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paration of phosphorus as
dicalcium phosphate dihydrate for fertilizer and
livestock feed additive production from a low-
grade phosphate ore†

John Anawati a and Gisele Azimi*ab

With the rapid increase in the world population, the global demand for food production has been increasing

steeply. This increase has resulted in an increased demand for phosphorus crop fertilizers and livestock feed

additives. Considering recent predictions that the global reserves of high-grade phosphorus resources

would deplete within 15 years, new initiatives have begun to utilize low-grade resources to ensure

sustainable supply of this essential nutrient. The main challenge with the use of low-grade resources is

the difficulty with the efficient and economical separation of phosphorus from the other constituent

elements, such as iron, aluminum, and magnesium. Most previous studies on the adoption of low-grade

phosphate ores have focussed on ore beneficiation processes which are expensive, complex, and in

some cases inefficient. In this study, we develop an integrated process for the direct recovery and

separation of dicalcium phosphate dihydrate for fertilizer and livestock feed additive production from

a low-grade (2.0 wt% P) iron-rich (19.7 wt% Fe) phosphate ore. The process combines leaching using

dilute sulfuric acid (0.29 M) and selective precipitation using calcium oxide. During selective

precipitation, ethylenediaminetetraacetic acid (EDTA) is used as a stabilizing agent to prevent iron and

phosphorus co-precipitation. This process can be operated as a closed loop, allowing the recovery and

recycling of both water and EDTA, while eliminating the production of liquid waste. The developed

process achieves around 70% phosphorus recovery as an industrial-grade (19 wt% P) dicalcium

phosphate dihydrate product with minimal iron, magnesium, and aluminum contamination, while also

producing value-added calcium sulfate dihydrate (gypsum) and iron/magnesium byproducts. This

process enables economical and sustainable recovery of phosphorus from low-grade ores, which can

address the rising global demand for food production.
Introduction

Phosphorus is a key nutrient for living organisms due to its role
in several key bioprocesses. In agriculture, phosphorus-
containing fertilizers are employed to achieve sufficient crop
growth and phosphorus-rich feed additives are used to enhance
livestock nutrition. Phosphorus supplements are usually
produced from high-grade phosphate rock concentrates (28–
40 wt% P2O5).1 The sources for this phosphate rock are either
sedimentary phosphorites (29–35 wt% P2O5) or igneous apatites
(�27 wt% P2O5), with the phosphorus occurring as apatite
minerals (Ca5(PO4)3(F, OH, Cl)).2 The phosphate rock is
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converted to phosphoric acid (H3PO4) which is used to produce
phosphate fertilizers. In the wet phosphoric acid process, the
phosphate rock is reacted with sulfuric acid (H2SO4), producing
gypsum (CaSO4$2H2O) and aqueous phosphoric acid (reaction
(1)).3

Ca5(PO4)3[F, OH, Cl](s) + 5H2SO4(aq) + 2H2O(l) /

3H3PO4(aq) + 5CaSO4$2H2O(s) + [HF, H2O, HCl](aq) (1)

Themain role of phosphate supplements is to deliver soluble
and bioavailable phosphorus to plants and livestock as crop
fertilizers or animal feed additives.1 Crop fertilizers come in
different forms such as monoammonium phosphate
(NH4H2PO4), diammonium phosphate ((NH4)2HPO4), single
superphosphate (Ca(H2PO4)2 + CaSO4$2H2O, 15–21 wt% P2O5)
and triple superphosphate (Ca(H2PO4)2 > 40% P2O5), while
livestock feed additives are usually in the form of dicalcium
phosphate (CaHPO4), monocalcium phosphate (Ca(H2PO4)2), or
deuorinated phosphate (Ca3(PO4)2).1,4–6 The P2O5 grade,
This journal is © The Royal Society of Chemistry 2020
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mineral form, and calcium content of these products are critical
for their effective performance in their target applications and
their market value. Given their bulk use, their efficient and
economical production is essential.5,7,8 In particular, these
products should be produced with minimal reagent and energy
consumption and ideally produced near their point of use to
minimize transportation costs.

The global demand for phosphorus is continuously
increasing. Between 2016 and 2020, the demand has increased
by 7% and it is predicted that by 2022, the demand will exceed
the supply in several regions of the world, such as Latin Amer-
ica, South Asia, Europe, and Oceania.9 Considering that phos-
phate rock is a non-renewable resource, high-grade phosphorus
deposits which are primarily located in Morocco, China, USA,
Jordan, and Tunisia are depleting and the depletion is predicted
to become critical around 2033.10,11

Considering the increasing depletion of high P2O5 grade
resources, industrialists are highly interested on alternative
phosphorus resources including low phosphorus grade ores,12

industrial waste products,13 and municipal waste.14 The low
P2O5 grade and high impurity concentration in these resources
can cause operational challenges in the wet phosphoric acid
process as follows:12,15

(a) feeds with less than 30 wt% P2O5 and high concentrations
of calcium (CaO to P2O5 ratio > 1.6) increase transportation
costs and lead to excessive sulfuric acid consumption,

(b) excessive magnesium in the ore (MgO > 1 wt%) can lead
to lter blockage and problematic viscosities within the process,

(c) aluminum and iron (Al2O3 + Fe2O3 > 3 wt%) can affect
plant capacity, P2O5 recovery, ltration rates, and introduce
post-precipitation issues,

(d) carbonates and organics (>5–6 wt%) can affect ore ota-
tion, ltration rates, product color, and create foaming issues,

(e) other minor impurities such as chlorine, uorine, stron-
tium, and heavy metals can cause various problems including
corrosion, product safety, and crystallization issues.

In Mato Grosso, one of the major agricultural regions of
Brazil, a low-grade phosphate ore deposit containing 4.7 wt%
P2O5 has been discovered which offers the potential for crop
fertilizer and livestock feed additive production in close prox-
imity to phosphate consuming farms. In this ore, phosphorus
occurs as apatite (hydroxyapatite and chlorapatite) which is
contained as a minor phase within the rock primarily composed
of FeO(OH) and SiO2 with small amounts of other minerals
including MgCO3, MgSiO3, H2Si6O13, and Al2H4Si2O9. Detailed
characterization of the ore is provided in the Results and
discussion section. The major challenge with this ore is the low
phosphorus grade and high concentration of impurities such as
iron, aluminum, and magnesium, which must be separated
from the phosphorus to achieve acceptable P2O5 grades in the
product. Developing a P2O5-containing product from this ore
can help eliminate the need for transporting other ores to this
agricultural region of the world, and the associated environ-
mental and economic costs.16

There are several beneciation techniques to increase the
P2O5 content of ore concentrate to make a suitable feed for the
wet phosphoric acid process. These include froth otation of
This journal is © The Royal Society of Chemistry 2020
silicates and carbonates, attrition scrubbing and desliming of
clays, electrostatic separation of silica, magnetic separation of
ferriferous minerals, gravity separation of coarse phosphate
minerals, calcination of calcareous minerals, and dilute organic
acid leaching of carbonate minerals.12 These processes,
although promising, are complex and expensive, and they are
far from being adequate in achieving high-grade P2O5 products.
Moreover, some of these processes are only applicable to
phosphate ores with specic characteristics, e.g., presence of
ferriferous or carbonate minerals.

The separation of P2O5 from the other ore materials can also
be achieved with solvent extraction aer acid leaching; however,
this process is expensive and reagent intensive because of the
large number of mixer-settler stages required, and produces
large volumes of organic waste.17,18 An alternative approach is
selective precipitation aer leaching. A previous study utilized
this approach for incinerated wastewater treatment sludge,
which is similar to a low-grade phosphate ore; however, their
process relied on the high aluminum content of the ash (18 wt%
Al2O3) which resulted in phosphorus recovery as aluminum
phosphate (AlPO4), which is not a suitable for crop fertilizer or
livestock feed additive production.19

In this study, a simple closed loop, low cost, and sustainable
process was developed to recover the phosphorus content of the
Brazilian low-grade ore and separate the impurities without
using complex and costly beneciation or costly solvent
extraction circuits. In this process, the crushed ore was leached
with sulfuric acid, and phosphorus along with impurities were
extracted into the leachate. To separate phosphorus from
impurities, a selective precipitation step with lime (CaO) was
utilized. In the rst trial, this process led to co-precipitation of
iron with phosphorus. To avoid this problem, chelation stabi-
lization with ethylenediaminetetraacetic acid (EDTA,
H4C10H12N2O8/[C10H12N2O8]

4�) was utilized aer leaching,
before selective precipitation.

The complexation formation constant of several chelating
agents such as DTPA (C14H23N3O10), EDDHA (C18H20N2O6), and
DOTA (C16H28N4O8) with Fe3+ is given in ESI Table S1.†20–22 The
EDTA was selected for this study because it has the best
compromise between high complexation formation constant
and low cost.

Since EDTA is an expensive reagent, compared to sulfuric
acid and lime,23 its recovery and recycling is essential to make
the process economical. Furthermore, in typical hydrometal-
lurgical processes, the generation of hazardous waste, particu-
larly liquid waste, can cause negative environmental impacts,24

which can be compounded by consumption and depletion of
water resources. The developed process in this study involves
water and EDTA recycling steps to ensure that the production of
waste products is minimized. The process produces three solid
products: (1) high-grade dicalcium phosphate dihydrate (main
product), (2) gypsum, which can be used for manufacturing of
wallboards, cement, and plaster of paris, or for soil condi-
tioning (byproduct), and (3) iron hydroxide (Fe(OH)3)-rich
product which can be used for pigment production (byproduct).
The solid residue aer the leaching step can be washed to
remove excess acid and returned to the mine site as backll. As
RSC Adv., 2020, 10, 38640–38653 | 38641
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Fig. 1 Chemical structures of [EDTA]4� and [M–EDTA](x�4) ions. The
protonatable carboxylate groups are highlighted in blue and the bound
metal ion (such as Fe3+, Al3+, Ca2+) is highlighted in magenta.
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noted above, EDTA was recovered and recycled to reduce
reagent costs. Dissolved EDTA is known to precipitate from
solution as its fully protonated acid form (H4EDTA) upon
acidication below pH 2.0.25,26 In this process, the recovery of
EDTA by acidication with H2SO4 offers the dual benets of
reducing the EDTA consumption and enabling water recycling
because the remaining liquor can be further acidied to be used
in the ore leaching step.

The operating principle of the proposed process is similar to
the approach used in previous studies on the regeneration of
EDTA for the removal of heavy metals, such as cadmium,
copper, nickel, lead, and zinc from contaminated soils.27–29 In
these processes, solutions containing EDTA chelated with
divalent cations (Me2+ ¼ Cd2+, Cu2+, Ni2+, Pb2+, Zn2+) were
mixed with soluble iron(III) salts (such as FeCl3 or Fe(NO3)3) to
substitute the chelated divalent cations with trivalent Fe3+,
which is bound more strongly. The Fe–EDTA + Me2+ solutions
were then mixed with disodium phosphate (Na2HPO4) to
precipitate Me2+ ions as phosphates. The iron was then
removed by hydrolysis using either NaOH or calcium hydroxide
(Ca(OH)2) to raise the pH such that Fe(OH)3 precipitates,
allowing the EDTA solution to be re-used for soil ushing aer
pH adjustment.

This study was focused on the development and validation of
the closed loop phosphorous recovery process consisting of
leaching with H2SO4 followed by stabilization with EDTA, and
selective precipitation with CaO. By employing thorough
chemical and physical characterization techniques, thermody-
namic simulations, and experimental testing, a sustainable and
economical road map is proposed. We expect our ndings will
help move towards addressing the increasing global demand
for crop fertilizers and livestock feed additives without causing
signicant negative environmental impacts.

Experimental
Materials

Phosphate ore from the Jauru municipality of Mato Grosso,
Brazil was provided by BEMISA Group. Sulfuric acid (H2SO4,
95.0–98.0 wt%, VWR), nitric acid (HNO3, 68.0–70.0 wt%, VWR),
hydrochloric acid (HCl, 36.5–38.0 vol%, VWR), calcium oxide
(CaO, 99.5 wt%, Materion), disodium ethylenediaminetetra-
acetic acid dihydrate (Na2H2C10H12N2O8$2H2O, 99.5 wt%, EM
Science), and deionized water (0.055 mS, Millipore) were used to
perform the experiments. Certied multi-element standard
stock solutions (Inorganic Ventures) were used for calibration of
analytical instruments. Please note that for readability, and to
differentiate the different forms of the polyprotic acid, ethyl-
enediaminetetraacetic acid in general (including the various
ionized, bound, and/or protonated forms) was abbreviated as
EDTA, H4C10H12N2O8 as H4EDTA, the [C10H12N2O8]

4� ion as
[EDTA]4�, and Na2H2C10H12N2O8$2H2O as Na2EDTA$2H2O.

The EDTA is an organic polyprotic acid complexing agent
(reaction (2)) that binds to dissolved metal ions (Mx+), forming
a soluble metallo–organic complex (reaction (3), Fig. 1). The
[EDTA]4� ligands around the metal ions prevent anions from
interacting with the metal ion; hence, the formation of
38642 | RSC Adv., 2020, 10, 38640–38653
undesired precipitating species (e.g., FePO4$2H2O) is avoided.
As a result, the phosphate product could be selectively precip-
itated without iron contamination.

H4C10H12N2O8(s) + 4H2O(l) # [H3C10H12N2O8](aq)
� + H3O(aq)

+

+ 3H2O(l) # [H2C10H12N2O8](aq)
2 + 2H3O(aq)

+

+ 2H2O(l) # [HC10H12N2O8](aq)
3�

+ 3H3O(aq)
+ + H2O(l) # [C10H12N2O8](aq)

4�

+ 4H3O(aq)
+ (2)

M(aq)
x+ + [C10H12N2O8](aq)

4� # [MC10H12N2O8](aq)
(x�4) (3)

The EDTA is a common and readily available chelating agent
which can be used for stabilizing and solubilizing various metal
ions. It has been used for the selective extraction of dysprosium
during the solvent extraction of rare earth magnet leachates,30

for preventing calcium and magnesium phosphate precipita-
tion in wastewater treatment,31 for preventing the precipitation
of iron and arsenic during the transportation of drinking water
samples,32 and the recovery of nickel from spent industrial
catalysts,33 among other uses. The EDTA has also been utilized
during separation of iron and titanium by selective precipita-
tion; it was used to stabilize Fe3+ ions while TiO2+ ions were
precipitated as titanium dioxide (TiO2) via hydrolysis using
sodium hydroxide (NaOH).34
Compositional, mineralogical, and elemental mapping
characterization

The elemental composition of the as-received Jauru Ore (JO) was
characterized by microwave assisted aqua regia digestion (MW-
AR) followed by inductively coupled plasma optical emission
spectrometry (ICP-OES, PerkinElmer Optima 8000). In MW-AR,
the solid ore sample was digested in 3HCl : 1HNO3 (0.3–0.4
gsolids in 20 mL) at 200 �C (ramp up: 9 �C min�1, hold: 20 min,
ramp down: 5 �C min�1 – MARS6 Xpress microwave digestion
system). The digested samples were ltered with 0.45 mm nylon
syringe lters and diluted with 5 wt% HNO3 prior to measure-
ment to ensure the concentrations were within the calibrated
range (0–10.0 mg L�1). The concentrations of the elements of
interest (sodium, magnesium, aluminum, silicon, phosphorus,
sulfur, calcium, titanium, manganese, and iron) were
This journal is © The Royal Society of Chemistry 2020
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quantied by ICP-OES. To prevent the precipitation of super-
saturated solution components aer sampling, the samples
were diluted immediately aer being taken.

The crystal structure of the starting ore and solid products
was characterized using X-ray diffraction (XRD – 2q: 5–75�, scan
rate: 1.25� min�1, Rigaku MiniFlex 600 Diffractometer).
Elemental mapping of the ore was conducted by electron probe
X-ray microanalysis (EPMA – JEOL JXA8230 5-WDS Electron
Microprobe). Prior to EPMA analysis, the samples were xed in
epoxy resin (EpoKwick™ FC resin and hardener, Buehler) and
cross-sectioned by polishing.
Leaching trials

Leaching experiments were performed to determine the leach-
ing kinetics and leaching percentage and to make feeds for the
precipitation step. Extraction efficiency was dened as the mass
ratio in the liquor and the solid ore (eqn (4)).

%extraction ¼ mA;liquor

mA;JO

� 100%

¼
½CICPOESmgA L�1� � ½Vleach mL� � 1 L

1000 mL

½mJO g� � 1 kg

1000 g
� �

CA in JO mg kg�1
� � 100%

(4)

where mA is the mass of element A in either the liquor or the
solid ore, CICPOES is the concentration of element A in the liquor
measured by ICP-OES, Vleach is the volume of acid solution used
for leaching,mJO is the mass of JO solids used for leaching, CA in
Fig. 2 Ore characterization results. (a) Elemental composition obtain
measurements (n ¼ 4)). The Si concentration corresponds to the acid
mapping; the color scale for the EPMA maps show the relative elemental
were fixed in epoxy which contained chlorine and oxygen, leading to a

This journal is © The Royal Society of Chemistry 2020
JO is the concentration of element A in the solids, as presented
in Fig. 2a.

Unless otherwise noted, the ore was mixed with deionized
water (0.30 gJO mL�1) and concentrated H2SO4 solution (0.1
gH2SO4

gJO
�1) in a glass beaker equipped with a magnetic stirrer.

In the trials using regenerated acid solution, the regenerated
acid was mixed with make-up water and H2SO4 prior to ore
addition. In the kinetic leaching trials, the slurry was sampled
at regular time intervals and the samples were immediately
ltered with a 0.45 mm nylon syringe lter. In the non-kinetic
trials, leaching was stopped aer 5 min by vacuum ltering
the slurry using a 6 mm paper lter.
Precipitation simulations

Thermodynamic calculations were performed with OLI Studio
9.6 and OLI Flowsheet 9.6 (OLI Systems) using the Mixed
Solvent Electrolyte (MSE) model. The input concentrations for
the calculations were set to approximate the experimentally
measured liquor concentrations, using H2O, CaO, Fe2(SO4)3,
Al2(SO4)3, CaSO4, Na2SO4, MgSO4, P2O5, H2SO4, H4C10H12N2O8,
and Na2H2C10H12N2O8 as the input species.
Precipitation trials

Two different types of precipitation trials were performed:
single-step precipitation to determine the pH levels at which
each element precipitates, and amulti-step precipitation, which
aimed to replicate the industrial process by including each of
the proposed precipitation and separation steps.
ed by aqua regia digestion followed by ICP-OES (average of four
-soluble silicon content. (b) X-ray diffractogram. (c) EPMA elemental
abundance and the scale is unique for each element. The ore particles
high background reading for Cl and O.

RSC Adv., 2020, 10, 38640–38653 | 38643
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Table 1 List of separation steps in the multi-step precipitation
process. The target pH for each processing step is given. The CaO/
H2SO4 consumptions for each step were estimated by thermodynamic
simulation (OLI v.9.6).35

Separation
step

Target
pH

Estimated
CaO/H2SO4

addition
Expected
product

1 3.0 6.12 gCaO L�1 CaSO4$2H2O
2 4.8 3.02 gCaO L�1 CaHPO4

3 6.5 1.90 gCaO L�1 Ca5(PO4)3OH
4 9.5 2.24 gCaO L�1 Fe(OH)3
5 11.0 0.55 gCaO L�1 Mg(OH)2
6 2.0 4.09 gH2SO4

L�1 CaSO4$2H2O + H4EDTA
7 0.6 15.19 mLH2SO4

L�1 Regenerated acid solution
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In the single-step precipitation trials, the ltered liquor from
the leaching step was placed in a beaker equipped with a pH
probe and magnetic stirring. First, Na2EDTA$2H2O was added
to achieve a concentration of 30 mM EDTA in the solution.
Then, solid CaO was slowly added to the solution to raise the pH
and induce precipitation. At approximately regular pH intervals
up to pH ¼ 11, the solution was sampled by a syringe and
immediately ltered with a 0.45 mm nylon syringe lter. The
sample was immediately diluted with 5 wt%HNO3 and analyzed
with ICP-OES to determine the elemental composition. The CaO
was added slowly such that pH remained approximately stable
for 5 min prior to making another addition.

The multi-step precipitation trials were performed using the
above approach; however, the process was carried out in a way
that approximates the proposed industrial process, in which
CaO is added to the solution to reach the target pH and a full
solid–liquid separation is performed at each processing step.
The target pH levels were selected on the basis of the single-step
precipitation trials to maximize the separation of various solid
products (P2O5 solids, impurities, regenerated reagents). The
list of target pH levels and estimated required CaO or H2SO4

addition to reach the target pH are shown in Table 1. In the
simplied process trial, steps 2 and 3 were combined to produce
a single mixed P2O5 containing product, and steps 4 and 5 were
combined to produce a single solid containing impurity
elements.

In each step, the estimated amount of CaO (by OLI simula-
tion) was added to the solution and it was le to stir for >2 h,
until the pH had stabilized. If the target pH was not reached, the
simulation was used to recalculate a new amount of CaO to add,
and this process was repeated until the target pH was reached.
This approach of using long equilibration times and controlled
CaO additions was used to ensure that CaO was not in excess
and sufficient time was allowed for all species to precipitate.
Separations were conducted by vacuum ltration with 6 mm
lter paper and the collected solid products were dried at 40 �C
for 24 h and weighed to allow calculation of the product
composition.

The leachate solutions were brought to pH > 11 to precipitate
the co-extracted impurities and the remaining P2O5 content.
38644 | RSC Adv., 2020, 10, 38640–38653
Sulfuric acid was then added to the calcium- and EDTA-
containing solution to precipitate the EDTA as H4EDTA,
which was collected. Then, H2SO4 was further added to produce
an acidic solution analogous to the acid solution used in the
initial leaching of the ore.

In the trials in which recovered H4EDTA from a previous trial
was used as the EDTA source, the dried H4EDTA solids were
added to the process and the difference required to achieve
30 mM EDTA was added as Na2EDTA$2H2O. The H4EDTA
content of the solids was estimated from themolar composition
by assuming that the solids were a combination of CaSO4$2H2O
(from the molar concentration of sulfur), Ca(OH)2 (from the
molar concentration of calcium minus the calcium in CaSO4-
$2H2O), and H4EDTA (from the remaining mass). The estimated
recovery was also corrected to account for solution losses due to
sampling and lter cake humidity. The XRD analysis of the
EDTA product showed that it is primarily composed of CaSO4-
$2H2O and H4EDTA. The amount of regenerated EDTA to add
was calculated from the estimated H4EDTA content of the
recovered solids from the previous trial.

Results and discussion
Characterization results

Fig. 2a presents the elemental composition of the as-received
ore, while Fig. 2b and c present the XRD diffractogram and
elemental mapping obtained by EPMA characterization. As
shown in Fig. 2a, iron (19.73 wt%), calcium (3.7 wt%),
aluminum (1.64 wt%), andmagnesium (1.44 wt%) are themajor
constituents of the ore and phosphorus content is 2.04 wt%.
The major crystal phases in the ore are FeO(OH) and SiO2 while
it has a P2O5 grade of 4.67 wt%, primarily in the form of
hydroxyapatite (Ca5(PO4)3OH) with some chlorapatite (Ca5(-
PO4)3Cl). The elemental analysis in Fig. 2a does not account for
100% of the mass because the constituent metals are present in
oxide form or carbonate form (magnesium). Also SiO2 that is
one of the major ore components, is insoluble in aqua regia.

Typically, uorine from uorapatite (Ca5(PO4)3F) is a prob-
lematic component of phosphate ores because its presence can
lead to serious corrosion issues and cause serious health and
safety risks.15 In this study, uorine was not detected in the
EPMA analysis (ESI Fig. S1†); thus, it was concluded that the
uorapatite content of this ore is negligible. As a result, uorine
extraction was not considered to be amajor concern for this ore.
If uorine were present in this ore, the high content of SiO2

would likely result in the formation of silica gels which can
cause operational challenges in the solid–liquid separation,
rather than dangerous free hydrouoric acid (HF);15 it is
important to follow the uorine fate if a uorapatite-rich ore is
used.

Overall, this ore is similar to typical phosphate ores that have
apatite as the primary phosphorus bearing phase; however, the
P2O5 grade of this ore is at the lower extreme of the reported
phosphate ores, which contain 5–39 wt% P2O5.1,2

Since this ore is rich in iron, aluminum, and magnesium
contaminants (collectively RxOy) that are known to interfere
with the quality of the precipitated fertilizer products,12,36,37 the
This journal is © The Royal Society of Chemistry 2020
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primary goal of the proposed multi-step precipitation process is
to extract the P2O5 content of the ore and separate it from the
impurities, in order to produce crop fertilizer or livestock feed
additive products.
Acid leaching results

Leaching experiments were conducted at three different H2SO4

concentrations, i.e., 0.0 M, 0.29M, 1.45 M, corresponding to 0.0,
0.1, and 0.5 gH2SO4

gJO
�1

. In all cases, a solid to liquids (S/L) ratio
(S/L) of 0.3 g mL�1 was used and temperature was set at 25 �C.
Fig. 3a–c present the extraction efficiency of phosphorus and
impurity elements at three acid levels as a function of time. The
no-acid baseline resulted in negligible phosphorus, iron,
aluminum, magnesium, and calcium and some sodium (10%)
extraction. Increasing acid content resulted in increased
extraction. Phosphorus extraction was almost the same for 0.29
and 1.45 M acid concentration, achieving around 70% aer
25 min with the majority of extraction occurring within the rst
5 min. On the contrary, increasing acid concentration resulted
in increased impurity co-extraction. The different leaching
behavior of phosphorus compared with other elements is due to
the fact that phosphorus occurs as a distinct Ca5(PO4)3OH
phase which reacts independently from the impurity-bearing
phases. This means phosphorus can be selectively extracted
by using low acid concentrations. Calcium extraction was
approximately stable in both cases, with the solution rst
achieving slight supersaturation, then slowly decreasing in
concentration as calcium precipitated, primarily as CaSO4-
$2H2O, conrmed by the co-localization of calcium and sulfur
in the leached residue (ESI Fig. S2†).

Considering the effect of acid concentration on extraction, to
minimize impurity co-extraction, 0.29 M H2SO4 concentration
was selected as the best condition and was used in the process.
To further minimize impurity co-extraction and the residence
time for the leaching step, a leaching duration of 5 min was
selected for the subsequent trials. It is important to note that
the subsequent precipitation steps were performed immedi-
ately aer ltering the leachate solution because a time-delayed
formation of precipitate solids was observed in ltered leachate
solution that was le undisturbed for several hours (ESI
Fig. 3 Ore leaching kinetics. (a) 0.0 M, (b) 0.29 M, and (c) 1.45 M H2SO4

mL�1. Please note that calcium measurements for 1, 2, and 3 min for the
calibration range of the instrument.

This journal is © The Royal Society of Chemistry 2020
Fig. S3†); this solid was conrmed to be AlP, AlPO4 and Al(H2-
P3O10)(H2O)2 by XRD.

Although the process reached only 50–70% phosphorus
extraction, the combination of short residence time (5–25 min),
low acid concentration (0.29 M), high S/L of 0.3 g mL�1 and low
temperature (25 �C) makes the process economical and prac-
tical. Comparing this process with other studies on the leaching
of phosphorus from phosphate rocks show that higher phos-
phorus extractions can only be achieved at very high acid
concentrations (25–35 wt% H3PO4), low S/L ratios (0.05–0.1 g
mL�1) and long leaching durations (3–4 h)38,39 which justies
the advantages of the developed process in this study, since
conditions were selected such that they are applicable at the
larger scale.

Each precipitation trial in the next step of the process used
leachate from its own individual leaching trial; hence, the
leachate composition was slightly different. Table 2 presents the
average concentration of elements of interest for two different
scenarios: (1) the case in which water and H2SO4 were used as
the leaching agent, (2) the case in which regenerated leachate
with make-up water and H2SO4 were used as the leaching agent.
The primary difference between these leachate solutions is the
sodium content, which was considerably higher in the second
case due to added sodium upon addition of Na2EDTA$2H2O.
Precipitation results

A pH-mediated selective precipitation step was developed to
separate P2O5-containing products from the co-extracted
impurities, in particular iron. The CaO was selected as the
precipitating agent because of its abundance, low cost, and
sufficient alkalinity. In addition to controlling pH, CaO provides
a calcium source for the direct precipitation of calcium
phosphate-based products, such as high-value livestock feed
grade dicalcium phosphate (CaHPO4). Another benet of CaO is
the low solubility of gypsum, i.e., the neutralization product,
which eliminates introducing large amounts of contaminating
soluble ions during precipitation as NaOH or Na2CO3 would.

As shown in Fig. 4a, using CaO alone did not result in effi-
cient separation of phosphorus from iron because these
elements precipitate in the same pH range. In a follow-up test
. All trials were conducted at 25 �C, with a solid/liquids ratio of 0.3 gJO
0.29 M trial were not quantified as the concentration was outside the

RSC Adv., 2020, 10, 38640–38653 | 38645
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Table 2 Composition of leachate after the leaching step with 0.29 M H2SO4, S/L of 0.3 g mL�1, 5 min leaching time at 25 �C

Element Fe Al Ti Ca Na Mg Mn P S pH

Water + H2SO4 (n ¼ 4)
Concentration (mg L�1) 1358 196 3 1117 46 245 8 3270 4200 1.20
Standard deviation �60 �15 �3 �46 �32 �12 �2 �302 �564 �0.12

Regenerated leachate + make-up water & H2SO4 (n ¼ 2)
Concentration (mg L�1) 1080 154 4 1299 848 240 8 3655 4303 1.26
Standard deviation �123 �10 �4 �133 �13 �4 �5 �160 �580 �0.04
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using NaOH, the overlap in precipitation ranges was also
observed; however, the phosphates did not fully precipitate due
to the lack of an appropriate counterion (ESI Fig. S4†).

As mentioned previously, to prevent the co-precipitation of
phosphorus and iron, likely as iron phosphate dihydrate
(FePO4$2H2O) (reaction (5)), EDTA was utilized to stabilize the
Fe3+ ions as Fe[EDTA]� according to reaction (6). By forming
a stable soluble complex with EDTA (Kf ¼ 1025.1),40 Fe3+ ions do
not form a precipitate with PO4

3� ions. To estimate the stabi-
lization capability of EDTA, thermodynamic simulations were
performed using OLI Studio (v. 9.6). As shown in Fig. 4b, the
simulation results showed that increasing EDTA concentration
results in reduced iron–phosphorus co-precipitation up to
a threshold level of EDTA aer which the stabilization was
maximized. Through EDTA stabilization, phosphorus and iron
precipitation was decoupled, with the phosphorus precipitation
completing at approximately pH ¼ 6, primarily as either
CaHPO4 (reaction (7)) at pH 3.7–4.9 or hydroxyapatite (Ca5(-
PO4)3OH) (reaction (8)) at pH 4.9–5.7. Iron started to precipitate
as Fe(OH)3 (reaction (9)) aer all the phosphorus had precipi-
tated, at pH around 7. This precipitation would begin to occur at
elevated pH values because at low H3O

+ concentration levels,
the hydrolysis reaction (reaction (9)) is favored over the chela-
tion reaction (reaction (6)).

Fe(aq)
3+ + PO4(aq)

3� + 2H2O(l) # FePO4$2H2O(s) (5)
Fig. 4 Precipitation of extracted elements from the leachate with CaO
sampled at various pH levels for analysis. (b) Thermodynamic simulatio
precipitation of phosphorus and iron. A representative solution containing
H2SO4 was used as the modeling basis and H4EDTA was added in the ra

38646 | RSC Adv., 2020, 10, 38640–38653
Fe(aq)
3+ + [C10H12N2O8](aq)

4� # [FeC10H12N2O8](aq)
� (6)

Ca2+ + PO4
3� + H3O

+ # CaHPO4(s) + H2O (7)

5Ca2+ + 3PO4
3� + 2H2O # Ca5(PO4)3OH(s) + H3O

+ (8)

Fe3+ + 6H2O # Fe(OH)3(s) + 3H3O
+ (9)

The simulation results presented in Fig. 4b only consider the
thermodynamics of the system and do not account for the
kinetics. Hence, to gain a clear picture of the system's behavior,
the EDTA-mediated precipitation trends were measured exper-
imentally. The EDTA concentration of 30 mM was selected on
the basis of the simulation and preliminary testing results.

The experimental results (Fig. 5a) were in agreement with
simulation results, but the measured pH thresholds were about
1 pH higher than their estimated counterparts. In the pH range
of 1.2–3.1, the concentration of sulfur dropped sharply due to
the precipitation of CaSO4$2H2O (reaction (10)). In the pH range
of 3.7–4.9, small phosphorus precipitation was observed, but
the major phosphorus precipitation was observed at pH range
of 4.9–7.3. In this range, no iron or magnesium precipitation
was observed with minimal aluminum precipitation. Iron was
primarily precipitated between pH 8.9 and 9.9, coinciding with
the precipitation of magnesium as magnesium hydroxide
(Mg(OH)2) (reaction (11)). The precipitation of aluminum as
. (a) The leachate solution was neutralized by adding solid CaO and
n results (OLI Studio, v. 9.6) for the effect of EDTA addition on the
water, iron, aluminum, calcium, sodium,magnesium, phosphorus, and
nge of 0–0.04 M.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 EDTA-stabilized precipitation of extracted elements from the leachate with CaO. Jauru ore direct leaching solution (DLJO) was stabilized
with 30 mM Na2EDTA$2H2O, and pH was increased by adding CaO. (a) Solution concentration at various pH levels. (b) Photographs of liquor
appearance at each pH level.
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aluminum hydroxide (Al(OH)3) started earlier at pH 8.0. Over
the entire pH range, sodium concentration (introduced by the
addition of Na2EDTA$2H2O) was constant because sodium salts
are highly soluble.

Ca2+ + SO4
2� + 2H2O # CaSO4$2H2O(s) (10)

Mg2+ + 4H2O # Mg(OH)2(s) + 2H3O
+ (11)

Al3+ + 6H2O # Al(OH)3(s) + 3H3O
+ (12)

The physical appearance of the leachate solutions at various
pH points is presented in Fig. 5b. Upon addition of Na2-
EDTA$2H2O, the clear leachate solution immediately turned
yellow due to the formation of [Fe–EDTA]�, which is known to
have a yellow-brown color.41 As the phosphorus precipitated out
of the solution, the yellow color shied to red and as the iron
precipitated, the red color was lost, leaving behind a clear
solution. Since the observed color changes coincide with the
various precipitation events, colorimetry can potentially be
utilized for real time process monitoring at the industrial scale.

The primary separation optimization objective for this
process was the production of high-grade P2O5 solids with
minimal iron, aluminum, and magnesium contamination. On
the basis of the above precipitation investigation, further
simulation and additional preliminary testing, the following
precipitation steps were selected, constituting the full selective
precipitation train:

(1) leachate / pH 3.0: precipitation of CaSO4$2H2O. This
byproduct must be removed because it reduces the P2O5 grade
This journal is © The Royal Society of Chemistry 2020
in the precipitate. It can be sold for manufacturing of wall-
boards, cement, and plaster of paris, or for soil conditioning.

(2) pH 3.0 / pH 4.8: precipitation of CaHPO4. This product
represents the phosphate fertilizer product with higher P2O5

content and can potentially be used as a livestock feed additive.
(3) pH 4.8 / pH 6.5: precipitation of Ca5(PO4)3OH. This

product represents the phosphate fertilizer product with lower
P2O5 content.

(4) pH 6.5 / pH 9.5: precipitation of Fe(OH)3-rich solids.
This product, which may contain undissolved CaO as Ca(OH)2
(CaO readily hydrates to Ca(OH)2 upon contact with water),
represents the primary impurities that were co-extracted from
the ore. These iron-rich solids could potentially be sold as an
iron ore or be used as a feedstock for the production of specialty
Fe-containing products, such as iron oxide pigments.

(5) pH 9.5/ pH > 11: this impurity product is expected to be
relatively rich in Mg(OH)2 compared with the previous product
and could potentially be sold as a precursor to fused magnesia
(MgO) for construction materials.

The solution remaining aer this precipitation train princi-
pally contains dissolved Ca2+, Na+, and SO4

2�, alongside soluble
EDTA, present primarily as Ca[EDTA]2� complexes. Since EDTA
is an expensive reagent, the economical operation of this
process requires the recovery and recycling of EDTA. Further-
more, minimizing water consumption and wastewater produc-
tion is crucial for the environmental sustainability of the
process. Considering that neutral H4EDTA salt can be precipi-
tated from aqueous solution by acidication with H2SO4,25,26

and that the liquor remaining aer ltration is relatively free of
contaminating ions (see details below), the acidication of the
ltered liquor can serve the dual purposes of recovering EDTA
and regenerating the wastewater into an acidic leaching agent
RSC Adv., 2020, 10, 38640–38653 | 38647
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Fig. 6 Concentration-pH curve for the complete selective precipitation process trials. The separations outlined in Table 1 were performed using
(a) newly mixed leaching solution and Na2EDTA$2H2O, and (b) regenerated leachate solution and precipitated H4EDTA alongside make-upwater
and EDTA. The left panels show the liquor concentrations during the CaO addition steps. The middle panels show the liquor concentrations
during the H2SO4 addition steps. The right panels show the amounts of CaO (solid) and H2SO4 (95–98 wt%) added to achieve the reported pH
changes.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 9
:4

4:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
for the initial leaching step. The target acid regeneration pH of
0.6 corresponds to the pH of 0.29 M H2SO4 solution. As such,
the following acid addition steps were added to the process:

(6) pH > 11 / pH 2.0: precipitation of H4EDTA. This EDTA
can be used to replace the Na2EDTA$2H2O used in the initial
cycle (ESI Fig. S5†). This H4EDTA product contained
CaSO4$2H2O solids; however, this contaminant did not affect
the efficacy of the recycled EDTA and was captured during
precipitation step 1 (at pH ¼ 3).

(7) pH 2.0 / pH 0.6: regeneration of the acidic leaching
solution. Upon acidication, the liquor can be recycled for the
initial ore leaching step.
Complete process trials (leaching, stabilization, precipitation)

The complete precipitation train outlined above was repeated,
and at each precipitation step and complete solid–liquid sepa-
rations were performed. Two complete process trials were
performed:

(A) an initial start-up cycle in which deionized water and
H2SO4 were used as the leaching agent and EDTA was added as
Na2EDTA$2H2O.

(B) A continuous cycle, in which regenerated leachate and
H4EDTA were used. Make-up water and H2SO4 solution were
added to maintain a consistent S/L ratio. Make-up Na2-
EDTA$2H2O was added to maintain an EDTA concentration of
30 mM.

As shown in concentration-pH curves in Fig. 6a and b, the
phosphorus and iron precipitations are well separated, consis-
tent with the precipitation results shown in Fig. 5a. In trial A,
a small iron-phosphorus co-precipitation was observed, but this
38648 | RSC Adv., 2020, 10, 38640–38653
did not happen in trial B. The decrease in iron co-precipitation
in trial B (recycle trial) could be related to the addition of EDTA
as H4EDTA rather than Na2EDTA$2H2O, which suggests that
operating the process as a closed loop could reduce iron
impurity in the product. Additionally, the bulk of aluminum
precipitation occurred in the phosphate precipitation steps, on
the contrary to the observed precipitation curve, but consistent
with the simulation results. The discrepancy between the two
trials could be due to the slow precipitation kinetics of Al(OH)3,
which has previously been observed to precipitate at pH > 4.5 in
a two-step reaction (a rapid step and a slow step).42 The
extended equilibration times used in the complete process
trials were sufficient for the Al(OH)3 to fully precipitate,
whereas, the sampling in the precipitation curve trials (Fig. 5a)
was too rapid to observe aluminum precipitation at lower pH
values. In the complete process trials, the process equilibration
time was slow because the calcium phosphate precipitation was
limited by the release of Ca2+ ions from CaO/Ca(OH)2 dissolu-
tion. Because of the low solubility of Ca(OH)2, long equilibra-
tion times were needed to prevent the contamination of the
solid products with excess Ca(OH)2 which would have reduced
the P2O5 grade. The importance of CaO/Ca(OH)2 dissolution on
the precipitation process also justies the room temperature (25
�C) operation of the process, because Ca(OH)2 exhibits retro-
grade solubility (a decrease in solubility with increasing
temperature); thus, operating the process at low temperature is
more benecial to obtain a higher grade product.

In both trials A and B, the EDTA recovery and acid regener-
ation steps were consistent with calcium precipitating in the pH
range of >11 / 2 as CaSO4$2H2O and no observable precipi-
tation in the pH range of 2/ 0.6. In the rst precipitation step,
This journal is © The Royal Society of Chemistry 2020
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the expected precipitation of H4EDTA could not be veried by
ICP-OES; however, XRD characterization of the precipitate
conrmed H4EDTA presence. In both trials, the CaO and H2SO4

consumptions were nearly identical, indicating that the reagent
consumptions are not negatively impacted by recycling of EDTA
and water.

The compositions of the solid products (both elemental and
oxide-equivalent mass compositions) produced in these trials
and the molar elemental recoveries for each step (accounting
for the relative amounts of solid products produced) are pre-
sented in Fig. 7a and b. As expected, the pH 3 product was
primarily composed of calcium and sulfur in the form of
CaSO4$2H2O, with negligible co-precipitation of phosphorus,
iron, or aluminum. Together, the phosphate products (pH 4.8
and 6.5) represent 94–95% of the total extracted phosphate in
the leachate. These products had nearly equimolar calcium and
phosphorus, indicating that a high proportion of the phosphate
precipitated as the higher-value CaHPO4 (1P : 1Ca molar ratio),
rather than Ca5(PO4)3OH (3P : 5Ca molar ratio); however, the
P2O5 grades of the products (36.9–41.9 wt%P2O5

) were lower than
the expected value for CaHPO4 (theoretical P2O5 ¼ 52.2 wt%).
During the neutralization of phosphoric acid with calcium
hydroxide at temperatures below 60 �C, CaHPO4 is known to
precipitate as its dihydrate (CaHPO4$2H2O).43 The measured
P2O5 grades for the pH 4.8 and 6.5 products were consistent
with the theoretical P2O5 grade of CaHPO4$2H2O (41.2 wt%).
The formation of CaHPO4$2H2O was conrmed by XRD
(Fig. 8g). The observed molar excess of calcium relative to
phosphorus can be attributed to unreacted Ca(OH)2.

The observed predominance of CaHPO4$2H2O precipitation
over Ca5(PO4)3OH was contrary to the results predicted by
thermodynamic simulation; however, the simulation did not
Fig. 7 Solid product characteristics for the complete precipitation proce
fresh H2O + H2SO4 leaching agent and Na2EDTA$2H2O, and (b) regene
water and EDTA. The left panels show the elemental composition of eac
panels show the oxide-equivalent mass of P2O5, Fe2O3, Al2O3, and M
precipitation step.

This journal is © The Royal Society of Chemistry 2020
account for the kinetics of precipitation. Previous work has
shown that calcium phosphate precipitation kinetics and the
resulting mineral phases are highly pH dependent, i.e., the
nucleation of crystalline CaHPO4$2H2O is favored over octa-
calcium phosphate (Ca8(HPO4)2(PO4)4$5H2O) and calcium
decient apatite at low pH, which was aided by the natural
increase in pH driven by the H3O

+-consuming precipitation
reactions (reaction (7)).44 Because of the slow dissolution of CaO
upon addition to the leachate solution, the majority of precip-
itation was able to occur at lower pH levels, resulting in higher-
than-predicted formation of CaHPO4$2H2O.

In the impurity precipitation steps for both trials, the pH
stabilized in the range of 8.5–8.7 aer adding the prescribed
amount of CaO and the impurity split was made at this pH
rather than further adjusting the pH. The majority of the
impurity solids were precipitated at pH < 8.5–8.7, comprising
iron, as Fe(OH)3, some magnesium as Mg(OH)2, any unreacted
Ca(OH)2 (as predicted by the simulations and observed by XRD
– Fig. 8g), and the remaining 5–6% of unprecipitated P2O5. The
pH 11 impurity solids were enriched in magnesium, while
having a high content of iron and calcium. Since the processes
are open to the atmosphere, it is possible that dissolution of
atmospheric CO2 could cause some of the calcium to precipitate
as CaCO3; however, this effect was likely small because CO2 was
not actively injected into the solution, leading to a low gas–
liquid interfacial area, and thus a slow rate of CO2 uptake.45

The pH 4.8 and pH 7.0 products were recovered separately
because they were expected to have considerably different P2O5

grades and calcium to phosphorus (Ca/P) ratios; however, the
results of these trials indicated that the properties of these two
products are relatively similar; thus, it does not justify the use of
two separation steps. Similarly, the two impurity products were
ss trials. The separations outlined in Table 1 were performed using (a)
rated leachate solution and precipitated H4EDTA alongside make-up
h solid, alongside the recovered dry mass of each product. The middle
gO in the solids. The right panels show the molar recovery of each
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Fig. 8 Liquor concentration and solid product composition for the simplified selective precipitation trials. The separations were carried out as
outlined in Table 1; however, steps 2–3 and 4–5 were combined into single steps. The trial was performed using regenerated leachate solution
and precipitated H4EDTA alongsidemake-upwater and EDTA. (a) Liquor concentrations during the CaO addition steps. (b) Liquor concentrations
during the H2SO4 addition steps. (c) The amounts of CaO (solid) and H2SO4 (95–98 wt%) added to achieve the reported pH changes. (d)
Elemental composition of each solid. (e) The oxide-equivalent mass of P2O5, Fe2O3, Al2O3, and MgO in the solids. (f) Molar recovery of each
precipitation step. (g) Solid product XRD diffractograms. The peak intensities were normalized to aid visualization.
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collected separately to achieve iron and magnesium separation;
however, both impurity solids contained both species; thus,
process complexity could be avoided by collecting these two
solids as a single product, as described below in the simplied
process trials section. Compared with the primary phosphate
product, these impurity products are produced in considerably
smaller amounts and contain a large amount of unreacted
Ca(OH)2; however, these products may still be used produc-
tively. One possible use is as a low grade iron ore, i.e., while the
iron content (7.8–22.4 wt% iron) is considerably lower than that
of typical iron ores, the primary impurity components are
magnesium and calcium, which are typically mixed with iron
ore as uxing agents in blast furnace operations. The obtained
precipitate could potentially be sold as an ore-ux mixture.
Alternatively, this product could be sold as feed material for the
production of iron oxide pigments because it is enriched in
Fe(OH)3.46

The H4EDTA product yield was similar in both trials, with
solids having an estimated 60 wt% H4EDTA content with 80–
89% EDTA recovery (corrected to account for losses to sampling
and lter cake moisture). This recovered EDTA can be used as
a substitute for fresh Na2EDTA$2H2O, which was veried by
conducting a precipitation experiment (similar to the experi-
ment shown in Fig. 5a) using only recovered H4EDTA as the
EDTA source, the results of which are presented in ESI Fig. S5.†
Simplied process trial (leaching, stabilization, precipitation)

A simplied version of the process was tested in which precip-
itation steps 2 and 3 were combined into a single step at
approximately pH 7 (pH 7.2), and the impurity precipitation
steps 4 and 5 were combined into a single step at pH > 11 (pH
11.9) (Fig. 8a–g). This simplied process employed recycled
H4EDTA and leaching solution. In this process conguration,
similar to previous trials, clear separation of phosphorus and
iron was achieved, and the reagent consumption was nearly
38650 | RSC Adv., 2020, 10, 38640–38653
identical. The pH 7.2 product contained 99% of the extracted
phosphorus, achieving a P2O5 grade of 39.6 wt% and a P2O5/
RxOy ratio of 23.5 (8% of the extracted iron, 66% of the extracted
aluminium, and 9% of the extracted magnesium were co-
precipitated). Thus, by reducing process complexity, the
product recovery and quality were both improved, potentially
due to the presence of crystalline CaHPO4$2H2O precipitate in
the slurry that was formed in the lower pH range at the start of
the precipitation step, which act as a seed for CaHPO4$2H2O
crystallization near the end of the step at higher pH. Only 1% of
the extracted phosphorus was lost to the impurity products,
which were primarily composed of calcium and iron with some
magnesium and sulfur. This impurity product removed nearly
all the remaining extracted iron (91%), aluminium (32%), and
magnesium (91%) in the liquor.

As mentioned above, the phosphate product occurred
primarily as hydrated CaHPO4$2H2O, which has a lower P2O5

grade than the anhydrous form. Anhydrous CaHPO4 is known to
precipitate directly at temperatures above 70 �C;47 however, as
mentioned above, the retrograde solubility of Ca(OH)2 would
further reduce the rate of phosphate precipitation; thus,
requiring longer residence times.

The CaHPO4$2H2O is known to thermally dehydrate at
temperatures above 135 �C;48 therefore, the product can be heat
treated to increase the its P2O5 grade. By drying the product at
150 �C, the P2O5 grade could be further increased to 43.4 wt%,
consistent with a partial dehydration of the dihydrate product
to anhydrous dicalcium phosphate. No major crystal phase
change was detected by XRD in the 150 �C sample; however, the
dihydrate to anhydrous phase transition has previously been
reported to not produce strong X-ray diffraction pattern changes
when the heating is conducted in dry air.48 Further optimization
of the product drying to achieve complete dehydration was
deemed outside the scope of this study, but can be addressed in
future work. Overall, the dicalcium phosphate dihydrate (DCP)
This journal is © The Royal Society of Chemistry 2020
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product composition is comparable to commercially available
DCP products.49

Upon re-acidication at pH 1.70, the EDTA was precipitated
as a mixed H4EDTA + CaSO4$2H2O solid (Fig. 8g). The estimated
EDTA recovery in this process was 87%. This indicates that the
presence of sulfur does not negatively affect the binding of
EDTA–Fe. The EDTA loss is due to the liquor held by the wet
lter cakes during the solid–liquid separation steps. In practice
at the industrial scale, this lost EDTA can be recovered by
washing the lter cake with water, which can also supply the
make-up water that must be added to compensate for the
humidity losses in the product drying steps. Furthermore, the
EDTA loss could partially be due to entrainment of EDTA during
various precipitation steps. Given the critical nature of EDTA
consumption to the overall operating costs, further optimiza-
tion at the pilot scale should be undertaken to quantify and
reduce EDTA losses at each step of the process.

The simplied version of the process was effective at effi-
ciently producing the target products with fewer processing
steps and complexity. As such, the simplied process, incor-
porating separations at pH 3, 7.2, 11.9, and 1.7 was selected as
the best process conguration and its block ow diagram and
mass balance is presented in the next section.
Block ow diagram and mass balance of the simplied
process

The cyclical leaching and selective precipitation trials demon-
strated the potential of operating the developed process
continuously, in a closed loop, as illustrated in Fig. 9. In this
process, fresh ore is rst selectively leached in relatively dilute
(0.29 M) sulfuric acid, producing a phosphate- and iron-rich
leachate. The solid residues of the leaching step can poten-
tially be washed with water to remove any residual acidity,
allowing the ore to be landlled or backlled (the wash water
could then be used as make-up water in the process). The iron
content of the leachate is then stabilized using EDTA as
a chelating agent, allowing selective precipitation of phos-
phorus using CaO.

The selective precipitation sequentially produces three value-
added solid products. (1) At pH 3, CaSO4$2H2O is produced,
Fig. 9 Block flow diagram of the overall process for P2O5 recovery
from low-grade phosphate ore.

This journal is © The Royal Society of Chemistry 2020
which can be used for manufacturing of wallboards, cement,
and plaster of paris, or for soil conditioning. Similar to phos-
phogypsum, the solid CaSO4$2H2O byproduct of the wet phos-
phoric acid process, can be used directly for various
applications, although it may require some purication if the
nal product proves to have unacceptable levels of uoride,
organic matter, or radionuclides, such as Ra226, Pb210, Po210,
U238 or U234.50 (2) At pH 7, the primary product, dicalcium
phosphate dihydrate is precipitated. As mentioned above, the
phosphorus and impurities content of this product is consistent
with commercially employed DCP products.49 (3) At pH > 11, the
co-extracted iron and magnesium are precipitated, providing
a potential low-grade iron ore product or a feedstock for
pigment production. Since these various products can be
employed in several different applications, the properties and
specications should be veried according to the specic end-
use in future pilot-scale testing, and appropriate pretreatment
or purication steps should be specied and employed if
necessary. This process can operate as a closed loop because the
alkaline EDTA-bearing solution remaining aer selective
precipitation can be re-acidied with H2SO4, precipitating
recyclable H4EDTA and CaSO4$2H2O solids at pH 1.7. Aer
solid–liquid separation, the liquor can be employed as regen-
erated leachant for the initial leaching step at pH � 0.6. The
physical appearance of the slurries, ltered solutions, and wet
lter cakes are shown in ESI Fig. S6.†

Because of the cyclical nature of the process, majority of the
water and EDTA are recycled; hence, it only requires small
make-up additions to account for lost water to humidity in the
solid lter cakes and lost EDTA as an impurity in the solid
products. Hence, the only major reagents required for the
process are H2SO4 and CaO. The mass balance for the system at
an industrial scale (1000 kg ore) was estimated on the basis of
the laboratory scale results for the simplied process trial and
the results are presented in Table 3. These estimations were
made based on the following assumptions:

(1) the laboratory results can be scaled to the pilot/industrial
scale.

(2) The solid–liquid separations are 100% efficient at sepa-
rating the liquor and the precipitated solids. This could
potentially be achieved by using the make-up water for the
process to wash each solid product.

(3) The effect of water-containing solids such as CaSO4$2H2O
on the water content of the system is negligible.

(4) The total liquid volume of the system is approximately
constant at 3.3 m3. The addition of CaO, H2SO4 and EDTA does
not signicantly affect the liquid volume in the system.

The large-scale production rates and reagent consumptions
are only estimates based on the laboratory scale results and
require validation with pilot-scale testing, in particular for
further understanding the liquor losses in solid–liquid separa-
tion, the requirements for water and EDTA make-up, and
potential scale-related effects.

The EDTA consumption is a key process performance indi-
cator because it is considerably more expensive than the other
reagents.
RSC Adv., 2020, 10, 38640–38653 | 38651
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Table 3 Estimatedmass balance of the overall simplified process at large scale. The productmass values are on a dry basis. These estimations are
based on the assumptions listed in the text

Process step pH Reagent consumption Solid products recovery

Ore leaching and ltration 1.3 Ore: 1000 kg, regenerated leachant:
3.3 m3 (from previous cycle)

Solid residue: 1020 kg

Precipitation 1 (gypsum) 3.0 Regenerated H4EDTA: 44 kg (from
previous cycle), Na2EDTA$2H2O: 4
kg, CaO: 30 kg

CaSO4$2H2O product: 89 kg, 0 wt%
P2O5

Precipitation 2 (dicalcium
phosphate dihydrate)

7.2 CaO: 17 kg DCP product: 62 kg (dried at 150
�C), 43 wt% P2O5, 23.5 P2O5/RxOy

Precipitation 3 (impurities) 11.9 CaO: 11 kg Impurity product: 21 kg, 2 wt%
P2O5, 0.06 P2O5/RxOy

EDTA recovery 1.7 H2SO4: 24 kg (95–98 wt%) Regenerated H4EDTA: 40 kg (for
next cycle), 64 wt% H4EDTA

Leachant regeneration 0.6 H2SO4: 89 kg, make-up water: 725 kg Regenerated leachant: 3.3 m3 (for
next cycle)
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The economic feasibility of this process was preliminarily
assessed by estimating the reagents costs and revenue from the
products (Table S2†). The net revenue for the as-is process was
estimated to be $3.50 (USD) per tonne of processed ore.

One of the major contributors to the cost was the 4 kg per
tonne make-up Na2EDTA; however, since the process could be
optimized such that 100% of EDTA is recovered, a revenue of up
to $8.81 (USD) per tonne of ore could be achieved. Hence, there
is a potential for this process to be operated protably. Since ore
transportation costs are a major cost contributor for phosphate
fertilizer production in Brazil,16 this process is an economically
attractive option of mining and processing of low-grade phos-
phate ore directly in the agricultural region of Mato Grosso,
where it will ultimately be used.
Conclusions

In this work, a dicalcium phosphate dihydrate (CaHPO4$2H2O)
product was produced from a low-grade phosphate ore rich in
FeO(OH) and SiO2. The process consisted of leaching with
H2SO4 followed by stabilization with EDTA, and selective
precipitation with CaO. This process can be operated in a closed
loop to recycle water and EDTA, allowing for efficient separation
of P2O5 from co-extracted iron without a solvent extraction step.
The EDTA forms a complex with Fe3+ ions, stabilizing them in
the solution, which prevents their co-precipitation with phos-
phorus. This process produces three primary products, i.e.,
CaSO4$2H2O, CaHPO4$2H2O, and an iron and magnesium rich
precipitate, without producing any major liquid waste. The
solid residue aer leaching step can potentially be washed and
backlled to reduce the environmental impacts. The CaHPO4-
$2H2O product (43 wt% P2O5) contains minimal impurities
(P2O5/RxOy ¼ 23.5) and can be used directly for fertilizer or
livestock feed additive production.

The developed process enables production of value-added
products from a low-grade ore with minimal reagent
consumption and minimal wastewater generation. The pro-
cessing steps proposed in this work, i.e., leaching, ion stabili-
zation, selective precipitation, and reagent recovery can
38652 | RSC Adv., 2020, 10, 38640–38653
potentially be adapted for other low-grade phosphorus
resources or even secondary resources such as sewage or
municipal waste.14,51 As an example, a phosphorus enrichment
process for municipal solid waste incineration y ash has been
reported which produces a solid product relatively similar to the
low-grade phosphate ore used in this process.52 The results of
this work can help address global nutritional demand without
imposing negative impacts on the environment.
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