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Abstract: The utilization of phosphoric acid in various sectors, e.g., food industry, is controlled by the
authorized concentration limit of impurities. However, industrial phosphoric acid is contaminated
with undesirable impurities (such as F, Al, Fe, Mg, etc.). Herein, this study aimed to evaluate the
efficiency of the membrane purification process of pretreated industrial phosphoric acid using a pre-
modified nanofiltration membrane. We demonstrated that the prior pretreatment steps for industrial
phosphoric acid allowed the elimination of sulfate, fluorine and arsenic. Further purification of
the obtained pretreated phosphoric acid using membrane cells reduced the concentrations of Cd,
Al, Fe and rare earth elements by 94.81, 99.30, 99.63 and 96.67%, respectively. The membrane is
functionalized by a deposit of a high molecular weight polycationic polymer of polyethyleneimines in
order to produce a highly charged membrane surface to enhance the separation efficiency, selectivity
and stability of the membrane. We found that the purification process relies on electrostatic repulsion
between the functionalized membrane and highly charged ions, and the reduction rate of metals is a
cation charge-dependent parameter. The laboratory and industrial pilot scale results showed that this
process allows the production of food-grade phosphoric acid.

Keywords: nanofiltration; phosphoric acid; membrane; functionalization; purification; pilot scale

1. Introduction

Phosphoric acid (PA) is the second most produced acid worldwide after sulfuric
acid [1,2]. It is an indispensable intermediate product in the synthesis of fertilizer. In
addition, it is extensively used as an additive in food and detergent and by pharmaceutical
industries [3]. Mainly, PA stems from the wet attack of phosphate rocks by concentrated
sulfuric acid. However, industrial PA contains numerous impurities such as Fe, Al, Cu, Zn,
etc. [4,5] that restrict its usage in food and by the pharmaceutical industry. Various methods
have been used to eliminate or reduce these impurities. Among them, precipitation,
crystallization, liquid-liquid extraction and ion exchange are the best known processes.
However, the use of additives and the generation of effluents limit the application of these
conventional techniques. As a result, researchers have started to direct their works toward
investigations of new green and sustainable alternatives. In line with these considerations,
the membrane-based process, widely used in various purification processes, seems to be
very interesting as it is energy-efficient, needs no chemicals and is easy to scale up. However,
one of the major limitations of this technology is the design and the development of a stable
and highly selective membrane mainly under harsh conditions, i.e., high temperature and
low pHs.
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The precipitation method is the most economical technique, but it is less selective
and generates a large amount of precipitate that requires a further separation procedure.
G. Bone et al. (1986) found that PA treatment by ammonium reagents R (NHy) for 1 h at
a temperature range of 50 to 70 °C favored the precipitation of (NHy)x(Mg)y(Al).(FEOH)s. X,
Y and Z values depended on Mg, Al and F initial concentrations [6]. The addition of fluoride
and, if necessary, aluminum ions promote the elimination of Mg and Al through MgAl,Fg
and MgAIFs precipitation [7]. Fluoride and silicate ions existing as a stable complex SiFg*
in PA are precipitated in the form of Na;SiFg using a sodium compound [8]. Urea also has
been used to precipitate P,Os in the form of urea phosphate. The precipitation process
consists of attacking 30-50% P,Os5 PA using 0.5 to 3% of urea in the presence of 2 to 7%
NOj. The formed precipitate contains 40% P>Os, 4% NO;', 1% urea, 41 ppm Fe, 1 ppm
As, 2 ppm Pb, 9 ppm Mg, 10 ppm F, 0.05 ppm SOi* and 9 ppm Ca. Then a gas mixture of
NO + NO; and air is used to treat the precipitate at a volume ratio of nitrous/air = 108/300
to eliminate excess urea [9].

The purification of PA by crystallization and solvent extraction allows reduction of
the amount of Mg, Fe and F [10]. The crystallization is not suitable for industrial scale
applications, since it partially purifies the PA and must be accompanied by the addition
of oxidants to remove impurities such as calcium phosphate, chromium, cadmium and
manganese [11]. However, other crystallization processes have been developed to avoid
the use of additives. The technique relies on PA (60 to 66% P»Os) cooling under —5 °C
and then continuously feeding a crystallization container to prepare the crystals. Results
demonstrated a high performance for this process since more than 90% of metallic (Fe, Al,
Mg, etc.) and non-metallic (F, SOi_, etc.) impurities were removed [12].

Currently, phosphate plant uses the solvent extraction process to purify PA. A mixture
of Tri-n-butyl phosphate (TBP) and isopropyl ether (IPE) is applied in a counter-current
process. The solvent mixture, containing 95% TBP and 5% IPE, is used within a volume
ratio of solvents:PA = 8, at a temperature varying between 5 and 10 °C. Afterwards, the
solvent is discharged and recycled with water at counter-current [13].

Ion exchange resins have also been studied to extract lanthanides. Literature results
demonstrate that rare earth elements (REEs) are removed from PA and phosphogypsum by
resin treatment during phosphoric acid manufacture using cationic resins with a sulfonic
acid function (DOWEX C_500) [14,15].

Reverse osmosis (RO) and nanofiltration (NF) are downstream finishing processes [2].
Membrane technology has newly emerged in the phosphate sector to purify acid and reduce
metallic ion impurities without reducing the PA concentration [16,17]. Gonzalez et al.
(2002) demonstrated that reverse osmosis is effective at concentrations lower than 2 mol/L,
while nanofiltration has good performance at concentrations up to 8 mol/L. The process
of purification is based on the rejection of ions by the membrane according to the ion-
exclusion model, while the small neutral molecules pass through the membrane [2]. The
examination of commercial nanofiltration membranes shows that Desal KH membrane can
retain 92-95% of copper [18].

This work presents the purification of industrial PA obtained from Jorf Lasfar PA plant
using membrane technology. Impurity removal using the membrane relies on the ionic
charge-dependent process governed by the electrostatic repulsion between a functionalized
membrane (positively charged) and cationic ions, rather than the membrane porous size.
Unlike the discussed technologies, this process relies on the reduction of the totality of
undesirable impurities.

The purification was carried out on a laboratory and industrial pilot scale in two steps:

e  DPurification of PA by membrane treatment.
e  Concentration of treated PA up to 54% P,Os.

2. Materials and Methods

The PA (25% P0s) studied in this work was provided from the Moroccan phosphoric
acid plant in Jorf Lasfar. The purification process consisted of two major steps:
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1.  PA purification by a modified nanofiltration membrane to remove impurities;
2. Concentration of purified PA by evaporation.

Copper chloride dihydrate with a purity > 99.0%, VWR Chemicals, was used to
prepare the aqueous solution of Cu?* used for membrane stability monitoring.

The MPS36 membrane used in the purification process was a commercial Koch mem-
brane system. Polyethyleneimines (PEI) Zetag IP 2M were purchased from BASFE. PEI
are water-soluble multifunctional cationic polyethyleneimines with a branched polymer
structure [19]. The average molecular weight of polyethyleneimines (PEI) Zetag IP 2M
is 2,000,000 g/mol. However, it was reported that PEI are thermally stable and start to
decompose in air at 250 °C [20].

Firstly, the membrane was washed with ethanol for at least 1 h, then compressed at
40 bar prior to the modification step. The functionalization of the nanofiltration membrane
MPS36 (4 inch spiral diameter with a molecular weight cut off (MWCO) of 1000 g/mol)
chemically stable in concentrated PA was conducted by a deposit of a high molecular weight
polycationic polymer of PEIL The adsorption step was carried out at a temperature of 60 °C
under 10 bar in a solution of H3PO4 0.1 mol/L containing 250 ppm polyethyleneimines.

Laboratory tests were performed using a frontal filtration cell. In each test, 300 mL of
PA was treated under a mechanical agitation of 200 RPM. The membrane surface area is
43 cm?.

The lab-scale pilot tests were executed on a cross-flow filtration cell. The membrane
chamber in the NF cell is made of spiral 316 L stainless steel. NF standard circulation
speed and transmembrane pressure are up to 1700 L/h and 40 bar, respectively. The pilot
alimentation capacity is 100 L and the membrane surface is 1.6 m?. Table 1 summarizes the
main parameters of the pilot instrument, and Figure 1 shows a schematic representation of
the experimental setup.

Table 1. Characteristics of the nanofiltration pilot.

Characteristics Filtration Pilot
Membrane surface (m?) 1.6
Alimentation capacity (L) 100
Pressure (bar) Up to 40
Flow rate (L/h) Up to 1700
Feed solution Evaporation
Food grade
M NN phosphoric
acid 54% P,05
- 1
Phospheric Phosphoric
add 25%P;05 Cross flow filtration cell acid 25% P,O5

Phosphoric

Retentate

:’I |~ ¢ Permeate  ee—

acid 54% 7,0,

‘3@@@@@‘9@' ) G4 B ) (9
g@@gggwg_g@@‘?@
7‘?'9}3'3@'9-9'3 (1) (2) GO @)
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i \ I"i‘\"l A A
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Figure 1. Schematic representation of the purification process.
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The reduction rate of each element (Abt) is calculated by the follow Equation (1):

CP
Abt (%) = (1— o) x 100 1)
i
where, C, and C; are the concentrations of impurities in the permeate and raw solutions,
respectively.
The selectivity (S) of the membrane is calculated by the Equation (2):

(100 — Abtsolvent)

S =
(100 - Abtsolute)

@

where, Abtgppens and Abtgyy,,e are the reduction rate of the solvent (phosphoric acid) and
the reduction rate of impurities (i.e., Al, V, Cd, Cu, 5042~ and F7), respectively.
The factor of volume reduction (FVR) is calculated using the Equation (3):

Vo W%

FVR = =7
(V() — VPermeate(t)) retentate(t)

®)

where, Vo, Viermeate(t) a0A Viegentate(r) are the initial volume of PA, the volume of permeate
and the volume of retentate at a moment (t), respectively.

Inductively Coupled Plasma Mass Spectroscopy ICP-MS (PerkinElmer NexION 300X,
Waltham, MA, USA) was used for REEs determination, while Inductively Coupled Plasma
Atomic Emission Spectroscopy ICP-OES (Thermo Jarrell Ash IRIS/AP) was used for Al,
Fe, Ca, Mg, K, Na, Cd, Co, Cr, Cu, Mn, Mo, V, Zn and As determination. The content of
phosphorus present in the PA was determined by Ultraviolet UV (SHIMADZU UV-1900)
using vanadomolybdate. Sulfates were determined by volumetric method using sulfonazo
III and barium chloride. The fluoride concentration was measured with a selective ion
electrode (METTLER TOLEDO) for fluoride analysis, and silicon analysis was accomplished
by Atomic Absorption Spectroscopy AAS (PerkinElmer PinAAcle 900T). All analyses were
realized at the UM6P-Jorf Lasfar chemical analysis laboratory.

3. Results and Discussion
3.1. The Effect of PEI on Membrane Permeability and Selectivity
3.1.1. Analysis of Membrane Selectivity

The development of the PA treatment process should consider the properties of PA
produced from the PA plant. This facilitates the incorporation of the scale-up process in the
PA industry. In line with this consideration, the filtration process was carried out at 60 °C
since the PA plant generates PA with a temperature of 60 °C. Hence, the tests here were
performed at 60 °C to ensure the viability of the process at this temperature.

PA treatment at 60 °C, 30 bar pressure and stirring speed of 200 RPM using functional-
ized and non-functionalized membranes (Figure 2) indicated that membrane modification
using PEI showed a high selectivity toward aluminum, vanadium, cadmium and copper
ions, which confirmed the efficiency of PEI adsorption on MPS36. The selectivity of Al, V,
Cu and Cd was folded by 123.73, 131.45, 46.56 and 18.53, respectively, using a modified
membrane, while the selectivity toward sulfate and fluoride ions was very low, i.e., 1.06
and 1.86, respectively. Gao et al. (2016) measured the zeta potential of hollow fiber organic
membranes and showed that PEI treatment affected the surface charge of membranes. In
high acidic media, it was found that the surface charge of modified membranes was highly
positive [21]. Herein, the selectivity enhancement was due to the deposition of PEI on the
membrane surface, which favored the increase of surface electrostatic repulsion between
the cationic impurities present in PA and the cationic charge of the polymer.
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Figure 2. Selectivity of MPS36 and functionalized MPS36.

3.1.2. Analysis of Membrane Permeability

Membrane performance was analyzed in terms of PA permeability under a pressure
of 30 bar and stirring speed of 200 RPM at 60 °C (Figure 3). The permeability of the
functionalized membrane has decreased compared to the non-functionalized membrane.
The decrease in permeability confirmed the presence of PEI on the membrane. However,
the permeability of the non-functionalized membrane changed drastically by the FVR
changes. The permeability of the functionalized membrane changed slightly by the FVR
changes, which implied the stability of the functionalized membrane during PA treatment.

0.8+ B Functionalized MPS36

® Non functionalized MPS36

e
o
]

Permeability (L/h/m’/bar)

0.0

1.0 1.2 1.4 1.6 1.8 2.0
FVR

Figure 3. The permeability variation of MPS36 and functionalized MPS36 versus the factor of volume
reduction (FVR).



Separations 2022, 9, 100

60f 11

3.2. Stability of Functionalized Membrane

The functionalized membrane was conserved in PA 25% to evaluate its stability in
the high acidic media of PA. Afterwards, the functionalized membrane was used to purify
an aqueous solution, pH = 5.5, of copper chloride dihydrate (0.05 g/L). Figure 4 shows
that copper reduction remained stable at 96 &= 1% up to 350 days. This implied the high
resistivity of the functionalized membrane to the high PA acidity and the irreversible
adsorption of PEI on the membrane.

100
To

90

e e ./,._/—//*0

80
70-
60—-
50—-

40

Reduction of Cu** (%)

30
20

104

0 — T T T T T T T T T T T T
0 50 100 150 200 250 300 350
Time (days)
Figure 4. The variation in copper reduction by the functionalized MPS36 over time at 10 bar pressure,
200 RPM and ambient temperature.

In addition, regarding the water permeability variation over time (Figure 5), it was
found that the permeability of the functionalized-conserved membrane remained stable
for the entire time range of 270 days. The functionalized membrane had a steady flow
of 3.5 + 0.2 L/h/m? /bar, which confirmed the non-degradability of the membrane and
PEl in PA. This indicated that the porous of membrane, rather than PEI selectivity toward
cationic ions, was not affected by PA acidity.
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Figure 5. Water permeability of functionalized MPS36 over time.
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3.3. Purification of Phosphoric Acid

In order to maintain the high efficiency and to extend the lifetime of the modified
membrane it is necessary to pretreat the industrial PA to avoid the clogging of the porous
membrane. Numerous methods have been used to desulfate industrial PA, e.g., the uti-
lization of BaCOj [22], CaHPO4-2H,O [4] or natural material consisting mainly of calcite
(CapgyMgp 03CO3), quartz (SiO;) and a low clay fraction (illite) [23]. The dearsenification is
carried out through arsenic precipitation as arsenic sulfide, arsenic removal by electrodepo-
sition [24] or by a vertical zone melting technique [25]. In addition, it was reported that the
minimization of the PA content of fluoride can be achieved by PA treatment using silicon
dioxide followed by the addition of sodium carbonate [26], SiF4 formation by adding silicon
dioxide at a high temperature [4] or amine-based extractants [27]. El-Asmy et al. (2008)
found that PA clarification by removing humic acid and suspended materials is attained by
bentonite clay usage [26]. However, Moroccan PA undergoes a desulfation, dearsenification,
defluorination and clarification at the PA production plant. The desulfation, dearsenifica-
tion, defluorination and clarification are carried out by adding natural Moroccan phosphate
rock, sodium hydrosulfide, sodium carbonate and bentonite clays, respectively.

The quality of PA depends on impurities in the phosphate ore [28,29]. The mineral
composition present in the PA was determined (Table 2). The major element contents in PA
are phosphorus, sulfate, aluminum, iron, calcium, magnesium, potassium, sodium, silica,
and fluoride. In addition, other trace elements such as cadmium, cobalt, chrome, copper,
manganese, molybdenum, vanadium, zinc, arsenic and rare earth elements are present at
low concentrations, i.e., between 0.79 and 285 ppm.

Table 2. Elemental content of raw PA, pretreated PA and nanofiltrated PA at 60 °C and 600 L/h flow rate.

Elements Raw PA Pretreated PA Final Product Reduction (%)
P,05 (%) 25.90 25.83 25.00 3.21
SO2~ (%) 2.05 0.01 0.009 10.00
Al (%) 0.50 0.43 0.003 99.30
Fe (%) 0.28 0.27 0.001 99.63
Ca (%) 0.23 0.25 0.020 92.00
Mg (%) 0.39 0.41 0.004 99.02
K (%) 0.04 - 0.007 82.50
Na (%) 0.10 - 0.030 70.00
Si (%) 1.02 - 0.090 91.18
F (%) 1.57 0.10 0.050 50.00
Cd (ppm) 15.00 16.00 0.830 94.81
Co (ppm) 0.79 0.79 0.002 99.75
Cr (ppm) 240.00 215.00 0.780 99.64
Cu (ppm) 30.00 30.00 0.640 97.87
Mn (ppm) 14.00 14.00 0.150 98.93
Mo (ppm) 4.00 4.00 0.170 95.75
V (ppm) 208.00 187.00 1.350 99.28
Zn (ppm) 285.00 285.00 3.490 98.78
As (ppm) 17.00 3.00 3.00 0.00
REEs (ppm) 60.00 60.00 2.00 96.67

The relative error of elemental concentration was less than 5%.

PA pretreatment prior to membrane purification allowed having a clarified solution in
which the concentration of sulfate, fluoride and arsenic decreased by 205, 15.7 and 5.6 fold,
respectively, compared to raw PA. The measured absorbance of the clarified solution was
0.143 at A = 408 nm, which explained the strong elimination of suspended matter that
increased the clogging of the membrane and decreased its performance.

Table 2 clearly shows that the cross-flow purification of PA at the lab-scale pilot with the
functionalized membrane allowed reaching a reduction rate above 99% for trivalent metallic
ions of aluminum and iron, more than 96% for REEs, and more than 92% for divalent
metallic ions such as calcium, cadmium, copper and magnesium. However, monovalent
ions showed lesser reduction rates of 82.5 and 70% for potassium and sodium, respectively.
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In general, the transfer of ions through the membrane is controlled by the membrane
charge rather than pore size. Sun et al. (2011) demonstrated that PEI modification of
organic membranes reduces the membrane pore size and changes the surface charge of
membranes to positive values in high acidic media [30]. However, the low reduction rates
of negatively charged ions of SOif and F~, i.e,, 10 and 50%, respectively, confirmed the
dominance of electrostatic repulsion phenomena over steric effect. Herein, since the surface
of the membrane is positively charged, it induced rejection of highly charged cations by
electrostatic repulsion, which may explain the higher reduction rate of trivalent rather
than divalent and monovalent cations, respectively. It is well-known that iron exists in PA
as Fe(HPO,) ", Fe(H,PO,)*" and Fe(H,POy), species [31]. According to the results, the
overall reduction efficiency of iron was 99.63%, indicating that iron phosphate complexes of
Fe(HPOy) " and Fe(H,POy4)*" are more predominant than Fe(H,POy), . Moreover, based
on the obtained results, we also expected that cadmium may exist in its free aquo ionic
form within Cd(HzPO4)Jr [32]. In addition, G. Senanayake et al. (2016) reported that
neodymium (Nd) forms complexes of Nd(HPOy), , Nd(H,P0O,)*" and Nd(HPO,)™ in
phosphoric acid [33-35]. However, neodymium was used as a representing of REEs, as
REEs exhibit similar chemical and physical properties [36]. In line with obtained results,
the predominant REEs forms in PA are more likely RE(H,PO4)*" and RE(HPO,) ™.

3.4. Concentration Polarization

Concentration polarization restrains remarkably membrane performance, as it affects
the permselectivity [37] and favors the decline of flux [38] during the purification process.
Herein, to assess the effect of the concentration polarization we monitored the concentration
of iron (IC) as a function of time. Results in Figure 6 demonstrated that IC increased signifi-
cantly in the retentate after 13 h. The instantaneous monitoring of the permeate showed
that IC increased drastically after 13 h, indicating the start of concentration polarization.
Thus hinder the electrostatic repulsion of iron. However, the authorized concentration limit
accepted for food-grade PA is 20 ppm [39]. The screening of IC in the cumulative permeate
indicated that IC remained below the authorized concentration limit and reached a critical
value of 20.1 ppm after 22 h. Hence, the optimal operating time adopted for the purification
process was 22 h.

—=— Retentate (%)

Instantaneous permeate (ppm)
0.7 5

Cumulative permeate (ppm) -35 35

0.6
30 |30

0.5 - /
-25 |25

0.4
A

0.3 4 - -/ -—" ~20 L20
././. l/
—
0.2 T T T T
0 5 10 15 20 25

Time (hours)

Figure 6. The variation in iron concentration in retentate, instantaneous permeate and cumulative
permeate as a function of time.
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3.5. Evaporation of Purified Phosphoric Acid

The evaporation of purified PA (25% P,0Os) allowed the concentration and the prepara-
tion of high quality PA (54% P»0Os). The concentration was achieved without changing the
acid color or distressing its quality. Elemental analysis (Table 3) showed that the metallic
and nonmetallic elements in purified concentrated PA were low. Al, Fe, Mg, F and As were
not detected in purified concentrated PA, while Na, Cd and Cr concentrations were 0.06%,
2 ppm and 1.5 ppm, respectively. The upgrade of phosphoric acid to specified levels of As,
Fe, F, Mg and Cr content lower than 3, 20, 10, 20 and 2 ppm, respectively, for food-grade
quality was achieved [24,39,40].

Table 3. Purified concentrated phosphoric acid composition.

Elements Purified Concentrated PA 54% P,Os5
P,05 (%) 54.55
Fe (%) ND
Al (%) ND
Mg (%) ND
Na (%) 0.06
F (%) ND
Cr (ppm) 1.50
Cd (ppm) 2.00
As (ppm) ND

ND: not detected.

3.6. Industrial Pilot Scale

To evaluate the quality of PA produced by the NF membrane process on a high scale
level, an industrial pilot scale unit with a production capacity of 160 L/h was built. The raw
PA 25% P05, industrial grade, was subjected to the same steps as in the laboratory-scale
procedure, leading to the food-grade PA 54% P>Os. The nanofiltration pilot operated for
24 h per day. After 22 h of PA purification, a cycle of 2 h membrane cleaning was required
to maintain the functionality of the membrane. The membrane cleaning was executed
using a solution of 1 g/L EDTA at ambient temperature under a pressure of 10 bar.

Results in Table 4 demonstrated that metals reduction at the industrial pilot unit
were slightly higher than laboratory pilot scale. However, we observed that the reduction
of metals depended on the cationic charge of metals within the same pattern noticed at
laboratory scale.

Table 4. Elemental content of nanofiltrated PA at the industrial pilot scale unit.

Elements Raw PA Pretreated PA Final Product Reduction (%)
P,05 (%) 25.90 25.83 25.15 2.63
SO~ (%) 2.05 0.01 0.009 10.00
Al (%) 0.50 0.43 0.001 99.77
Fe (%) 0.28 0.27 0.001 99.63
Ca (%) 0.23 0.25 0.010 96.00
Mg (%) 0.39 0.41 0.003 99.27
K (%) 0.04 - 0.005 87.50
Na (%) 0.10 - 0.020 80.00
Si (%) 1.02 - 0.050 95.10
F (%) 1.57 0.10 0.050 50.00
Cd (ppm) 15.00 16.00 0.500 96.88
Co (ppm) 0.79 0.79 0.002 99.75
Cr (ppm) 240.00 215.00 0.800 99.63
Cu (ppm) 30.00 30.00 0.700 97.67
Mn (ppm) 14.00 14.00 0.070 99.50
Mo (ppm) 4.00 4.00 0.170 95.75
V (ppm) 208.00 187.00 0.720 99.61
Zn (ppm) 285.00 285.00 1.650 99.42
As (ppm) 17.00 3.00 3.00 0.00

REEs (ppm) 60.00 60.00 1.00 98.33
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4. Conclusions

A functionalized and conditioned nanofiltration membrane was used to purify indus-
trial PA. Lab-scale pilot tests showed promising results in reducing undesirable impurities.
The use of membranes along with pretreatment steps to remove arsenic, fluorides and
sulfates allowed the production of food-grade PA. The reductions of the undesirable
impurities of Cd, Al and Fe, rather than valuable REEs, were 94.81, 99.30, 99.63 and
96.67%, respectively.

PA purification by functionalized membrane was controlled by the electrostatic repul-
sion between the membrane and highly charged cation. Moreover, the reduction rate of
metals followed the order: trivalent cation > divalent cation > monovalent cation.

Industrial pilot scale tests for PA purification using membrane technology with an
outflow of 160 L/h are currently ongoing at Jorf Lasfar fertilizer center. Altogether, the
obtained results demonstrate the stability of the membrane within an approved reduction
rate of metals slightly higher than the reduction rate at laboratory scale.

Author Contributions: Writing—original draft preparation, H.C.; writing—review and editing, K.K.
and R.B.; supervision, K.K; investigation, S.A.; funding acquisition, A.O., EM.M. and H.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Fondation OCP and the APC was funded by UM6P.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: All the authors gratefully acknowledge UM6P and OCP innovation for their
financial support to the CBS.GPE program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Boulkroune, N.; Meniai, A.H. Modeling Purification of Phosphoric Acid Contaminated with Cadmium by Liquid-liquid Extraction.
Energy Procedia 2012, 18, 1189-1198. [CrossRef]

2. Gonzélez, M.P,; Navarro, R.; Saucedo, I.; Avila, M.; Revilla, J.; Bouchard, C. Purification of phosphoric acid solutions by reverse
osmosis and nanofiltration. Desalination 2002, 147, 315-320. [CrossRef]

3.  Abdel-Ghafar, HM.; Abdel-Aal, E.A.; Ibrahim, M.A.M.; El-Shall, H.; Ismail, A.K. Purification of high iron wet-process phosphoric
acid via oxalate precipitation method. Hydrometallurgy 2019, 184, 1-8. [CrossRef]

4.  Kijkowska, R.; Pawlowska-Kozinska, D.; Kowalski, Z.; Jodko, M.; Wzorek, Z. Wet-process phosphoric acid obtained from Kola
apatite. Purification from sulphates, fluorine, and metals. Sep. Purif. Technol. 2019, 28, 197-205. [CrossRef]

5. Elleuch, M.B.C.; Amor, M.B.; Pourcelly, G. Phosphoric acid purification by a membrane process: Electrodeionization on ion-
exchange textiles. Sep. Purif. Technol. 2006, 51, 285-290. [CrossRef]

6. Bonel, G.; Heughebaert, J.-C.; Chaabouni, M.; Ayedi, H. Process for Separating Impurities Based on Magnesium and Possibly
Aluminum and Fluoride, from a Phosphoric Acid Prepared by a Wet Process. Patent No. FR2570363A1, 21 March 1986.

7. Parks, K.L.; Clevenger, K.D.; McDonald, D.P. Removal of Magnesium and Aluminum Impurities from Wet Process Phosphoric
Acid. Patent No. US4299804A, 10 November 1981.

8. Habashi, F.; Awadalla, ET. The Removal of Fluorine from Wet Process Phosphoric Acid. Sep. Sci. Technol. 1983, 18, 485-491.
[CrossRef]

9. Miguel, E.T.; Bibian, E.B.; Camanes, ].S.; Terren, P.A.; Fibla, V.M. Food-Pharmaceutical Quality Phosphoric Acid Preparation—By
Treating Urea Phosphate with Nitric Acid, Then with Nitrous Acid, Passing Air and Reducing Nitrate with Saccharide(s) or
Formic Acid. Patent No. FR2461679A1, 6 February 1981.

10. Williams, T.A.; Cussons, EM. Purification of Phosphoric Acid. Patent No. US3912803A, 14 October 1975.

11. Wiewiorowski, T.K.; Mollere, P.D.; Astley, V.C.; Dyer, D.M. Phosphoric Acid Crystallization Process. Patent No. US4655789A,
7 April 1987.

12.  Wiewiorowski, T.K.; Astley, V.C. Phosphoric Acid Crystallization Process. Patent No. US4655790A, 7 April 1987.

13. Pavonet, EW. Method for Purifying Phosphoric Acid. Patent No. US3970741A, 20 July 1976.

14. Koopman, C.; Witkamp, G.J. Extraction of lanthanides from the phosphoric acid production process to gain a purified gypsum
and a valuable lanthanide by-product. Hydrometallurgy 2000, 58, 51-60. [CrossRef]

15. Koopman, C.; Witkamp, G.J. Ion exchange extraction during continuous recrystallization of CaSO4 in the phosphoric acid
production process: Lanthanide extraction efficiency and CaSO4 particle shape. Hydrometallurgy 2002, 63, 137-147. [CrossRef]

16. Khaless, K.; Kossir, A. Process for Purifying Phosphoric Acid by Nanofiltration. Patent No. CA2870066A1, 12 September 2013.


http://doi.org/10.1016/j.egypro.2012.05.134
http://doi.org/10.1016/S0011-9164(02)00558-1
http://doi.org/10.1016/j.hydromet.2018.12.011
http://doi.org/10.1016/S1383-5866(02)00048-5
http://doi.org/10.1016/j.seppur.2006.02.009
http://doi.org/10.1080/01496398308060289
http://doi.org/10.1016/S0304-386X(00)00127-4
http://doi.org/10.1016/S0304-386X(01)00219-5

Separations 2022, 9, 100 11 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.
36.
37.
38.
39.

40.

Navarro, R.; Gonzalez, M.P.; Saucedo, 1.; Avila, M.; Pradanos, I>.; Martinez, F.; Martin, A.; Hernandez, A. Effect of an Acidic
Treatment on the Chemical and Charge Properties of a Nanofiltration Membrane. J. Membr. Sci. 2008, 307, 136-148. [CrossRef]
Tanninen, J.; Ménttari, M.; Nystrom, M. Effect of electrolyte strength on acid separation with NF membranes. J. Membr. Sci. 2007,
294, 207-212. [CrossRef]

Luo, D.; Liu, S.G,; Li, N.B.; Luo, E.Q. Water-soluble polymer dots formed from polyethyleneimines and glutathione as a fluorescent
probe for mercury(Il). Microchim. Acta 2018, 185, 284. [CrossRef] [PubMed]

Nedel’ko, V.V.; Korsunskii, B.L.; Dubovitskii, FI.; Gromova, G.L. The thermal degradation of branched polyethylenimine. Polym.
Sci. USSR 1975, 17, 1697-1703. [CrossRef]

Gao, J.; Sun, S.-P.; Zhu, W.-P.; Chung, T.-S. Green modification of outer selective P84 nanofiltration (NF) hollow fiber membranes
for cadmium removal. ]. Membr. Sci. 2016, 499, 361-369. [CrossRef]

Aboulhassane, A.; Idrissi, A.N.E.; Bounou, Y.; Zakaria, D. 29% P,0Os5 Phosphoric Acid Desulphation: Improving the Performance
of the Unit of Concentration. Am. J. Anal. Chem. 2019, 10, 65-75. [CrossRef]

Najah Elidrissi, A.; Aboulhassane, A.; El Hadrami, A.; Dahbi, M.; Ibno Namr, K.; Zakaria, D. Calcite-based material for
desulphation of the 29% in P,Os phosphoric acid: Characterization, modelling and optimization. Nanotechnol. Environ. Eng. 2021,
6,23. [CrossRef]

Bisang, ].M.; Bogado, F.; Rivera, M.O.; Dorbessan, O.L. Electrochemical removal of arsenic from technical grade phosphoric acid.
J. Appl. Electrochem. 2004, 34, 375-381. [CrossRef]

Ren, Y,; Duan, X.; Wang, B.; Huang, M.; Li, J]. Numerical and Experimental Investigation of Arsenic Removal Process from
Phosphoric Acid by Vertical Zone Melting Technique. Ind. Eng. Chem. Res. 2012, 51, 4035-4040. [CrossRef]

El-Asmy, A.A ; Serag, H.M.; Mahdy, M.A.; Amin, M.I. Purification of phosphoric acid by minimizing iron, copper, cadmium and
fluoride. Sep. Purif. Technol. 2008, 61, 287-292. [CrossRef]

Eyal, A.; Hajdu, K.; Baniel, A. Wet process phosphoric acid defluorination by amine-based extractants. Solvent Extr. Ion Exch.
1984, 2, 659-675. [CrossRef]

Al-Fariss, T.F; Ozbelge, H.O.; El-Shall, H.S. On the Phosphate Rock Beneficiation for the Production of Phosphoric Acid in Saudi
Arabia. . King Saud Univ. Eng. Sci. 1992, 4, 13-31. [CrossRef]

Chaabouni, A.; Chtara, C.; Nzihou, A.; Feki, H. Study the Nature and the Effects of the Impurities of Phosphate Rock in the Plants
of Production of Phosphoric Acid. |. Adv. Chem. 2008, 7, 1296-1299. [CrossRef]

Sun, S.P.; Hatton, T.A.; Chung, T.S. Hyperbranched Polyethyleneimine Induced Cross-Linking of Polyamide—imide Nanofiltration
Hollow Fiber Membranes for Effective Removal of Ciprofloxacin. Environ. Sci. Technol. 2011, 45, 4003-4009. [CrossRef] [PubMed]
Diallo, H.; Rabiller-Baudry, M.; Khaless, K.; Chaufer, B. On the electrostatic interactions in the transfer mechanisms of iron during
nanofiltration in high concentrated phosphoric acid. J. Membr. Sci. 2013, 427, 37-47. [CrossRef]

Elyayaoui, A.; Boulhassa, S.; Guillaumont, R. Complexes of cadmium with phosphoric acid. J. Radioanal. Nucl. Chem. 1990,
142,403-415. [CrossRef]

Senanayake, G.; Jayasekera, S.; Bandara, A.M.T.S.; Koenigsberger, E.; Koenigsberger, L.; Kyle, J. Rare earth metal ion solubility in
sulphate-phosphate solutions of pH range —0.5 to 5.0 relevant to processing fluorapatite rich concentrates: Effect of calcium,
aluminium, iron and sodium ions and temperature up to 80 °C. Miner. Eng. 2016, 98, 169-176. [CrossRef]

Kim, E.; Osseo-Asare, K. Aqueous stability of thorium and rare earth metals in monazite hydrometallurgy: Eh-pH diagrams for
the systems Th—, Ce—, La—, Nd—(PO,)-(SO4)-H;O at 25 °C. Hydrometallurgy 2012, 113-114, 67-78. [CrossRef]

Wood, S.A. The aqueous geochemistry of the rare-earth elements and yttrium. Chem. Geol. 1990, 82, 159-186. [CrossRef]
Habashi, F. Extractive metallurgy of rare earths. Can. Metall. Q. 2013, 52, 224-233. [CrossRef]

Chinaryan, V,; Bazant, M.Z.; Rubinstein, I.; Zaltzman, B. Effect of concentration polarization on permselectivity. Phys. Rev. E 2014,
89, 012302. [CrossRef]

Sablani, S.; Goosen, M.; Al-Belushi, R.; Wilf, M. Concentration polarization in ultrafiltration and reverse osmosis: A critical review.
Desalination 2001, 141, 269-289. [CrossRef]

Amin, M.L; Ali, M.M.; Kamal, H.M.; Youssef, A.M.; Akl, M.A. Recovery of high grade phosphoric acid from wet process acid by
solvent extraction with aliphatic alcohols. Hydrometallurgy 2010, 105, 115-119. [CrossRef]

Li, YL, Xiang, S.; Zeng, H.T.; Wang, J.P.; Wang, Q.D. The Corrosion Behavior of 304L and 316L Stainless Steel in Food Grade
Phosphoric Acid Solutions. AMM 2011, 109, 28-31. [CrossRef]


http://doi.org/10.1016/j.memsci.2007.09.015
http://doi.org/10.1016/j.memsci.2007.02.042
http://doi.org/10.1007/s00604-018-2817-3
http://www.ncbi.nlm.nih.gov/pubmed/29736879
http://doi.org/10.1016/0032-3950(75)90172-0
http://doi.org/10.1016/j.memsci.2015.10.051
http://doi.org/10.4236/ajac.2019.103006
http://doi.org/10.1007/s41204-021-00120-5
http://doi.org/10.1023/B:JACH.0000016611.62284.70
http://doi.org/10.1021/ie2027553
http://doi.org/10.1016/j.seppur.2007.11.004
http://doi.org/10.1080/07366298408918469
http://doi.org/10.1016/S1018-3639(18)30553-1
http://doi.org/10.24297/jac.v7i2.5560
http://doi.org/10.1021/es200345q
http://www.ncbi.nlm.nih.gov/pubmed/21456576
http://doi.org/10.1016/j.memsci.2012.08.047
http://doi.org/10.1007/BF02040310
http://doi.org/10.1016/j.mineng.2016.07.022
http://doi.org/10.1016/j.hydromet.2011.12.007
http://doi.org/10.1016/0009-2541(90)90080-Q
http://doi.org/10.1179/1879139513Y.0000000081
http://doi.org/10.1103/PhysRevE.89.012302
http://doi.org/10.1016/S0011-9164(01)85005-0
http://doi.org/10.1016/j.hydromet.2010.08.007
http://doi.org/10.4028/www.scientific.net/AMM.109.28

	Introduction 
	Materials and Methods 
	Results and Discussion 
	The Effect of PEI on Membrane Permeability and Selectivity 
	Analysis of Membrane Selectivity 
	Analysis of Membrane Permeability 

	Stability of Functionalized Membrane 
	Purification of Phosphoric Acid 
	Concentration Polarization 
	Evaporation of Purified Phosphoric Acid 
	Industrial Pilot Scale 

	Conclusions 
	References

