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Fenton oxidation is one of the promising advanced oxidation processes for the efficient elimination of pharma-
ceuticals from wastewater. The strong oxidation ability of this process is attributed to the generation of highly
reactive hydroxyl radicals ("OH) in the solution. In the present study, heterogeneous micro-sized zeolite catalysts
that contain iron have been used in the Fenton-like process. This process enables operation in a wide pH range and
facilitates the reuse of catalysts. Indeed, the coupling of the heterogeneous Fenton reaction with membrane fil-
tration will ensure catalyst retention in the effluent compartment during the continuous water treatment. This
study then investigated the fouling control strategies and membrane long-term stability in the heterogeneous
Fenton reactor. During the filtration of the zeolite catalyst suspension, the critical flux for irreversible fouling was
determined. One of the strategies to control membrane fouling can then be to choose an operating flux below this
critical flux. In the case where a flux value above the critical flux is chosen, the results demonstrated total effi-
ciency of hydrodynamic backwashing to eliminate hydraulically reversible fouling. Concerning the question of
polymeric membrane long-term stability, it has been demonstrated that due to contact with the Fenton medium,
membrane material undergoes oxidation and polymeric chain scissions. This latter is strongly linked to the decline
in the mechanical resistance of membranes. In the tested conditions, despite the degradation to membrane ma-

terial, the critical flux for irreversible fouling remained unchanged on aged membranes.

1. Introduction

The widespread presence of micropollutants in aquatic environ-
ments emerges as a sensitive issue [1-3]. Since most pharmaceuticals
are only partially biodegradable, or even resistant to the conventional
activated sludge process of a wastewater treatment plant (WWTP), re-
fractory pharmaceuticals from all kinds of wastewater are released into
the environment [4,5]. The accumulation of pharmaceuticals in the
aquatic ecosystems poses significant threats to the ecosystem’s sus-
tainability and drinking-water safety [6,7]. As the use of pharmaceu-
ticals dramatically increases, it is becoming increasingly important to
develop and apply more efficient water treatment technologies for the
removal of refractory pharmaceuticals from effluents.

Advanced oxidation processes (AOPs) are proving to be a promising
alternative to traditional wastewater treatment techniques. AOPs gen-
erate a sufficient quantity of highly reactive oxidant species, such as
hydroxyl radicals ("OH) and sulphate radicals (SO,” ~ ) which allow the
degradation of a large range of refractory organic compounds. Among

the AOPs, Fenton oxidation involves hydrogen peroxide as the oxidant
and ferrous ions as catalysts to generate ‘OH. Hydroxyl radicals are
powerful oxidants with a high oxidation potential (2.8 eV). Fenton
oxidation has been extensively studied for several decades and is re-
commended for the elimination of refractory pharmaceuticals [8,9].
Nevertheless, in a traditional Fenton process, the narrow operative pH
window (2-4) limits its application. In addition, the presence of dis-
solved ferrous ions in the solution requires a post treatment before
discharging the final effluents. To overcome these drawbacks, hetero-
geneous catalysts have been used in the Fenton-like process. This pro-
cess enables operation in a wide pH range and facilitates the reuse of
catalysts [10]. Heterogeneous Fenton-like catalysts contain iron solids.
In addition to the use of solid iron-oxide minerals or zero-valent iron, a
wide range of solid supports, such as zeolites, activated carbon or me-
soporous materials are applied [11]. Zeolites have been extensively
studied as Fenton-like catalyst supports for the oxidation of pollutants
in wastewater [12-15].

Furthermore, the coupling of the heterogeneous Fenton reaction with
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membrane filtration e nsures that the catalyst is reused in the reactor.

Hollow-fibre m embranes a re i ncreasingly used i n w ater t reatment in-

dustry, as they exhibit more surface area per unit volume than flat sheet
membranes. They are also flexible for applications at various scales [16].
Therefore, the development of a heterogeneous Fenton membrane reactor
using hollow-fibre membranes is of great interest. An immersed retention
system contributes furthermore to lower energetic consumption com-
pared to an external tangential filtration (e.g. immersed membrane <

0.5 kWhm ~3; external filtration module > 1 kWhm™3) in addition to
being a compact system. Nevertheless, various fouling phenomena in-
volving a cake layer formation or membrane structure and internal pores
blockage have been reported when membranes are used for separating
the catalysts from the reactive medium in Fenton or photo catalysis sys-
tems [17-19]. The catalyst particles in the heterogeneous Fenton mem-
brane reactor potentially accumulate on the membrane surface under the
driving force (transmembrane pressure) and lead to membrane fouling.
Regarding the reversibility of fouling, membrane fouling can be char-
acterized as either reversible or irreversible. A reversible accumulation of
foulants will be partially or totally released from the membrane surface
when transmembrane pressure decreases. An irreversible accumulation of
foulants will remain on the membrane even if the driving force has
stopped. Moreover, irreversible fouling could result in a dramatic de-
crease in flux ( constant p ressure fi ltration mo de) or an in crease in

transmembrane pressure (constant permeate flux m ode), l eadingto a

decline in the process productivity and membrane lifetime. Therefore, the
mitigation of irreversible fouling is of significant interest to the long-term
sustainability of heterogeneous Fenton oxidation systems coupled to
membrane filtration. Previous studies found that irreversible fouling may
be prevented by operating below the critical flux for irreversibility during
the filtration [20,21]. The critical flux for irreversibility is defined as the
permeate flux below which a decline of flux over time (due to irreversible
fouling) does not occur; above critical flux irreversible fouling is observed
[20]. Operating the system below the critical flux for irreversibility can be
an interesting strategy for controlling the irreversible fouling by catalysts
in the heterogeneous Fenton membrane reactor. Additionally, when fil-
tration conditions in a hollow-fibre membrane system lead to irreversible
fouling, hydrodynamic backwashing can be an efficient procedure to re-
move this fouling layer. Fouling will be considered in this case as hy-
draulically reversible. Nevertheless, the efficient removal of fouling by
backwashing depends on both the foulants and the fouling types [22].

Moreover, the long-term efficiency of th e he terogeneous Fenton
oxidation systems coupled to membrane filtration requires investiga-
tion on membrane stability in the heterogeneous Fenton reactive so-
lution. Membrane ageing has been observed when polymeric mem-
branes are exposed to oxidative chlorine solution used for membrane
chemical cleaning [23-25]. Oxidants, such as sodium hypochlorite,
react with membrane material, leading to a chemical change in mem-
brane structure (membrane degradation). Degradation causes detri-
mental effects on membrane performances, including loss of selectivity,
and shortens membrane lifetime by decreasing the membranes’ me-
chanical strength. Previous studies indicate that "OH radicals present in
sodium hypochlorite oxidative solution play an important role in
membrane ageing [23].

It is generally accepted that the traditional homogeneous Fenton
reaction follows a free radical mechanism [26]. Two types of oxidants
are present in the homogeneous Fenton reactive solution: H,O, and
radicals, mainly 'OH that are produced by the Fenton reaction (Eq. (1))
in the presence of catalysts.

H,0, + Fe?* — "OH + Fe** + OH~ @

The mechanisms producing hydroxyl radicals in the heterogeneous
Fenton-like reaction using Fe-loaded zeolites has been less investigated
than those involved in bleach solution and homogeneous Fenton. Two
possible mechanisms can be proposed: a heterogeneous Fenton reaction
mechanism induced by iron surface species on the zeolite and a

homogeneous Fenton reaction mechanism induced by leached iron in
the solution [27]. So, the molecules within the solution may either be
oxidized by the reactive species (that are generated by the iron leached
into the solution), or oxidized by the iron species (that are located at the
external surface of zeolites) [28]. Concerning membrane degradation
by oxidants in the reactive medium, we could expect less degradation of
membrane material in the heterogeneous Fenton suspension than in
bleach or in homogeneous Fenton solution. This is expected if, on one
hand, iron leaching is negligible and/or, on the other hand, the physical
contact between catalysts and the membrane is reduced, scilicet in the
case of low catalysts fouling. To elucidate this point, membrane ageing
phenomena in a heterogeneous Fenton system requires specific in-
vestigation.

Few studies considered membrane coupling with heterogeneous
Fenton reactors. Zhang et al. [17] investigated a heterogeneous Fenton-
like membrane reactor using Y-shape zeolite slurry catalysts. In their
study, the degradation efficiency of target organic dye, acid orange II,
reached 97% in the reactor with an operating flux below a critical flux,
this latter being estimated by the stepwise flux increase method. The
durability of membranes was discussed through the monitoring of
membrane flux vs. soaking time in the Fenton-like solution. In these
tests, the authors underlined some inconsistent observations between
no noticeable change in flux and a decrease in membrane weight. This
latter can be attributed to membrane oxidation.

The present work exploits the heterogeneous Fenton hollow-fibre
membrane (HFHFM) reactor for the degradation of pharmaceuticals
from water. The objective of this study is to progress in membrane
fouling management and in long-term stability analysis in a hetero-
geneous Fenton-like suspension. Considering their high catalytic ac-
tivity and their good recycling capacity, the micro-sized Fe-zeolite
catalyst, Fe-ZSM5, was used. Hollow-fibre membranes were immersed
into the heterogeneous Fenton reactor for retention and reuse of this
zeolite catalyst. Polysulfone (PSU) hollow-fibre membranes were tested
as they are widely used in water treatment application. Ibuprofen was
chosen as the targeted pharmaceutical to test the oxidative perfor-
mances of the HFHFM reactor. This was the selected pharmaceutical
because it is consumed in large quantities; its conjugates exhibit high
acute toxicity and, whilst it is known to be biodegradable, it has been
detected in wastewater treatment plant effluents and in surface water
[29,30]. In order to acquire information necessary for the control of
membrane fouling, firstly, the critical flux for irreversibility was de-
termined in the HFHFM reactor. This was done according to the square
wave method which was initially used to determine critical flux for
irreversibility in model colloidal suspension [31], and recently in
wastewater [21]. The square wave method allows for the distinction
between the reversible and irreversible portions of fouling when a flux
reduction is observed. This method detects the accurate value of irre-
versible fouling resistance for a range of permeate fluxes. Secondly,
concerning the filtration conditions for which irreversible fouling oc-
curs in the HFHFM reactor, the effectiveness of hydrodynamic back-
washing was studied. This part of the work allowed the evaluation of
the hydraulic reversibility of the ZSM5 zeolite deposit.

The following step was to analyse membrane stability in the het-
erogeneous Fenton medium. The Fe-ZSM5 catalyst exhibits very low
leaching (corresponding to 0.03% of the total iron content in catalysts)
and the activity of the leached iron in solution is negligible [15]. Due to
this, we expected the oxidation of membranes by the reactive species
present very close to the catalyst surface. In order to evaluate if the
filtration process causes additional effects on membrane stability in
Fenton medium, the membrane stability was determined in both static
and filtration conditions. In the first case, membranes were soaked in an
ageing solution, containing H,O, and a catalyst, to mimic reactive
medium. The membrane samples were collected over time and char-
acterized using several techniques allowing different levels of analysis,
from a molecular to a microscopic scale. Water permeability, mechan-
ical properties and chemical structure (FTIR, EDX) of the membranes



were monitored. In filtration conditions, filtration-backwashing cycles
were performed. The physical and chemical properties of membranes in
the HFHFM reactor were analysed after 12-day cycles and compared
with those in static conditions (soaking). The effect of exposure to a
Fenton reactive solution during these filtration-backwashing cycles on
critical flux for irreversible fouling was investigated. It revealed stabi-
lity of membrane performance at a macroscopic level.

2. Experimental
2.1. Chemicals and membrane

All aqueous solutions were prepared using deionized water gener-
ated by a PURELAB maxima system (ELGA labwater’s, UK). Ibuprofen
(IBP, C13H150,, purity 99.99%) was purchased from BASF Corporation
and used as received. Hydrogen peroxide (H>0,, 30% w/w), sulphuric
acid (1 mol/L), titanium tetrachloride solution (0.09 M in 20% HCI) for
H,0, concentration analysis, monopotassium phosphate (KH,PO,4) and
sodium phosphate dibasic dehydrate (Na,HPO4-2H,0) for preparing the
buffer solution were purchased from Sigma-Aldrich. A commercial iron-
containing zeolite of ZSM-5 structure (provided by Clariant™) was
used as Fenton’s reagents. This zeolite exhibited a Si/Al ratio of 13 and
an iron content of 3.5 wt%. The average particle size of this catalyst is
around 8 ym [15].

MF0808XS Polysulfone/Polyvinylpyrrolidone (PSU/PVP, molecular
structures presented in Fig. 1) hollow-fibre m embranes module (pro-
vided by PolymemTM) was tested. PVP is blended (5%, w/w) into the
PSU matrix to increase the hydrophilicity of the membranes.

Each module contains 200 fibres with a pore size of 0.1 pm (mi-
crofiltration m embrane). Its total active membrane surface is around
0.07 m?. Firstly, the module was used for testing the fouling control
strategies and the efficiency of the hybrid oxidation process. Secondly,
the long-term stability of the membranes was studied.

2.2. Experimental set-up and protocol

2.2.1. Heterogeneous Fenton hollow-fibre membrane reactor set-up

The heterogeneous Fenton hollow-fibre membrane reactor set-up is
shown in Fig. 2. The experimental solution was introduced in a 6.5 L
thermo-regulated glass reactor. A membrane module was immersed in
the reactive solution to retain the catalyst in the glass reactor. Purified
water was obtained through the membrane on the permeate side. The
filtrations were performed in the outside-in filtration mode. Filtration
fluxes were set by selecting the corresponding pump rotation, and the
variation of both the flux and the transmembrane pressure was mon-
itored over time. The rotation rate of the stirrer inside the reactor was
300 rpm during filtration. In this preliminary study, the permeate was
recycled back into the reactor to simulate a continuous process from a
hydrodynamic point of view.

The oxidation of pharmaceuticals in the HFHFM reactor was per-
formed for the degradation of ibuprofen (IBP) in a synthetic solution,
which was prepared by dissolving IBP under stirring for 10 h in distilled
water. The initial concentration of IBP was 20 mg/L in this preliminary
study, in order to achieve sufficient an alytical pr ecision fr om HPLC
measurements. The stoichiometric amount of H,O, (6.4 mM) was ap-
plied twice to avoid extensive scavenging of hydroxyl radicals. For ef-
fective production of hydroxyl radicals, the [H>0,]/[Fe] molar ratio
was maintained at 10, and the catalyst concentration at 4.8 g/L. This
concentration corresponds to 0.62 mM of accessible iron, according to
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iron dispersion measured by CO chemisorption. In this Fe-loaded ZSM5
zeolite catalyst suspension with the chosen operating conditions (H>O,
concentration of 6.4 mM at 25 °C), iron leaching is very low. The dis-
solved concentration of iron in the solution is approximately 0.048 mg/
L. This value is too low to consider a possible IBP oxidation [15].

The Oxidation experiment was conducted at a controlled tempera-
ture of 25 = 2 °C. The IBP solution and catalyst were added to the glass
reactor over a period of 2 h whilst stirring and maintaining a controlled
temperature, in order to reach a steady state in terms of adsorption of
IBP on the catalyst. After, the suspension was circulated in the filtration
system until the IBP concentration was constant (for a duration of
180 min). This was done to see whether the IBP adsorbed onto the
membrane structure. After this, oxidation was started by adding H50.
The H,0, concentration was maintained at 6.4 mM thanks to its con-
tinuous injection using a syringe pump (Harvard PHD 2000) during
oxidation. During the experiments, solution samples were taken at
regular intervals in the reactor. A previous study showed that the IBP
concentration was stable and no degradation occurred in the sample
solution after the removal of ZMS5 catalysts by filtration at an oper-
ating condition of 6.4 mM H,0,, for pH 4 and for 6 h experimental time
[15]. The samples were immediately treated by phosphate buffer
(mixture of KH,PO, 0.05M and Na,HPO42H,O 0.05M) to reach a
neutral pH after the removal of catalysts by a 0.45 um RC syringe filter
for stopping the reaction.

2.2.2. Critical flux for irreversible fouling determination

The square-wave method, developed by Espinasse et al. [31], en-
ables the hydraulic resistance to be distinguished. This resistance is
induced by reversible (R,f) and irreversible fouling (R;s). Reversible
fouling is defined as that attributed to polarization concentration. This
type of fouling disappears when the transmembrane pressure is stopped
or decreased, whereas irreversible fouling is defined as the hydraulic
resistance due to deposition or cake formation. By using the square-
wave method, the accurate value of the critical flux for irreversible
fouling (J.) is obtained. When the filtration is operated for a flux above
J., irreversible fouling takes place on the membrane surface. Different
from the initial method in which the transmembrane pressure (TMP,
referred to as AP in figures and equations) is controlled and the re-
sulting permeate flux is monitored, the procedure used in the present
study consists in altering the permeate flux with positive and negative
variations, and in monitoring the resulting TMP as shown in Fig. 3.

The fluxes selected for the present study were 19, 21, 23, 25, 28, 32,
44 and 62 Lh~ ' m™ 2 The values without asterisks correspond to upper
flux steps while the asterisked ones correspond to lower flux steps. By
comparing the measured transmembrane pressure between the steps
that correspond to the same flux value/step, for example 21 and
21*Lh~'m™2 the increase in TMP is associated to the fouling phe-
nomenon that occurs at step 23Lh~ ' m™~2, If the TMP is the same for
steps 21 and 21*Lh~'m™2 the fouling is considered as totally re-
versible and the flux (23Lh~ ! m™2) is below the critical value for ir-
reversibility. If the TMP is not the same for steps 21 and 21* Lh™'m ™2,
the fouling is partly irreversible and the flux (23Lh~'m™~2) is above
the critical value. Calculation methods of irreversible fouling are based
on the relationship between the permeate flux and the fouling re-
sistance:

I AP AP
Hy (R +Rig +Ryp) (R +Ry) 2

where J is the permeate flux, AP is the transmembrane pressure, y, is

o L
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A

Fig. 1. Molecular structures of (a) PSU, (b) PVP.
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Fig. 2. Heterogeneous Fenton hollow-fibre membrane reactor set-up.
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Fig. 3. Principle of the square-wave procedure; permeate flux vs. time; upper
and lower steps. The continuous line represents the applied permeate flux; the
dotted line represents the resulting transmembrane pressure.

the viscosity of the permeate, R, is the intrinsic hydraulic membrane
resistance, R; the resistance due to the irreversible fouling, R, the re-
sistance due to the reversible fouling (which is related to the polar-
ization concentration) and R the total fouling resistance.

According to the square-wave filtration method, the irreversible
fouling resistance that appears at upper flux steps (e.g. 23Lh™'m™~?)
can be reached by comparing the fouling resistance at steps 21 and
21*Lh™'m™2 as follows:

hf,23 = Reo1x — Rpm 3)

where 7 53 is the irreversible fouling resistance relative to the step at
23Lh ™ 'm~2

The value of the total Ry, at a given flux step is the sum of rirat each
previous pressure step.

Ry = Y rifn
n

For example, Ry >3 = Ky, 21 1,23

In the present study, the filtration flux was either increased or de-
creased when the TMP change over a one-hour period was less than 2%
of the initial value (accumulation of foulants reached a steady state).
The irreversible fouling resistance was calculated for each flux step.

Membrane backwashing was applied when irreversible fouling oc-
curred after the procedure of critical flux determination. For this pur-
pose, the centrifugal pump was rotated in the reverse direction for 60 s

(€3]

and the permeate (almost pure water) was pumped through the mem-
brane back to the feed compartment under a flux equal to 19Lh~*m™~2
in our experiment.

2.2.3. Long-term membrane stability test

Long-term membrane stability in the Fenton membrane reactor was
tested by soaking PSU/PVP membrane fibres in a heterogeneous Fenton
reactive medium at a Fenton membrane reactor concentration. All
soaking experiments were performed at a controlled temperature
25 *+ 2°C, maintained by a thermostatic bath and under stirring with a
magnetic stirrer. The PSU/PVP membrane fibres were totally immersed
in the suspension containing 4.8 g L™ ! of ZSM-5 zeolite catalyst in the
absence (as reference) or in the presence of 6.4 mM H,0, The H,0,
concentration in the soaking suspensions was maintained at 6.4 mM by
continuous H,0, injection using a syringe pump (Harvard PHD 2000).

In the Fenton reactive suspension, two kinds of oxidants can po-
tentially degrade membranes: H,O, and reactive species. These latter,
among them we can mention 'OH, are produced by the heterogeneous
Fenton-like reaction on or very close to the zeolite catalyst surface. In
order to identify the role of these two oxidants on membrane ageing,
other groups of PSU/PVP membranes were immersed into 6.4 mM H,0,
solution for comparison. The pH was adjusted to 4.3 in the catalyst
suspension. The soakings were performed for 35days and membrane
samples were taken every 4 days for analysis.

2.3. Analytical methods

2.3.1. Solutions’ analysis

The IBP concentration was measured by liquid phase chromato-
graphy with UV detection at A = 222nm (PDA detector, Thermo
Finnigan). Separation was performed on a C18 reverse phase column
(ProntoSIL C18 AQ 5 um, 250 X 4 mm) maintained at 40 °C. The mobile
phase consisted in a mixture of acetonitrile and water. This latter was
acidified with phosphoric acid at 0.1% v/v and was fed in isocratic
mode (60/40) at 1 mL/min. Samples were readily injected in the
chromatograph after buffer treatment and filtration. The injection vo-
lume was set to 20 pL and the detection limit of IBP was 10 pg/L.

Residual concentration of H>O, was determined by the titanium
tetrachloride method [32].



2.3.2. Membrane characterization

2.3.2.1. Scanning electron microscope with energy dispersive X-ray
spectroscopy (SEM-EDX). Morphology and elemental information on
the membrane surface were examined with a SEM (Hitachi Table top
Microscope TM-1000) interfaced with an EDX spectroscopy system
(Thermo-Fisher). Samples were coated with a thin layer of gold before
SEM analysis for better contrast. EDX analyses were carried out at the
same time. EDX measurements were taken at different locations of the
membrane surface in order to obtain a comprehensive elemental
composition.

2.3.2.2. ATR-FTIR. The ATR-FTIR spectra (Attenuated Total Reflection
— Fourier Transform InfraRed spectroscopy) were obtained with a
Thermo-Nicolet Nexus 670 apparatus (USA). The sample was placed
on diamond crystal substrates and the analytical depth was
approximately 2 pm. Virgin and aged membrane samples were firstly
dried at 40 °C for 48 h. They were examined using ATR-FTIR spectra to
identify chemical membrane changes after soaking in reactive medium.
All the PSU/PVP IR spectra recorded were corrected by adjusting the
1587 cm ™! band to an arbitrary chosen absorbance value of 1. This
band corresponds to aromatic in-plane ring bend stretching vibration of
PSU [33] and considered to be invariable during the membrane
degradation. The corrected absorbance is mentioned as relative
absorbance. To facilitate the reader's understanding, when monitoring
changes of specific IR bands upon degradation, normalization back to
the pristine membrane relative absorbance may be performed.

2.3.2.3. Tensile testing. Tensile tests were performed on wet membranes
using an INSTRON 4281 series tensile apparatus. Tailor-made grips for
the hollow-fibre g eometry w ere fi tted to th e de vice to av oid stress
concentration. Initial distance between grips was fixed to 50 mm and
samples were extended at a constant elongation rate of 100 mm/min.
Ultimate tensile stress and ultimate elongation at break point were
calculated from the experimental stress—strain curves. A set of five
samples were analysed and averaged for each tested condition.

2.3.2.4. Permeability measurements. Pure water permeability of
membranes was quantified i n t he H FHFM r eactor a t a controlled
temperature of 25 + 5°C. Ultrapure water was forced to permeate
from the outside to the inside of the membrane module before and after
filtration-oxidation t est. T ransmembrane p ressure w as a pplied by
adjusting a pressure valve at the retentate side. Pure water
permeability (L,/p, in L h™! m™2 bar™') was then calculated from
the following Darcy law:
J= ﬁAP

Hp ®)

where J is the permeate flux (L h™! m~2), AP is transmembrane
pressure (bar); L, and p, are the permeability coefficient and water
viscosity, respectively.

Ly/up was then taken as the slope value of the linear relationship
between AP and J values. For each measurement, five fluxes ranging
from 10 to 100 L. h™! m~2 were applied and the corresponding TMP
was taken. The TMP resulted from the average of minimum three
measurements. The experimental error on the permeability measure-
ment was within + 5%.

3. Results and discussion
3.1. Membrane fouling control

Membrane fouling control strategies in this study are twofold: (1)
the optimization of permeate flux to be under critical flux in order to

prevent irreversible fouling and, (2) the use of hydrodynamic back-
washing, in case a higher flux is desirable and irreversible fouling
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Fig. 4. Measured transmembrane pressure and imposed flux during the filtra-
tion of a 4.8g/L catalyst suspension following the experimental procedure
shown in Fig. 3.

occurs.

The critical flux for irreversibility was determined by the square-
wave method following the experimental procedure shown in Fig. 3.
The Zeolite catalyst suspension at 4.8 g .~ ! was filtrated. The evolution
of fluxes and transmembrane pressures are shown in Fig. 4. We can first
observe that for the lower fluxes applied, for example 19 and
21Lh™'m™2 TMP did not increase over the duration of the step.
Moreover, by comparing the value of TMP of two steps of the same flux
value before and after 21 Lh™'m™~2 (respectively 19Lh™'m™2 and
19* Lh~!'m™2), TMP was unchanged. This means that no irreversible
fouling occurs at 21 Lh™ ' m ™2 In contrast, the stable TMP at the 44*
Lh~!'m™2 step is higher than the one at 44 LLh~! m~2 step indicating
that irreversible fouling occurs at 62Lh ™' m™2 Therefore, the flux
value of 62 Lh™! m™~2 is greater than the critical flux for irreversibility
(Jo). After 44* Lh™'m ™2 step, a decrease in flux to 19Lh~ ' m™2 was
performed and presented as 19** Lh™'m™2 step. The fact that the
stable TMP at the 19%* Lh ™! m ™2 step is much higher than the value at
19 Lh™'m~2 confirms that irreversible fouling occurs during the fil-
tration.

Through the application of the square-wave method described in
Section 2.2.2, the total irreversible fouling resistance at a given flux
step and the value of the critical flux for irreversibility J. were esti-
mated. As shown in Fig. 5, the total irreversible fouling resistance at 19,
21, and 23 Lh™'m™~2 was negligible while it dramatically increased
from 25 to 62 Lh™'m™? flux steps. The value of the critical flux for
irreversibility was therefore estimated at 23 Lh™!m™2. This means
that irreversible fouling can be prevented by operating flux lower than
this value during filtration of a 4.8 g ™! zeolite catalyst suspension.

To reveal the effectiveness of reverse filtration in eliminating
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Fig. 5. Evolution of irreversible fouling resistance R;¢ vs. permeate flux during

filtration of 4.8 g/L catalyst suspension and location of the critical flux for ir-
reversibility.
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Fig. 6. Variation of transmembrane pressure vs time: AAP at 19 Lh 'm™2at
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fore and after application of backwash.

fouling from the membrane surface in this system, we performed a
backwash of the fouled membrane module after measuring the critical
flux. For comparison, Fig. 6 plots the variation of transmembrane
pressure initially measured at 19 Lh™! m™~? (triangle) and the TMP at
the final step in Fig. 4 (19** Lh™'m™2). This latter was monitored
before and after application of a backwash (circle). A noticeable in-
crease in transmembrane pressure is observed at the 19**Lh™'m™?2
step due to the formation of irreversible fouling during the procedure.
After the application of 60 s backwashing (under 19 Lh™'m™~?2 back-
wash flux) on this fouled membrane, one can observe that AP declined
dramatically to reach its initial value when no fouling occurs. This re-
sult indicates that the backwash enables the removal of more than 99%
of irreversible fouling in this system. It is worth noting that irreversible
fouling described here is the portion attributed to catalyst deposition
and cake formation, and remains when release of driving force. How-
ever, this irreversible fouling can be hydraulically reversible and re-
moved by backwashing. This behaviour is consistent with fouling
mainly due to cake formation on the membrane surface, considering a
pore size of 0.1 um vs. a catalyst particles’ size of 8 um. This size ratio is
in favour of total retention of particles that build a cake layer on the
surface. This cake layer is easy to remove in most cases by backwash.

3.2. First evaluation of Fenton membrane reactor performances

In order to test the oxidation performance of the HFHFM reactor
and verify the critical flux for irreversible fouling, the oxidation of IBP
was performed at fluxes 20 and 30 Lh™' m ™2, respectively below and
above J. (23 Lh™ ' m™2). The suspension containing IBP and the cata-
lyst was filtrated and recirculated in the reactor. When the concentra-
tion of IBP stabilized (180 min, the time required to reach an adsorption
equilibrium of IBP on the membrane), H,O, was injected and oxidation
started. As shown in Fig. 7 (a), the removal rate of IBP is more than 99%
after 180 min’s oxidation in the reactor, regardless of the flux. Fig. 7 (b)
shows the variation of transmembrane pressure vs. time. In the re-
circulation step, AP kept the same value over 180min using 20
Lh~'m™2, confirming that no noticeable fouling occurs when the op-
erating flux is below J.. When the operating flux was 30 Lh™'m ™2, an
increase in AP of 45% in 180 min was observed, revealing that fouling
occurs at a flux above J.. After H,O, injection, a non-expected slight
increase of AP at 20 Lh™'m~™2 was observed. When using 30
Lh™'m~2 the increasing rate of AP is greater (3.9 times more) than
before the addition of H,O, addition.

To try to understand this phenomenon, pure water permeability of
the membrane module before and after oxidation (shown in Table 1)
was compared. When the operation is performed at 20 Lh™'m™2, it
can be found that pure water permeability of the membrane module
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Fig. 7. Evolution of (a) IBP concentration and (b) transmembrane pressure
during oxidation of IBP in the HFHFM reactor at two permeate fluxes: @20
Lh™'m~2 i.e. below the critical flux, A30 Lh™'m~2 i.e. above the critical
flux. [IBP]o = 20 mg/L, [catalyst] = 4.8g L™}, [H,0,] = 6.4mM, pH = 4.3.

Table 1
Pure water permeability of membrane (in L.h~'.m~2bar ') before and after
oxidation at each flux.

Permeability before
oxidation

Permeability after
oxidation

J=20Lh 'm™? < J.
J=30Lh 'm™2 > J,

1658.8 + 5% 1736.2 £ 5%
1739.6 * 5% 1455.7 + 5%

before and after oxidation was the same (if 5% experimental error is
applied). This means no irreversible fouling and no change in mem-
brane module seem to occur. In this case, the slight increase in AP after
H,0, injection may be related to the production of oxidation-generated
bubbles. These bubbles may affect AP values or may cause other re-
versible changes in membrane. At 30 Lh™!m~2 water permeability
decreased by 17%, validating the occurrence of irreversible fouling of
the membrane module.

3.3. Long-term stability of membrane in heterogeneous Fenton medium

Long-term stability of PSU/PVP hollow-fibre membranes was stu-
died after exposure to the heterogeneous Fenton medium. With that
aim, membranes were soaked in a Fenton reactive medium (4.8 g L
catalyst and 6.4 mM H»0,) and in a simple catalyst suspension (4.8 g
L™! catalyst) that acts as reference. Changes in membrane perfor-
mances and in chemical structure of membrane material were then
monitored.

3.3.1. Effect of exposure to a Fenton reactive medium on membranes’
mechanical properties and surface morphology

The effect of a heterogeneous Fenton reactive medium was first
studied on a macroscopic scale with the monitoring of mechanical
properties. These latter were evaluated by tensile testing. A typical
shape of stress—strain curves obtained for pristine and Fenton medium
soaked membrane samples is presented in Fig. S1 (supplementary in-
formation). The comparison of these curves shows that the shape of the
elastic domain and early stages of the plastic domain are generally



unchanged, while the ultimate elongation value (at break) appears to be
significantly affected. That is to say, during tensile testing, the mem-
brane samples’ break appeared sooner after exposure to Fenton medium
than for virgin membrane. Therefore, the mechanical properties of the
membrane are monitored by the changes of ultimate elongation as this
was found to be the most sensitive parameter compared, for example, to
Young’s Modulus. The ultimate elongation measured was for pristine
membranes: 110% =+ 10%. For membranes after 35 days’ exposure to a
catalyst suspension (4.8g L™'): 114% + 11%. Finally, for samples
exposed 35days to Fenton medium (4.8g L™ ! catalyst and 6.4mM
H50,): 68% = 27%. Considering the measurement errors in ultimate
elongation, we observed, on one hand, that PSU/PVP membranes kept
the same mechanical properties when soaked in a reference suspension
(only a catalyst without oxidative agent). On the other hand, the ulti-
mate elongation of membranes decreased by 40% after 35days’ ex-
posure to the Fenton reactive medium.

Fig. S2 (supplementary information) presents the surface mor-
phology of membrane samples after 35 days’ exposure to a catalyst
reference suspension and the Fenton reactive medium. Noticeable sur-
face pitting and the disappearance of the regular pore structure in
membrane samples exposed to Fenton medium was observed. These
surface aspect changes are in accordance with results presented by
several authors who also observed surface cracking and pitting of
membranes after hypochlorite treatment [25,34,35].

3.3.2. Effecto fe xposuret oF entonr eactivem edium o n membranes’
chemical structure

As it has been found that prolonged contact with the Fenton reactive
medium might induce a decline in membranes’ mechanical properties
and change to the surface morphology, this section is dedicated to in-
vestigating chemical reasons for these degradations.

The ATR-FTIR spectra of a pristine membrane and a PSU/PVP
membrane after 35 days’ exposure to the Fenton reactive medium were
realized and reported in Fig. 8. The intensity of the IR band at
1674 cm ™, corresponding to the stretching vibration of the amide unit
of the PVP, decreased in the aged membrane in comparison to the
pristine one. This indicates either a degradation of the PVP or a de-
crease in PVP content on the membrane. The degradation of PVP was
confirmed by the appearance of bands at 1700 cm ™' and 1770 cm ™.
These bands indicate the formation of succinimide, a PVP oxidation
product [36]. Pellegrin et al. observed similar variations of bands at-
tributed to PVP degradation in hypochlorite treatment of PES/PVP
membranes. The peak around 3350cm ™' relating to phenol O-H
stretching is probably linked to the formation of phenol on the PSU
backbone. The absorbance band appearing at 1638 cm ™! could be as-
sociated to the formation of alkene groups by chain scissions of PSU

from the isopropylidene unit. Gaudichet-Maurin et al. found an IR ab-
sorbance peak at 1644 cm ™! during the characterisation of a PSU/PVP
membrane aged in bleach solution. They suggested that the peak is
related to the chain scission of isopropylidene bridges, probably re-
sulting from hydrogen abstraction by a primary radical [24]. Rouaix
et al [37] concluded that the evolution of the membrane structure
shown by SEM is only due to PSU chain scission and not to the removal
of PVP. This is because, after soaking in conditions for which removal of
PVP is still effective but without degradation of PSU, no change in
membrane morphology and no swelling were observed.

Fig. 9 shows the evolution of absorbance corresponding to the
oxidation of (a) PVP and (b) PSU on PSU/PVP membranes against the
number of soaking days. In Fig. 9(a), it can be clearly observes that,
during the first few days, there is a decrease in the amide absorbance of
the PVP (1674cm™Y). After about 8 days’ soaking, succinimide
(1700 cm ™) then starts to form. In Fig. 9(b), the oxidation of PSU is
only observed after 14 days’ exposure to the Fenton medium.

Considering the dramatic decrease in ultimate elongation of PSU/
PVP membranes after exposure to the Fenton reactive medium, a link
between this mechanical property change and the material chemistry
modification was looked for. It was found that the ultimate elongation
of PSU/PVP membranes is strongly related to the FTIR absorbance at
1638 cm ', This latter corresponds to the chain scission of PSU, as
shown in Fig. 10. Therefore, the decrease in PSU/PVP membranes’
mechanical property is closely correlated to the development of PSU
chain scissions in the membrane material.

As mentioned in the introduction, two types of oxidants present in
the Fenton reactive suspension are susceptible to degrade membranes:
H,0, and reactive species, such as 'OH. This latter is formed in the
heterogeneous Fenton-like reaction on, or very close to, the zeolite
catalyst surface, In order to identify the role of these two oxidants on
membrane ageing, the chemical properties of the PSU/PVP membranes
that were soaked in either a simple solution of H,O, (pH adjusted to 4.3
by addition of 1M H,SO4 so that it is the same as in the Fenton
medium) or in the Fenton reactive medium, were compared. The FTIR
spectra of PSU/PVP membranes soaked in H,O, is shown in Fig. S3
(supplementary information). In this figure, the only modification,
compared to the pristine membrane spectra, comes from the sharp
decrease of the 1674 cm ™! band and the appearance of the 1700 cm ™!
band, both related to PVP degradation. It has been therefore concluded
that the oxidation and chain scissions of PSU in the Fenton medium
results from the attack of reactive species formed in the heterogeneous
Fenton-like reaction. EDX measurements were also conducted to in-
vestigate the modification of the chemical composition on H>O, and on
the membrane surface treated with the Fenton medium. Since PSU and
PVP repeat units carry only one sulphur atom (S) and one nitrogen atom
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Fig. 8. ATR-FTIR spectra of a pristine membrane and a PSU/PVP membrane after 35 days’ exposure to the Fenton reactive medium containing 4.8 g L ™! catalyst and
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(N) respectively (Fig. 1), the N/S atomic ratio represents the evaluation
of the fraction of PVP on the membrane surface. One can find that the
N/S atomic ratio on samples’ surface decreased after exposure to the
two types of reactive medium (Fig. 11). Nevertheless, for the mem-
branes exposed to H»0, solution, the decline in N/S atomic ratio seems
to occur only from 4 to 8 days and then reaches a plateau value. The
total decrease being 15%. For membranes exposed to the Fenton re-
active medium, the decline in N/S ratio lasts from the initial time to the
end of the ageing test and the decrease reaches 47%. This result is in

accordance with FTIR measurements (Fig. 9 (a)). Obviously, mem-
branes underwent more serious dislodgment of PVP when exposed to
the Fenton reactive medium in which reactive species were formed.

Thus, it has been concluded that, in the heterogeneous Fenton re-
active medium, reactive species formed in the heterogeneous Fenton-
like reaction on, or very close to, the zeolite catalyst surface. These
reactive species are the main cause of dislodgment of PVP from the
membrane matrix and of the PSU chain scission. The main consequence
on membrane performances of this material degradation is a decrease in
PSU/PVP membrane mechanical resistance, which is likely to lead to
the breaking of the hollow-fibre.

In the evaluation of the membrane lifetime in the HFHFM reactor,
we should further consider that 'OH radicals are generated onto the
catalyst and will react next to the solid particles as their lifetime is very
short (nanosecond). Therefore, a catalyst cake formation on a mem-
brane surface during a filtration process could have adverse con-
sequences on membrane ageing. The following paragraph will provide
insights on this point.

3.3.3. Effect of exposure to Fenton reactive solution during filtration-
backwashing cycles on critical flux for irreversible fouling

The aim of this last section was to compare critical fluxes for irre-
versibility measured on pristine and aged membranes. For this, in order
to approximate the actual conditions of use, membranes immerged in
the HFHFM reactor encountered several filtration — backwashing cycles
corresponding to a cumulative exposure duration of 12days to the
Fenton medium. The permeate flux imposed during this experiment was
20 L h™'m™2, that is to say lower than the critical flux measured on
virgin membrane. Backwashing was nevertheless applied in order to
help in keeping away catalyst particles from the membrane surface. The
critical flux was then measured again, this time on the used module
according to the procedure described in Section 2.2.2. At the end of
these filtration cycles, membranes were sampled from the module, their
chemical and mechanical characteristics were determined and the re-
sults were discussed in comparison to those obtained after soaking in
the Fenton reactive medium (Section 3.3.2).

The properties of these aged membranes have been reported in
Fig. 10 to identify the level of degradation reached by comparison to
the ones qualified during soaking experiments. We can see that, after
filtration cycles, the membranes simultaneously exhibited a decrease in
ultimate elongation and an increase in relative absorbance at
1638 cm ™!, behaviour previously attributed to PSU chain scission.
According to Figs. 9 and 10, the level of the degradation reached during
these filtration-backwashing cycles (cumulative exposure duration of
12 days) corresponds to 14-20 days of soaking. From these results, the
membrane ageing rate in the filtration system with intermittent accu-
mulation of catalyst on membrane surface seems to be equivalent to the
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Fig. 12. Comparison of critical fluxes for irreversible fouling measured during
filtration of a 4.8 g/L catalyst suspension on virgin hollow-fibres and on an aged
membranes.

rate reached during simple soaking in the Fenton medium.

The comparison of critical fluxes for irreversibility measured on
pristine and aged membranes is shown in Fig. 12. No noticeable change
in the value of the critical flux was observed subsequent to membrane
degradation after filtration cycles in the heterogeneous Fenton reactor.
Changes in membrane structure and chemical properties obviously alter
the hydrophilicity (degradation and departure of the hydrophilic ad-
ditive PVP), surface roughness (Fig. S2), and catalyst particles-mem-
brane material interactions. Despite all these changes, the membranes
exhibit comparable behaviour at the macroscopic level towards fouling
by particles during filtration. Moreover, no leak in particles was ob-
served in the permeate during the filtration cycles.

4. Conclusion

This study investigated the fouling control strategies and the long-
term stability of the PSU/PVP membrane in the HFHFM reactor. Firstly,
the filtration of a zeolite catalyst suspension has enabled the critical
flux for irreversible fouling to be determined. This value is approxi-
mately 23 L h™! m™2 With the critical flux identified, one of the
fouling control strategies is then to decide to select an operating flux
below this critical flux. Secondly, in the case where a flux above the
critical flux should be chosen for process productivity needs, our results
demonstrated hydrodynamic backwashing to be efficient to eliminate
irreversible fouling (mainly cake) in the tested conditions. In addition
to other solutions, such as membrane shaking (not investigated in the
present study), filtration-backwashing cycles are therefore an efficient
procedure to remove Fe-ZSM5 catalyst deposition and to maintain
membrane performance.

This study also investigated membrane stability in the hetero-
geneous Fenton system. Reactive species, such as "OH radicals, het-
erogeneously distributed in the oxidative medium were identified as
responsible for modifications to the chemical composition, the surface
morphology and the mechanical properties of membranes. Due to
contact with a Fenton medium, PVP oxidation and PSU chain scission
occur, this latter being strongly linked to the decline in mechanical
resistance of membranes (elongation at break decline of 40% after
35days’ exposure). In terms of PVP degradation and mechanical
properties decline, concerning the membrane ageing rate, a similarity
was observed between the soaking tests and during filtration-back-
washing cycles at a flux lower than the critical flux. This result suggests
that, in the conditions tested and for the same cumulative exposure
duration, filtration of the catalyst suspension does not make the
membrane degrade faster than in soaking conditions.

Despite these membrane material degradations, our experiments
demonstrated no changes in the critical flux for irreversible fouling,

meaning that in the tested conditions the membrane fouling propensity
is not affected by membrane ageing due to contact with the Fenton
solution.
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