-
sion, therefore accelerating the reaction.*** Zeta potential is widely
used to measure the magnitude of electrostatic repulsion/
attraction between particles.***” A high zeta potential (in absolute
values) indicates high electrical stability. Fig. 2a compares the zeta
potential of PO in different solutions at 25 °C. As a benchmark, the
zeta potential of PO in an aqueous solution is —16.35 mV. Higher
zeta potentials (in absolute values) are observed for PO in CTAB
and SOL solutions, whereas PO in other solutions has relatively low
zeta potentials. With a negative zeta potential, PO particles can
attract hydrogen ions to accelerate the reaction. Therefore, SOL
could be a suitable surfactant for the acid leaching of PO. A
preliminary experiment of PO leaching verifies that the SOL is the
optimal surfactant due to the corresponding high leaching effi-
ciency (cf: Fig. 2b). The experimental results are in good agreement
with the previous analysis of zeta potential. The surfactant with
a larger negative zeta potential generally has a higher leaching
performance. In subsequent experiments, SOL is added to accel-
erate the acid leaching.

3.3. Optimization of experimental conditions

Different experimental variables (i.e., surfactant concentration,
sulfuric acid concentration, leaching temperature, and leaching
time) are investigated in this section. Table S21 tabulates the
values of experimental variables to be optimized. The leaching
without surfactants provides a benchmark against the SOL-
assisted leaching, hereinafter referred to as AFR and SOL,
respectively.
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3.3.1. Surfactant concentration. PO leaching is performed
under different SOL concentrations, varying between 0 and
15 mg L', The leaching efficiency increases from 87.92% to
98.21% with the SOL concentration rising from 0 to 10 mg L™*
(¢f Fig. 3a). However, a further increase in the SOL concentra-
tion does not improve the leaching efficiency. A possible
explanation for this might be that the concentration of SOL
exceeds its critical micelle concentration (CMC) and therefore
micelles start to form (¢f: Fig. S31). Above the CMC, the surface
tension of the solution is constant because the concentration of
surfactant does not change anymore.*®* This will be further
explained in Section 3.4. The optimal SOL concentration is set
to 10 mg L' for subsequent experiments.

3.3.2. Sulfuric acid concentration. Fig. 3b shows the effect
of the sulfuric acid concentration on the leaching efficiency in
the range of 1.12-1.92 mol L™ ". The leaching performance of the
SOL case is always higher than that of the AFR case. The SOL
leaching efficiency increases rapidly and then slightly decreases
with the increase of the sulfuric acid concentration. A high acid
concentration accelerates the dissolution of PO and therefore
improves the leaching efficiency. Whereas an excessive amount
of acid increases the viscosity of the leaching solution,
hindering the ionic diffusion and PO dissolution. Therefore, the
sulfuric acid concentration is set to 1.72 mol L™ " in light of the
highest leaching efficiency as observed in Fig. 3b.

3.3.3. Leaching temperature. The effect of temperature on
the leaching efficiency is studied between 60 and 80 °C. Fig. 3¢
shows that the leaching efficiency increases with the tempera-
ture. A higher temperature facilitates ionic diffusion and
therefore leads to better leaching performance. It is also
observed that the leaching efficiency of the SOL case is always
higher than that of the AFR case. The leaching temperature for
subsequent experiments is set to 75 °C because the leaching
efficiency is almost constant even if the temperature continues
to rise.

3.3.4. Leaching time. The PO leaching is further studied
under varying lengths of leaching time as presented in Fig. 3d.
The leaching efficiency of the AFR case does not significantly
change after the leaching time reached 120 min. Regarding the
SOL case, the leaching performance steadily increases with the
extension of leaching time. The leaching efficiency reaches the
highest value of 99.51% at 180 min, and then slightly drops with
extended leaching time. Thus, the leaching time is fixed at
180 min for follow-up investigations.

Based on the experimental data, the statistical significance
of experimental variables is analyzed using Design-Expert. All
investigated experimental variables are identified as significant
terms in the experiments (¢f. Table S3t), indicating the impor-
tance of optimizing experimental conditions. Under the optimal
experimental condition, the leaching solution and residue are
separately obtained for further investigations.

3.4. Metallic impurities in leaching solution

As mentioned above, a lower concentration of metallic impu-
rities in the leaching solution is crucial to improve the quality of
phosphoric acid and facilitate downstream purification and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sedimentation. Under the optimal experimental condition, the
concentrations of iron, aluminum, and magnesium ions in the
leaching solution are measured at different lengths of leaching
time. Fig. 4 shows that the concentration of metal ions
increases with the extension of leaching time. This is easy to
understand. The SOL case presents a reduced amount of Mg, Al,
and Fe ions in the leaching solution. This indicates that the
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(a) Zeta potential of PO particles in different solutions and (b) leaching efficiency using different surfactants.

addition of SOL mitigates the dissolution of metallic impurities
from PO. A likely explanation is that metallic impurities and
SOL are co-sedimented during the PO leaching.

3.5. Sedimentation of leaching solution

The sediment (i.e., sludge) and acid solution are separately
obtained after the sedimentation of the leaching solution. The
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Fig. 5

amount of sludge in the SOL case is generally lower than that of
the AFR case (¢f. Fig. S4T). The main phases of the sludge in
different leaching cases are measured by the XRD (¢f. Fig. 5a). In
the AFR case, the main compositions of sludge are CaSO,-
-2H,0, CaS0,-0.5H,0, and Al(H,PO,);. For the SOL case, the
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main components of the sludge are CaSO,-2H,0 and Ca(SicAl,)
0O46-4H,0. The X-ray photoelectron spectroscopy spectra (XPS)
in Fig. 5b, ¢ and S5 are used to better interpret the composi-
tions of the sludge samples, for both AFR and SOL cases (with
the corresponding XPS data tabulated in Table S47). The survey

Fig.6 LCMS analysis of the SOL reagent (purity = 98.5%) and the acid solutions in AFR and SOL cases in (a) negative ion mode and (b) positive ion

mode.
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Fig. 7 XRD pattern of the leaching residue for (a) AFR and (b) SOL
cases.

spectra in Fig. 5b show the identified characteristic peaks for
sludges. A P 2p peak located at 134.9 eV is observed for the AFR
case, indicating that a certain amount of phosphorus is sedi-
mented from the leaching solution. The detailed high-
resolution P 2p peaks in Fig. 5c show that the amount of
phosphorus in the AFR sludge is higher than that in the SOL
sludge. This is demonstrated by surface atomic compositions
determined by semi-quantitative XPS (presented in Table S57).
The P 2p peak of the AFR sludge can be deconvoluted into two
peaks that are assigned to H;PO, and Caz(PO,),.*>** Overall, the
addition of SOL can reduce the loss of phosphorus due to the
generated sludges.

2 um
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Furthermore, to examine the presence of SOL, a triple
quadrupole mass spectrometer is used to deduce the structure
of the compound in the acid solution using both negative and
positive ion mode electrospray ionization. Fig. 6a shows that the
oleic acid anion (C;3H330, ) peaks at 281.25 Da based on the
LCMS (liquid chromatography-mass spectrometry) analysis.
However, the oleic acid anion is not observed in either AFR or
SOL cases. This indicates that no oleic acid anions remain in the
acid solution. Additionally, in the positive ion mode, there is no
apparent match between the SOL reagent and acid solution (see
Fig. 6b). Overall, the SOL is not presented in the acid solution.

3.6. Analysis of leaching residues

The main elemental compositions of the leaching residue are
S0;, Ca0, P,0s, Si0,, Al,05, K,0, Fe,0; and MgO (cf: Table S67).
The amount of phosphorus remaining in the residue is 2.02%
and 0.50% for AFR and SOL cases, respectively. It demonstrates
that the addition of SOL facilitates PO leaching. The XRD
pattern in Fig. 7 suggests that the main component of the
leaching residue is CaSO,-2H,O0 (i.e., PG). The main diffraction
peaks at 14.72°, 29.69°, and 31.90° are respectively assigned to
(200), (204), and (400) facets of CaSO,-0.5H,O for the AFR
residue.

The morphology of the leaching residue is analyzed by SEM.
From Fig. 8a, acicular morphology is observed for the AFR
leaching residue. However, for the SOL case, platy structures are
mainly observed as shown in Fig. 8b. To further confirm this,
the box-counting method is used to analyze the fractal dimen-
sion of the leaching residue. The fractal dimension plays a vital

D=1.8462

©

Dimension 3

200

(d) D=1.8073 100

Dimension 3

Fig.8 SEM analysis of the leaching residue in (a) AFR and (b) SOL cases and the analysis of fractal dimension (D) for the leaching residue in (c) AFR

and (d) SOL cases.
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Fig. 10 Visualization of (a) the unit cell and (b—e) (020), (021), (040), and (041) surfaces of the PG crystal.

role to analyze the complexity of objects.**** A higher fractal
dimension indicates higher complexity and irregularity. As
shown in Fig. 8c and d, the SOL leaching residue has a lower
geometrical complexity for its smaller fractal dimension. SEM
images in Fig. S61 show the formation of crystals in the AFR and
SOL leaching residues over time, with acicular and platy crystals
observed respectively.

Additionally, we compare particle size and shape of leaching
residues using the particle analyzer QICPIC. Fig. 9a shows that
the particles of the SOL leaching residue have larger diameters
and over 80% of particles have a diameter larger than 147.1 um.
This indicates that more uniform, large, and platy crystals are
formed during the SOL-assisted PO leaching. Fig. 9b provides
a comparison of the breadth-to-length ratio of leaching resi-
dues. The crystal of SOL leaching residues mainly has a breadth-
to-length ratio between 0.60 and 0.80. This is due to the co-
sedimentation of metallic impurities and SOL, facilitating the
growth of PG toward large and uniform crystals.

As mentioned above, the main solid product is PG. The
adsorption energy between SOL and different PG surfaces is
calculated based on density functional theory (DFT). The opti-
mization of unit cells of crystals and molecules is performed
using Materials Studio. The DMol3 module is used to simulate
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the molecular dynamics of the SOL adsorption on the surface of
crystals. More details of the DFT calculations can be found in
our previous work.” Fig. 10 shows the PG crystal structure
optimized by Materials Studio, with the structural information
of the unit cell tabulated in Table S7.} Fig. 10b-e presents (020),
(021), (040), and (041) surfaces of PG crystals, which are also in
line with previous reports.***” The adsorption of SOL on
surfaces (020), (021), (040), and (041) of CaSO,-2H,0 are visu-
alized in Fig. S7,T and the corresponding adsorption energy is
0.44, —2.33, —1.13, and —6.72 €V, as tabulated in Table 2. A
higher binding energy (absolute value) indicates stronger and
more favorable adsorption. Therefore, SOL exhibits a stronger
chelating ability with the (041) surface of PG. Therefore, the
preferential adsorption of SOL on the (041) surface increases

Table 2 Adsorption energy of SOL on different surfaces of the PG
crystal. Calculation details are provided in Section S2

Crystal surface Epgsor (€V)  Epg (€V) EsoL (eV) AE,q4s (eV)
(020) —360420.86 —332741.90 —27679.40 0.44

(021) —360414.90 —332733.19 —-27679.38 —2.33
(040) —194049.17 —-166368.62 —27679.42 —1.13
(041) —360393.52 —332707.41 —27679.39 —6.72

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the exposure of the (041) surface, promoting the formation of
platy PG crystals.

The above investigations on the leaching residue indicate
that the SOL inhibits the growth of (200), (400), and (204)
surfaces of PG crystals. Platy PG crystals with larger particle
sizes and larger breadth-to-length ratios are obtained. SOL
promotes the detachment of PG from PO, thereby facilitating
the PO leaching and improving the leaching performance.

4. Analysis of enhancement
mechanism

Surface tension and viscosity of the leaching solution are
measured to explain the effect of SOL on the PO leaching. The
addition of surfactant reduced the surface tension of the solu-
tion, which increased the wettability of particles and reduced
particle-particle interaction.*® Fig. 1la shows the surface
tension of the leaching solution for both AFR and SOL cases,
benchmarking against the deionized water. The SOL leaching
solution shows a lower surface tension than that of the AFR
leaching solution, which allows for improved ionic diffusion
and liquid-solid contact. Additionally, the viscosity of the
solution also has an important effect on the leaching because

U7/ Deionized water F—]AFR case \]SOL case
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Fig. 11 Surface tension and viscosity of leaching solutions.
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a high solution viscosity hinders mass transfer.” Fig. 11b
presents the viscosity of the deionized water and the leaching
solutions obtained from AFR and SOL cases. The viscosity of the
SOL leaching solution is lower than that of the AFR leaching
solution, allowing for a higher overall mass transfer coefficient.
Therefore, the low surface tension and viscosity could explain
the high performance of the SOL-assisted leaching.

Phosphorus in PO mainly exists in the form of fluorapatite
(Cas(PO,4)sF). To better illustrate the adsorption behavior of SOL
on PO, we visualized the fluorapatite crystal structure to show-
case its interaction with SOL. A unit cell of fluorapatite (c¢f.
Fig. 12a) is constructed based on the structural information
obtained from the American Mineralogist Crystal Structure
Database™ (tabulated in Table S87). The (001) surface of fluo-
rapatite crystals is used to illustrate the interaction because it is
the most exposed and stable (i.e., with the lowest surface
energy).”** SOL is a common anionic surfactant, whose polar
group presents electronegative.*® When SOL is added into the
system, the polar group is adsorbed on the fluorapatite surface
and the nonpolar group is oriented towards leaching solution
externally, as shown in Fig. 12b. The PO particles will be in
a stable dispersion state due to the electrostatic repulsion,
which also contributes to the contact between the PO surface
and the leaching solution. Thus, such interactions between SOL
and PO would promote the dissolution of PO and therefore
improve the leaching efficiency.

5. Conclusion

This study adopted SOL as an additive to investigate its
performance in facilitating PO leaching. The SOL is determined
as a suitable surfactant based on the zeta potential analysis.
Under the optimal experimental condition (SOL concentration
of 10 mg L', sulfuric acid concentration of 1.72 mol L™,
leaching temperature of 75 °C, and leaching time of 180 min),
a high leaching efficiency of 99.51% is achieved. It is 12.89%
higher than the leaching without the addition of SOL. In addi-
tion, SOL-assisted leaching presents a lower concentration of
metallic impurities in the leaching solution. This increases the
quality of phosphoric acid and could promote downstream
purification and sedimentation. The low surface tension and
viscosity of the leaching solution are beneficial for ionic

HPO, o

¢ \® ;

Visualization of (a) the fluorapatite crystal and (b) the adsorption of SOL on the PO surface.
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diffusion and liquid-solid contact, therefore leading to the high
performance of SOL-assisted leaching. The DFT-based calcula-
tion indicates that SOL is preferentially adsorbed on the (041)
surface of PG crystals, tuning the PG morphology from the
acicular shape to the platy shape. Overall, this study demon-
strates the advantages of SOL in improving the leaching
performance and reducing the metallic impurities in the
leaching solution, enabling the high-efficient utilization of PO
and the production of high-purity phosphoric acid.

Despite that a lower content of metallic impurities is ach-
ieved, it is still insufficient for subsequent nucleation and
crystallization to produce high-quality products. Thus, a further
investigation of thorough removal of metallic impurities is
necessary to ensure the quality of the final products. Addition-
ally, from the perspective of industrial production, a huge
amount of sludge will be produced, which deserves further
investigation. Therefore, the recovery and utilization of the
deposited sludge could also be an interesting and meaningful
topic for future work. Moreover, further research in the study of
crystallization kinetics would be of great help in understanding
the mechanism of crystal growth and for controlling the crystal
shape.
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