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Abstract: Various techniques have been used to “clean-up” wet-process phosphoric acid such as
precipitation, flotation and adsorption. To address the potential of membrane processes in the
phosphoric acid clarification process, this study explores the benefits of membrane techniques as
a green separation technique for phosphoric acid clarification in an eco-efficient way through the
use of recycling spent reverse osmosis membrane. Regenerated membrane was used to study the
phosphoric acid clarification at a laboratory scale. They were immersed in an oxidizer for at most
seven days. The samples were characterized systematically before immersion in an oxidant media.
In this study, the potential to regenerate spent membranes and application of this media to clarify
the 29% P,Os5 phosphoric acid was demonstrated. This study shows, through experiments, that the
reverse osmosis (RO) membranes could achieve a rejection of 70% and 61% for suspended solid and
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organic matter, respectively. These promising results will pave the way for implementation of these
membranes in phosphoric acid treatment. Moreover, besides being economically advantageous, the
use of the spent membrane is likely an environmentally friendly route (no waste, no organic solvent
and effluent to be regenerated later on).
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1. Introduction

Desalination of seawater using reverse osmosis (RO) is widely considered to be the
most efficient and profitable way not only to produce of fresh water for populations but
also to treat water for industrial uses [1]. The large amount of solid waste generated from
RO plants in terms of spent membranes should be correctly managed. As reported by

Landaburu-Aguirre et al., globally, more than 840,000 end-of-life membranes are disposed,
which is equivalent to more than 14,000 tons per year [2]. In most of cases, the spent
membranes are commonly disposed to landfill in the classical waste management ap-
proach [3]. Nowadays, sustainable management of end-of-life membranes is a challenge
for desalination industries. Chemical oxidative treatment (or chemical conversion) is one
of most common and feasible spent RO membrane recycling approaches and has been
adopted by several researchers [3-5]. Coutinho de Paula et al. evaluated an environmental
and economic evaluation of the benefits of recycling end-of-life RO membranes based on
chemical oxidation of an aromatic polyamide-based active layer using sodium hypochlo-
rite (NaClO, 10-12%) [3]. They showed that the recycled membrane has the features and
performance of an ultrafiltration (UF) membrane. Garcia-Pacheco et al. treated spent RO
membranes chemically using concentrated solutions of free chlorine to convert to nanofil-
tration membranes [6]. The recycled membrane was used for treating natural brackish
water at the pilot scale and it is shown that the nanofiltration membrane has kept their
performances during the four months of filtration.
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Fouling is generally caused by the accumulation of suspended materials originating
from organic, inorganic, biological and colloidal species on the membrane [7]. These
substances contribute to the physical, chemical or biological degradation of the active layer
affecting the performance of the membrane in terms of permeability and selectivity [8].

Wet-process phosphoric acid (WPPA) is produced from the acidic attack of phosphate
rock [9], which is an important intermediate in the manufacturing of fertilizers and the
production of purified acids for the food industry, pharmaceutical products and surface
treatments [10]. Various treatments have been used to clarify WPPA such as coagulation floc-
culation, decantation, adsorption and membrane filtration [11]. Coagulation/flocculation
is the most economical technique for removal of suspended solids from liquid. How-
ever, this technique does not eliminate organic matter and produces a large amount of
sludge that requires further processing. The membrane processes especially microfiltra-
tion and ultrafiltration are emerging separation techniques to remove particles based on
their size [12]. Generally, WPPA contains a variety of impurities including suspended
solids, soluble compounds as well as organic matter originating mainly from rock phos-
phate [13]. Clarification is an important step in the purification process of phosphoric acid
not only to increase the purity of produced acid, but also to avoid some technical problems
in industrial installations. A study by Graza et al. reported the possibility of removing Pb?*
in an acid medium composed of phosphoric acid and perchloric acid by ultrafiltration using
sodium dodecyl sulphate (SDS) as a surfactant [14]. In optimal conditions of pressure and
SDS concentration, the retention rate obtained was 99%, which generated a concentration
of 0.24 ppm instead of 20.72 ppm. The present study aims at finding a membrane that is
resistant to aggressive media and capable of clarifying phosphoric acid. The membranes
types used are Minitan-S PTGC OMS10 (Millipore), polysulfone (propylene support) and
have a cut-off of 10,000 Daltons [15]. New Logic American Company has developed a filtra-
tion system for phosphorus compounds using a Vibratory Shear Enhanced Process (VSEP)
that involves a microfiltration membrane module with a specific construction for high-
temperature use. The use of vibrating polymer membranes has an advantage over the use
of filter presses and other conventional methods of clarification. Patent WO2013133684A1
relates to a process developed for the purification of phosphoric acid by nanofiltration.
This process requires a clarification step by the coagulation/flocculation in the upstream
of the nanofiltration process in order to avoid problems related to scaling and clogging
of the nanofiltration membrane besides enhancing the quality of produced phosphoric
acid. Regardless of the scope of application, membranes must frequently undergo cleaning
and/or disinfection procedures in order to eliminate the clogging, which results from the
filtration. This cleaning is responsible for accelerating the aging of membrane materials,
which directly affects the technical and economic performance of membrane processes.
The sustainability of the latter depends on the identification of the main factors responsible
for aging and the understanding of the mechanisms that govern it. Therefore, it is possible
to recycle spent RO membranes for use as ultrafiltration or microfiltration membranes by
removal of the active layer using a strong stripping agent. It is highly likely that these
membranes are capable of filtering solids and macro-impurities that are present in WPPA.
In this study, a process is reported that allows for the recycling of spent membranes taken
from seawater desalination plants or similar plants and their reuse them as microfiltration
or ultrafiltration membranes. The recycling is based on the removal of both the fouling
and active layers of spent membrane using a suitable stripper to avoid damaging the
microporous layer of the membrane [16]. The regenerated membrane was subjected to
clarification of a WPPA to access its performance in terms of flux and rejection of suspended
particles and organic matter.

The goal of this work is to assess the chemical treatment of spent RO membranes
discarded from an industrial seawater desalination plant. Four strong strippers, namely
KMnO,, NaOH, H,O; and TBP, were investigated to chemically remove both the active
and fouling layers of the spent membrane. The converted membrane was applied to a
clarification of WPPA.



Minerals 2021, 11, 637

30f10

2. Materials and Methods
2.1. Chemicals

In this study, several end-of life RO membranes, which were discarded after nine years
of service from the seawater desalination plant of the OCP group, were located in Laayoune,
in the south of Morocco. The used RO membrane is an energy-saving polyamide (ESPA)
with an 8” spiral wound module manufactured by Hydranautics, Oceanside, CA, USA.
Flat-sheet membrane pieces of 0.15 m? were taken out from spent ESPA RO membranes.

WPPA (29 wt.% of P,Os) was produced via the dihydrate process of the OCP group
Jorf Lasfar, El Jadida, Morocco. Sodium bisulfate (NaHSO3, 93 wt.%), hydrogen peroxide
(Hy0O,, 33 wt.%), potassium permanganate (KMnOy, 99.4 wt.%), tributyl phosphate (TBP)
(C12Hp704P, >97 wt.%) and sodium hydroxide (NaOH, 98 wt.%) were purchased from
Solvachim and SNEP Companies, Casablanca City, Morocco. Distilled water was used for
the preparation of solutions and filtration experiments.

2.2. Stripping of Spent Membrane

In this study, both the fouling and active layers of spent ESPA RO membrane were
chemically removed using four strong strippers notably KMnO,4, NaOH, H,O, and TBP.
Initially, the spent membrane was cleaned with water, followed by cleaning using sodium
bisulfate solution (0.2 g/L). Thereafter, the membrane was completely soaked in stripping
solution for between 1 and 7 days. Finally, the stripping solution was neutralized by using
sodium bisulfate solution. The obtained membrane was rinsed several times with water
and then it was kept in water until the use for characterization or filtration.

2.3. Filtration of Wet Process Phosphoric Acid

Microfiltration experiments were conducted on a dead-end stainless steel stirred cell
with effective filtration area of 43 cm? and feed volume of 1 L. The cell was placed on an
anti-vibration table and connected with compressed nitrogen gas to control transmem-
brane pressure (TMP) by means of a needle-point valve. All filtration experiments were
carried out in an air-conditioned room at 25 °C. The volume of permeate was continu-
ously measured at different TMPs during a filtration time of 2 h. The permeate flux Jy
(L h~! m~2) and permeability Ly (L h~! m~2 bar~!) and hydraulic resistance of the mem-
brane Ry, (0.0235 m~!) of the membrane were calculated according to Equations (1)—(3),
respectively [17].

A%

IV = A Xt (1)
P T™MP
1
m = < Lp (3)

where V (L) is the volume of permeate, A (m?) is the effective filtration area, t (h) is the
filtration time, TMP (bar) is the transmembrane pressure and  (2.84 Pa s) is the viscosity
of the permeate. It is worth noting that the flux and permeability were carried with an
accuracy of £2%.

WPPA with a concentration of 29% P, Os was filtered under a pressure of 4 bar at room
temperature. The efficiency of the recycled membrane was evaluated by the measurement
of permeate flux and the rejection of suspended materials and organic matter. The rejection
R (%) is calculated according to Equation (4) [18].

R_(1—Cp>><1oo @)
C

f

where C; is the concentration in the feed and C;, is the concentration in the permeate.
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2.4. Instruments and Analyses

The number of cultivable bacteria per membrane surface was determined according
to the incubation method in a rich nutrient agar medium at 22 °C over of period of 72 h.
In this study, an autopsy was proceeded on the active layer (skin + deposition of fouling),
the size separation and the deposition of fouling. Full examination of the membrane was
performed by chemical and microbiological analysis of the deposit, chemical oxidation tests
(Fujiwara Test), and scanning electron microscopy (SEM) equipped with energy dispersive
spectroscopy (EDS) (Hitachi, Tokyo, Japan). The suspended solids was determined by the
gravimetry method [19], while the organic matter was measured using a Skalar Formacs
TOC analyzer (Breda, The Netherlands). It is worth noting that the suspended solids and
the organic matter were made with & 1% accuracy.

3. Results and Discussion
3.1. Autopsy of Spent RO Membrane
3.1.1. Visual Inspection

The external inspection shows that the general aspect of the outer wrap of spent ESPA
membrane is in a good condition (Figure 1a). It is worth noting that no cracks and/or
any other physical damage were detected, indicating that the spent membranes could
likely support the hydraulic pressure during the filtration application. Therefore, this
could be considered as a favorable indicator in terms of mechanical strength to reuse
spent membranes in ultrafiltration or microfiltration applications after chemical oxidation
treatment [20]. The internal examination of spent ESPA membranes reveals the presence of
a brown deposit on the outer membrane surface (brine side), while the conductive mesh
and the inner surface of membrane (permeate side) are clean (See Figure 1b-d).

w4 B e e R

Figure 1. Photos of spent ESPA membrane: (a) external view of the membrane and the internal view
including (b) outer surface of membrane, (c) conductive mesh and (d) inner surface of membrane.
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3.1.2. Chemical Composition

The deposit collected from the outer surface of the spent membrane was characterized
to quantify the moisture and to analyze the organic and inorganic materials. It was found
that the deposit contained about 67.90% of moisture. The chemical composition of dried
deposit at 105 °C with density of 0.12 mg/cm? is then given in Table 1. It was revealed that
the dry deposit is mainly composed of organic matter (62.33 wt.%), as quantified by weight
loss at 500 °C [21] and the insoluble fraction in HCI presenting 31.03% of the deposit. In
addition, the inorganic impurities are about 4 wt.% including iron oxide and phosphorus
pentoxide (Table 1).

Table 1. Composition of the dry deposit collected from the membrane surface.

Compound Organic Matter Insoluble in HCI  Fe,O3 P,05 CaO MgO CO, Others
wt.% 62.33 31.03 3.02 0.89 <0.10 <0.10 <0.10 2.73

3.1.3. Microbiological Characterization

The number of cultivable bacteria per surface area was determined after incubation
method in rich nutrient agar medium at 22 °C during 72 h. Microbiological analysis of the
spent membrane revealed the presence of microorganisms in different membrane parts.
It was found that the amount of biogrowth in the active membrane layer, feed-rejection
mesh and permeate conductive mesh was respectively 192, 62 and 10 CFU/cm?. It can be
concluded that bacteria were less abundant in the feed-rejection mesh and present in very
low numbers in the permeate conductive mesh.

3.1.4. SEM Examination

Figure 2 corresponds to a topographical image of spent RO membrane obtained by
SEM analysis at low magnification (50x). As can be clearly observed, three regions could
be distinguished: (i) the black area corresponded to the membrane surface, (ii) the gray area
is deposit layer on the surface of the membrane and (iii) the white areas are just particles
in the deposit that was present on the membrane. The EDS analysis of three regions is
illustrated in Figure 3 and it was carried out to investigate their elementary chemical
composition. The sulfur detected in the black area corresponds to polyether sulfone of the
active layer of the membrane. The chemical composition of the white area mainly consists
of Al and Si elements besides the low amount of Na and K, suggesting the presence of
alumino-silicate in the form of clay [22]. The gray area shows the presence of Si, Al, Mg,
Ca and Na elements due to an acculturation of inorganic impurities on membrane surface.

1mm

1

Tmm

Figure 2. SEM micrographs of spent RO membrane: (a) Topographic image and (b) ‘Z-Contrast’ image.



Minerals 2021, 11, 637 6 0of 10

() (b)

o T
| s{
,,Jc;u Ca
xR R e e TS
0 2 4 5 s » R M M ¥ 9
E (ke\)
v (©) Si o (d)
S
0 ﬁ K
h"‘..\-———-—..._“.. I, tl A‘lﬂ .‘,&“.‘b—-—_.ﬂ IR,
DERSRAVESFET " 8 CNIBAEY SIS M ANE (WENR2 TTRIRNRG L gS T IR 1 135 2
E (keV) E (keV)

Figure 3. SEM image (a), and EDS spectra of black area (b), white area (c) and gray area (d) of membrane surface.

3.2. Characterization of Regenerated Spent Membrane

The preliminary tests allowed for the selection of suitable stripping agents for the
degradation of the active layer of spent membrane and these are presented in Table 2.
Figure 4 shows the degradation of the active skin of spent RO membranes treated with NaOH.

Table 2. Preliminary tests for the selection of the stripping agent.

Strippers Visual Remarks During First Day
NaOH Partial degradation of the active layer
KMnOy4 Appearance of the blisters + degradation of the active skin
H,0, No effect on active skin
TBP No effect on active skin
NaOH (50%) +H,O, (50%) No effect on active skin
NaOH (50%) + KMnQOy (50%) Partial degradation of the active

Figure 4. Photos of spent RO membrane (a) after treatment with NaOH and (b) degradation of
active layer.
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3.2.1. XRD

The XRD analysis (Figure 5) shows that the spectra of the three membranes stripped
by different strippers are almost identical. By comparing these spectra with the spectrum
of the non-stripped membrane, it can be noted the quasi-total disappearance of the peak
at 16.8°, which is probably due to crystalline impurity, confirming the degradation of the
fouling layer by the various used strippers.
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Figure 5. XRD diffractograms of the stripped and non-stripped membranes. (a) ESPA non-stripped,
(b) ESPA + NaOH, (¢) KMnOy and (d) ESPA + KMnO,4/NaOH.

3.2.2. Hydraulic Permeability

Table 3 shows the hydraulic permeability of the spent membrane and regenerated
membranes using NaOH, KMnO,4 and KMnO,4/NaOH. It can be revealed from the table
that stripping using NaOH increases approximately 40 times the hydraulic permeability
of the spent membrane. In the case of KMnQy, there was a large increase in the hydraulic
permeability, which could reach 45 times compared to the initial value. This can be mainly
attributed to the composition of the solid deposits on the membrane and removal of active
layer. More importantly, the results show that the hydraulic permeability did not increase
during the next 7 days for all regenerated membranes. This indicates that the regenerated
membranes were chemically stable.

Table 3. Permeability of spent and regenerated membranes.

L, Lh-1m~2bar 1) Lp (Lh-1m~2bar-1)
P P
Membrane 1 Day 7 Days
Spent membrane >1 >1
Regenerated membrane using NaOH 40 40
Regenerated membrane using KMnOy 45 47
Regenerated membrane using KMnO,/NaOH 43 43

3.3. Clarification of Wet Process Phosphoric Acid
3.3.1. Flux

Table 4 shows that WPPA (29% P;0s) flux of regenerated membrane using NaOH is
considerably lower than those regenerated using KMnO4 and KMnO,4/NaOH under the
same operating conditions. The difference in acid flux shows that the dominant cutoff effect.
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Table 4. WPPA flux of regenerated membranes.

Jp (L h-1m—2) Jp (L h-1m—2)
Membrane 1 Day 7 Days
ESPA + NaOH 43 44
ESPA + KMnOy 54 56
ESPA + KMnO4/NaOH 51 51

3.3.2. Rejection of Suspended Particles

It was observed that the rejection of suspended particles using regenerated membrane
treated with NaOH was considerably better than using it regenerated under KMnO;,
treatment for identical operating conditions (Table 5). The difference in rejection rates
confirms that the pore size of the membrane controls the rejection.

Table 5. Suspended particles rejection of regenerated membranes.

Rejection (%) Rejection (%)
Membrane 1 Day 7 Days
ESPA + NaOH 70 69
ESPA + KMnOy 54 56
ESPA + KMnO,/NaOH 65 65

3.3.3. Rejection of Organic Matter

It was also observed that the organic matter rejection using the membrane regenerated
with NaOH was close to that the membrane regenerated using KMnOy for identical
operating conditions (Table 6).

Table 6. Rejection of organic matter using regenerated membranes.

Rejection (%) Rejection (%)
Membrane 1Day 7 Days
ESPA + NaOH 61 54
ESPA + KMnOy4 61 53
ESPA + KMnO, /NaOH 59 59

4. Conclusions

The purpose of this study was to examine: (i) Regeneration of membranes by chemical
stripping of the active layer and fouling layer of spent ESPA RO membranes, and (ii) the
application of the regenerated membranes for the treatment of industrial phosphoric acid,
particularly for the rejection of suspended particles and organic matter.

The autopsy of the spent RO membrane showed the presence of external and internal
clogging deposition of silicates in the form of clay. The experimental results showed that
spent RO membrane was effectively transformed to MF membrane using NaOH, KMnOy,
and KMnOy4/NaOH strippers. Furthermore, the regenerated membranes made it possible
to achieve a rejection of 70% of the suspended materials and 61% of the organic matter.
These results clearly show the potential of adopted process with these materials and could
pave the way for the application of recycled spent RO membranes in the treatment and
clarification of phosphoric acid expanding therefore the applicability of this technology in
the phosphate industry. Finally, findings of the current study might contribute to solve the
environmental [23-25] and economic issues generated by spent RO membranes adopting
chemical conversion to be recycled as membranes for industrial clarification applications
of under harsh conditions.
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