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Membrane processes are used for drinking water production and medical applications to remove and/or produce
viruses using organic membranes. It appears that backwashing is not sufficient to remove all the viruses stopped
by the membrane. The use of “one-shot” membranes or chlorinated solution filtration can be considered with an
additional cost and accelerated aging of the membranes respectively. The inactivation of bacteria, spores and/or

viruses has been demonstrated by the use of supercritical fluid. The use of a supercritical CO, treatment of
organic membranes is studied with the aim to investigate the impact of this treatment on the membrane per-
formances and on virus destruction. It is demonstrated that whatever the operating conditions, the membrane
materials and the application modes, the permeability and the retention of the membrane are not impacted. TEM
observation of the viruses after treatment shows no virus integrity.

1. Introduction

Ultrafiltration is a process widely used in industrial applications and
particularly for water treatment. Its performance in removing bacteria
[1] and virus [2,3], and producing a stable and high quality permeate
[4]. To replace conventional production processes, ultrafiltration (UF) is
the most widely used process in drinking water production (Mierzwa
et al., 2012). Hollow fibres and organic membranes are generally
preferred because less expensive and with a higher compacity [5].
Moreover, even if they are more sensible to temperature and extreme pH
conditions, mechanical properties are interesting because they combine
robustness and flexibility and present a resistance to chemicals such as
chlorin, used for chemical cleanings, in reasonable concentrations.
Initially made in cellulose acetate since their introduction in the 90s, the
most frequently used membranes nowadays are polyether sulfone (PES)
and polyfluorure vinylidene (PVDF) [6]. Beside water treatment, ultra-
filtration is increasingly used in medical applications [7]. However,
membrane process presents an inconvenient: the membrane fouling
which is the limiting factor for the ultrafiltration development [8].
Inactivating and/or eliminating virus and bacteria settled on membrane
surface or inside membranes pore might be necessary in different con-
ditions: for example, in biomedical applications or when the membrane
process is stopped for a long time and microorganisms must be elimi-
nated to prevent biofouling and membrane degradation over time for
example and to obtain sterilizable and safe membranes in the fields of
drinking water, food and pharmaceutical industry (Hicke et al., 2002).

* Corresponding author.
E-mail address: philippe.moulin@univ-amu.fr (P. Moulin).

There is indeed, in medicine, pharmaceutical and food industry a strong
demand for safely sterilizable membranes. The use of oxidative chem-
icals is one of the solution to clean membranes but they have been shown
to have negative impacts on membrane stability in terms of surface
morphology and membrane performances [9]. UV radiations is known
to be effective to inactivate microorganisms but [10] demonstrated that
the structure and the performance of polymeric membranes were
modified by this process even within few minutes (2 min) of exposure.
To face those sterilization problems Hicke et al. [60] even investigated
the preparation of a polymer membrane resistant to solvent and auto-
clave treatment. Supercritical fluids with intermediate properties be-
tween those of liquids and gases are present in a broad range of
industrial application [11] such as extraction of components of interests
from microalgae [12] or oil from argan seeds [13], medical applications
such as the elaboration of lutein-loaded nanoliposomes [14] or the
production of sustained drug delivery [15]. The possibility of inacti-
vating microorganisms using supercritical fluids is known for decades
with Dean Fraser who validated the use of CO5 under pressure for the
inactivation of E.coli [16]. Since, its efficiency for microorganisms
inactivation was validated for bacteria [17] and even virus [18,19] and
bacterial spore [20,21]. Among the different fluids studied, supercritical
CO2 (SCCOy) is a key interest considering that supercritical conditions
are reached at mild pressure (P = 7.39 MPa) and temperature (T =
31.1 °C). Moreover, unlike organic solvents, SCCO5 has several advan-
tages: “green”, totally neutral, non-toxic, non-polluting and
non-flammable. Therefore, there is an increasing interest for the
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sterilization of materials using supercritical fluids especially in medical
applications where conventional treatments such as steam, ethylene
oxide or gamma irradiation, may impact the integrity of the treated
material [22-24]. For instance, Bennet et al. [25] investigated the ster-
ilization of personal protective equipment (PPE) (surgical masks, cloth
masks, N95 respirators) the SCCO, process used with additives led to a
complete inactivation of coronavirus HCoV-NL63 and SARS-CoV-2 with
no modification observed on PPE integrity (morphology and topo-
graphical structure). The use of additives may be necessary to reach
complete sterilization or modify other parameters. For instance, Hem-
mer et al. [20] showed that with a temperature of 105 °C, two spores,
Geobacillus stearothermophilus and Bacillus atrophaeus spores were
completely inactivated with SCCO, at 300 bar in 25 min. With added
H202 (<100 ppm), 6 log populations of the two targeted spore types
were inactivated in 1 h with a reduced temperature of 40 °C. [26]
studied SCCO, treatment (100 bar, 35 °C) to eliminate biofouling on
reverse osmosis membranes and obtained a reduction of P. aeruginosa
biofilm cells by > 8 log within 30 min without a significant impact on
RO membrane. Different factor can influence the sterilization efficiency
using supercritical treatment such as temperature, pressure, depressur-
ization rate, pressure cycling, temperature, presence of additives or
treatment time, [27]. Modifying those parameters impact the perfor-
mance of sterilization, the impact on material resistance but also the cost
of the treatment.

The objective of this work is to study the membrane resistance to
supercritical treatment under different treatment conditions and the
feasibility of using SCCO5 to inactivate virus on ultrafiltration mem-
branes. Two membrane materials were studied: polyethersulfone (PES)
and PVDF. After verifying the resistance of the membranes to SCCO,
treatment, the inactivation of Tulane virus, a surrogate of norovirus was
studied. The choice of viruses was explained by two reasons: they appear
to be more resistant than bacteria [27] and their size is the same
magnitude as the membrane pore size around 20 nm. The objective was
two-fold: evaluate (i) the resistance of the membranes to supercritical
treatment under different treatment conditions; hydraulic and retention
performances were controlled and (ii) the efficiency of the process to
inactivate the targeted virus using qPCR analyses and MEB observations.
Treatment conditions (pressure, temperature, treatment time,
continuous/semi-continuous) were chosen regarding the resistance of
membrane materials. The feasibility of organic membranes treatment
with supercritical COj is, for the first time, evaluated on the conserva-
tion of the membrane properties and on the inactivation of the viruses
retained by the membranes.

2. Materials and methods
2.1. Virus

The virus preparations and analyses are realized in the Laboratoire
de Microbiologie, LSEM-SG2M (Ifremer, Nantes, France) [28]. In some
studies, it is shown that Tulane virus may be a good surrogate for
studying norovirus and the prolonged persistence of Norwalk virus in
oyster tissues is validated.

2.1.1. Viruses, cell culture preparation and analyses
Tulane virus (TV) strain M033 as previously described [29,30].
This virus preparation and analysis is well described [3] and realized
in three parts: (i) Nucleic-acid (NA) extraction, (ii) primers, probes and
rRT-PCR and (iii) rRT-PCR controls and quantification.

2.1.2. Transmission Electron Microscopy

Protocol for the negative staining on Tulane virus is realized in three
steps: (i) an ultra-centrifugation of the solutions is realized at 60 000
RPM during 5 min. (ii) 3 pL of the centrifugated solution are deposited
for 3 min on 200 mesh nickel grids coated with a Formvar film. Before
this deposit, a 15 mA glow discharge is applied on this grid in a sealed

chamber composed of argon during 40 s. Uranyl acetate 1% in distilled
water is added during 1 min. The excess dye is absorbed with ashless
filter paper. (iii) the observation is carried with a Transmission Electron
Microscopy (TEM FEI G2 200kv).

2.2. Ultrdfiltration membranes, modules and retention

2.2.1. Membranes and modules

2 membranes, used industrially for the production of drinking water,
are used and the characteristics are given in Table 1. We chose asym-
metric and anisotropic membrane, because in the case of SCCO; treat-
ment of composite membrane with different layers, a risk of
delamination during foaming was observed [31]. The filtration of these
membranes takes place in the internal-external direction and in
external-internal direction respectively for the membrane A and B.
Membrane modules were made of membrane A or B into a PTFE Tube.
Epoxy plugs are realized to allow in/out frontal filtration and out/in
frontal filtration respectively. After the module potting, membranes
were rinsed (300 L m~2) to remove glycerin as mentioned [32]. Two
pilot plants (Fig. 1) were used in agreement with the filtration mode,
dead-end for the permeability measurement, filtration of virus whatever
the membrane geometry or for dextran retention with single channel
membrane and cross flow for dextran retention test for multichannel
membrane filtration. The membrane module (7) is fed from a tank (4)
pressurized with air (1). The pressure is measured by manometers
(2-6-9) and is regulated by pressure valves (3-5-8-10). The feed rate (A)
is equal to the permeate rate (B). For crossflow filtration, the configu-
ration, shown in Figs. 1-2., allows operation with controlled velocity
and transmembrane pressure. The membrane module (5) is fed by a
centrifugal pump (2) from a tank (1) containing the solution. The
pressure is measured by manometer (4-7-9) and is regulated by pressure
valves (3-8-10). The feed flow (A) measured by a flow meter (6) is
divided into a permeate flow (B) and a retentate flow (C).

2.2.2. Virus filtration

For each experiment, a new module/membrane was used and the
viral concentration in the feed was from 1.0 10° to 3.47 10’ RNA copies
mL ! due to the volumic concentration factor. All filtration experiments
were performed in vertical dead-end filtration mode using the lab-scale
setup presented in Fig. 1 to be close to production mode. Pure pressur-
ized air was connected to the tank containing virus suspensions which
was itself connected to the module. Dead-end filtration was carried out
at a constant TMP (0.3 bar). The permeate mass was recorded and all
experiences were carried out at room temperature (20 °C & 2 °C). At the
end of the filtration, the membrane module was disconnected and the
retentate contained in fiber channels was recovered by backwash with
pure water. From an initial volume of feed solution of 480 mL, 80 mL are
used to validate the initial concentration (80 mL is the minimal value for
qPCR). The permeate is collected over time. After filtration, a backwash
of 80 mL is recovered and sampled. This protocol was similar for the two
filtration modes used (i.e. membranes used).

Table 1
Membrane characteristics.
Membrane A Membrane B
Geometry Polymeric multichannel hollow Single
fibers (7 channels) channel
Material PES PVDF
Internal — external diameter 0.9-4 0.38-0.72
(mm)
Membrane permeability (L 700 + 100 500 + 50
h™'m™2bar™})
Pore size (nm) 20 15
Number of membranes per 1 30
module
Dead end filtration mode Int-Ext Ext-Int




Fig. 2. Process diagram of the experimental setup: (E1) cooler, (E2) hot
circulator bath, (P) CO2 high pressure liquid pump, (Al and A2) high pressure
tubes, (MV1 and MV2) micrometric valve.

2.2.3. Permeability

Before each experiment the initial membrane permeability is eval-
uated with Evian water by drawing the variation of the permeate flux at
20 °C as the function of the TMP. After each SCCO, treatment, a mea-
surement of permeability was realized and compared to the initial value.

2.2.4. Retention evaluation by dextran filtration

The membrane module was rinsed during 15 min with a trans-
membrane pressure of approximately 1 bar and the initial permeability
was measured. The temperature of the experiment was 20 °C. In the 1 L
beaker, 6 g of T500 dextran (C = 2.0 gL™!) and 0.3 g of NaN5 (C=0.1 g
L) were weighted and approximately 500 mL of ultrafiltered water to
dissolve the solutes was added. After a shake with a magnetic stirrer
during 15 min, the solution was transferred to the 5 L beaker and make
up to 3 L with ultrafiltered water. A feed sample (about 20 mL) was
collected: it is to measure the value of the feed solution. The feed tank
was feed with about 2.5 L of the dextran solution (20 °C). A feed screw
pump ensures the fluid circulation and controls the fluid velocity into
the module (Reynolds number = 1,500). The retentate and the permeate
of the membrane module were recycled in the feed tank. The trans-
membrane pressure was gradually increased by closing the valve (0.3,
0.6 and 1 bar). The circulation flow rate was measured using a float
flowmeter and permeate mass by using an electronic balance (Am = +
0.01 g). After 15 min of filtration at the considered PTM, the inlet and
outlet pressures were recorded and a permeate was sampled (about 20
mL) for the retention measurement before the gradually increase of the
TMP.

A high precision densimeter (DMA 5000 M) which a precision of
0.000005 g cm™> was used to determine the dextran concentration by

density and volumic weight measurements (References: air density =
0.001192 g cm ™ at 20 °C and distilled water density = 0.998192 g cm ™3
at 20 °C). Before each measurement, the device reliability was verified
with distilled water. A refractometer (Anton Paar - Abbemat 500) was
also used. So, the dextran retention was calculated using refractometer
index, density and volumic weight. The retention was the same using by
these 3 parameters.

2.3. SCCO, treatment

The membranes treatment by SCCO; is carried out in autoclaves
charged with CO; in batch mode. The experimental set-up is shown in
Fig. 2. Initially the membranes were placed in high pressure tubes (in-
ternal diameter: 0.8 cm, length: 30 cm - A1 and A2). Once the tubes were
reconnected to the set-up, they were charged with CO5 until the working
pressure was reached (100 or 150 bar). The CO5 was stored in liquid
form in high pressure tanks. It is then cooled in a cold bath (Selecta
Frigiterm - E1) to —5.5 °C before reaching the high-pressure liquid pump
(Jasco PU-4386 - P). At the pump outlet, the CO, was preheated to
working temperature (35 °C) thanks to a hot bath operating with an
immersed heating resistance (Fisherbrand Polystat - E2) before being
sent to the tubes. The CO, injection was stopped when the pressure in
the tubes containing the membranes reaches the working pressure. Once
the working pressure was achieved, the tubes were isolated from the rest
of the process by valves and the membranes remain in contact with the
COg during the different treatment times (20 min and 2 h). The auto-
claves were immersed in the hot bath (E2) in order to maintain a tem-
perature of 35 °C during all the experiment. When the time was
achieved, the whole system was depressurized with two micrometrics
valves (MV1 and MV2) by keeping a depressurization rate of 5 bar min !
during the complete depressurization process. The microvalves
arrangement allows to depressurize at several time the two autoclaves.
The membranes were finally recovered for characterization when the
system return to atmospheric pressure.

3. Results
3.1. Effect of supercritical fluid on membrane performances

First, the performance of the membrane in terms of permeability and
retention will be evaluated before and after supercritical treatment. For
this purpose, the ratios Lp/Lpy and RR/RR representing respectively
the ratio between the permeability and the initial permeability and the
ratio between the retention and the initial retention will be presented
according to the operating conditions.

3.1.1. Impact of treatment conditions (pressure and contact time) and
membrane material

Since the membranes are organic, the temperature for the experi-
ments was set at 35 °C. A temperature of 35 °C allows to work with CO2
in supercritical form while respecting the operating temperature range
of the membranes given by the manufacturer. The conditions of pressure
and contact time were chosen according to the literature [27]. Fig. 3
shows that whatever the conditions of pressure and contact time, the
retention and permeability values remain constant. It should be noted
that the retention was evaluated by density measurements and refrac-
tometry. These conclusions remain valid regardless of the membrane
material for the highest-pressure condition as shown in Fig. 4.

3.1.2. Impact of operating mode

SCCO, for membrane treatment could be used sequentially after
filtration or after chemical regeneration or backwash. Also, the same
experiments were conducted on several cycles in batch (the first cycle
consisting of 1h30 + 2 h + 2 h treatment time and the second cycle
composed of 3h + 4 h + 4 h treatment time) and continuous (11h30
treatment time) mode. Fig. 5 shows that whatever the mode and the
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Fig. 5. Variation of permeability and dextran retention after SCCO, treatment
for different operating mode [Pressure = 150 bar, T = 35 °C].

contact time of the SCCO» treatment, the permeability and retention of
the membrane were not impacted.

Regarding the different applications combining membrane processes
and SCCO,, such as membrane reactor/contactor, supercritical assisted
ultrafiltration, solvent recovery or extraction, inorganic membranes are
preferred because of their higher stability. Organic membranes also have
their place in supercritical conditions but their mechanical and chemical
resistance must be verified under the conditions of pressure and tem-
perature applied [33-36]. As expected, the membrane compaction does

not occur, no modification of the permeability, due to the fact that only a
contact between membrane and SCCO, occur and not a filtration.

Then, evaluating the retention and permeability of ultrafiltration
membrane after treatment in this study is essential to guarantee that
SCCO; doesn’t impact membrane integrity with the applicated oper-
ating conditions. Supercritical COy properties (density close to liquid
density and diffusivity close to gas diffusivity) allows a fast solubiliza-
tion of SCCO; in polymers [58]. These strong solubilities may cause
plasticization and swelling of materials, with a modification of the me-
chanical and physical properties with a lower glass transition tempera-
ture and melting temperature [37,38]. Poly(vinylidene fluoride) (PVDF)
have a high melting temperature (Ty,) at 160-180 °C. According to Shieh
et al. [39], although Ty, of PVDF is near 160 °C, melting is observed at
140 °C under pressure conditions of COy of 283 and 473 atm. The
COs-assisted melting of PVDF recrystallizes during depressurization of
CO,, leading to an increased thickness of crystal layers but an insignif-
icant change in thickness of amorphous layers. These results were
confirmed by Shenoy et al. [40] that observed a minimum Tm of 135 °C
at 483 bar. The glass transition temperature of PES is 503 K, and this
polymer presents a good chemical and thermal stability. Modification of
PES war observed with membranes prepared for gas separation with
polyamide copolymer layer or a polyvinyl alcohol (PVA) layer on top of
the PES support membrane exposed to SCCO, at 15 MPa and 313 K for
6-8 h. A flux increment of about 30-50% polymeric structure is
changing, traducing swelling and plasticization effects of layers [41].

The condition applied in the present study (pressure maximum =
150 bar, temperature of 35 °C) are significantly softer and confirm these
results. However, according to Masmoudi et al. [42] the presence of
co-solvent such as water and the depressurization rate are parameters
that will influence the resistance polymer to supercritical treatment. The
depressurization rate applied (5 bar min~?) is considered low by the
same authors and the presence of water within the membrane didn’t
lead to membrane degradations according to the analyses realized. PES
and PVDF membranes resist to SCCO, treatment with the chosen con-
ditions applied of pressure, temperature, presence of water, contact
time, pressurization/depressurization cycles and depressurization rate.
The other materials that compose PES membrane module are polyvinyl
chloride and/or polylolefine. These specific materials composing the
membrane module have not been exposed to the SCCO5 conditions, so it
is difficult to conclude on their stability but some informations can be
found in literature. Polyolefin fibres show a good stability in supercrit-
ical CO; at temperatures of up to 120 °C and pressures of 280 bar [43].

PVC is a thermosensitive polymer and may face modification when
treated with SCCO5 in the conditions of pressure, temperature and
contact time tested in the study [44] but also depend of the depressur-
ization rates. Therefore, the stability of the specific components of the
module will have to be effectively conducted.

3.2. Inactivation of virus

Virus filtration was conducted on Tulane viruses, surrogated for
human norovirus, for (i) safety of use and (ii) this virus is well retained
by PES membrane for high concentration [3]. Microscopic observations
(TEM) (Table 2) of the solutions obtained after filtration and backwash
show integrated viruses presenting a spherical capsid of 30 nm in
diameter in agreement with literature data. In order to study the virus
inactivation on membranes by SCCO, treatment, it would have been
preferable to analyse by TEM the membrane surface. Microscopic ob-
servations of organic membranes for sizes close to nm (viruses and pore
size) are difficult [45-47], and require special preparations before ob-
servations (metal deposition under vacuum) which could have impacted
the integrity of the viruses. To avoid these effects, backwash water was
studied even if we cannot conclude that no virus will remain on the
membrane after SCCO, treatment. After passage through the SCCO,
treatment, it appears that these integrated viruses are no longer present
and show either an empty capsid, destroyed or very small sizes of the



Table 2

TEM observation of the backwash solution after SCCO, treatment for different pressures [PES membrane, T = 35 °C, Contact time = 2 h].

Operating conditions Active virus (%)

Empty virus (%)

Destroyed virus (%) Virus with a size

- Pressure (bar) <20 nm (%)
100 0 46.7 33.3 20.0
150 30.8 50.0 19.2

100 nm 100 nm 100 nm

order of 10-15 nm indicating the destruction of the viruses. TCID 50
(Median Tissue Culture Infectious Dose) analyses were realized to verify
the viral titer. After cultivation of cells on well plate and incubation, the
percentage of infected wells was determined for several dilutions, to
obtain the TCID50. The monitoring of virus growth on culture media for
7 days for a SCCO, treatment (2 h, 150 bar, 35 °C, PES membrane) show
a non-infectivity of the virus, but these preliminary results must be
confirmed with replicate.

The proposed mechanisms of microbial inactivation by supercritical
fluids are, first, the acidification of the medium during SCCO, treatment
that impact the resistance of microorganisms to inactivation and in-
crease cell permeability. Following this membrane rupture leading to
the penetration of CO, within microbial cell, a reaction with cellular
materials results in a reduction of enzymatic activities, cell tear and
damage [27,48,49]. CO; affinity and permeation within the cell mem-
brane has been re-ported in different types of cells [50]. In the case of
virus, SCCO; interactions with envelop seem to be the principal source
of inactivation. Moreover [51], put in light further evidence that pH
changes caused by CO» solubility may involve the enhancement of viral
inhibition. Indeed, pressurized CO, was shown efficient to inactivate
bacteriophages with higher performance than NO; in similar conditions,
the main difference was the pH reached within water during supercrit-
ical treatment. Furthermore, the inactivation efficiency was also
compared with HCI and, even though identical pH values were obtained
in the two conditions, pressurized CO3 led to a higher reduction of virus.
This is explained by the authors because normal acids are not able to
penetrate the protein coat of phage. Inactivation of microorganisms by
SCCO; is linked to conditions of treatment (pressure, temperature,
contact time and cycles of pressurization/depressurization), the kind of
microorganism and the presence of co-solvent. Indeed, the use of SCCO,
may not be efficient to reach total sterilization especially regarding the
inactivation of bacterial spores and virus which are more resistant to
physical treatments. Fages et al. [52] validated the inactivation using
SCCO;, of four viruses, enveloped and non-enveloped (HIV-1, Sindbis,
Polio Sabin type I and Pseudorabies) at a higher pressure, 250 bar, 50 °C
and a contact time of 10 min. Inactivation of virus was obtained without
additive under operating conditions similar to those applied for this
study. For instance, at temperatures of 40-50 °C, a pressure of 160 bar
for 45 min, SCCO; lead to a virus inactivation in a heat-sensitive
biomaterial [27] but for enveloped viruses which are less resistant
than non-enveloped viruses, like the targeted Tulane virus in this work.

Then, the use of SCCO, combined with a sterilant or a co-solvent,
such as peracetic acid or hydrogen peroxide, can be necessary [19,
53]. Among the studied co-solvent, water was proved to be a key factor
for inactivation of bacteria and fungo spores [50,54,55]. This indicates
that water is key to this treatment, as it serves as the medium in which
the microbial cells are inactivated [56,57]. Also, in the present study, as
our membranes are not dried between the virus filtration step and the
SCCO; treatment, water is still present in pores and may act as a
co-solvent enhancing virus inactivation. The SCCO, treatment resulted
in an inactivation of non-enveloped viruses with relatively low oper-
ating conditions in terms of contact time, temperature, and pressure. As
this kind of virus is known to be more resistant than enveloped viruses

and bacteria, an efficient inactivation of these microorganisms too on
ultrafiltration membrane could be expected with these treatment con-
ditions: temperature of 35 °C, pressure 100 or 150 bar and contact time
of 20 min or 120 min, depressurization rate of 5 bar min~! and absence
of drying step of the membranes before treatment.

For commercial uses, as in the case of water treatment, few viruses
remain on the membrane surface after a backwash [2], pharmaceuti-
cal/medical applications will be more targeted. In this case, a module
with a large specific area (m™1) is used with a low volume and are
suitable for autoclave treatment as implemented in this study. To be
noted that the inactivation efficiency was evaluated only with a solution
containing only viruses. In the case of more complex solution (macro-
molecules, colloidal material and/or particles), difficult SCCO access to
microorganisms might be observed [27,59].

4. Conclusion

The SCCO,, treatment proved to be a possible robust alternative to
the organic membrane for virus inactivation. The hydraulic and reten-
tion performances are maintained after a SCCO; treatment whatever the
operating conditions of pressure (100-150 bar) and contact time (20,
120, 660 min), for a temperature of 35 °C, whatever the membrane
material (PES, PVDF) studied and whatever the operating mode
(continuous, semi-continuous). It is the first time that these results of
impact of SCCO; on hydraulic performances are presented for organic
membranes. Regarding the inactivation of viruses, SEM analyses showed
the performance of SCCO; treatment in our conditions toward Tulane
virus with an absence of visible active virus. Acidification of the medium
during SCCO, treatment may be the mechanism of inactivation of
Tulane virus and the presence of water within membranes may enhance
the treatment performance. It must be noted that the observation of
virus inactivation was only realized on virus recovered from backwash
and not the totality of virus because a part of them might be still present
on membrane, even the SCCO; is present everywhere around the
membrane. This present work aimed to demonstrate the feasibility of
SCCO; treatment of organic membranes. The next step would be the
study of complex matrix containing virus, the validation of the module
stability considering the presence of other components and more
detailed analysis of the viruses in the membrane to tend towards a
sterilization of the membrane. Finally, deeper analyses could be per-
formed to assess the total integrity (ATR-FTIR spectra, FE-SEM surface
morphological imaging) and surface properties of the membrane (hy-
drophilicity/hydrophobicity, surface roughness, and surface charge).
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