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A B S T R AC T

An important setback for a wider use of membrane processes in industry is fouling, caused 
by aggregation of biomolecules at membrane surface and pores. Two important approaches to 
reduce this effect are the use of chemical cleaning procedures and the functionalisation of the 
membrane surface. However, both processes may lead to membrane degradation and struc-
ture alteration due to free radical formation or radical interaction with membrane polymer 
chains. In this work, electron paramagnetic resonance (EPR) was used to evaluate and quantify 
radical formation in both chemical cleaning and membrane functionalisation by UV grafting, 
allowing for a better understanding of free radical formation processes and their infl uence 
on membrane characteristics. Studies under different cleaning and grafting conditions, such 
as, cleaning agent concentration and pH, light intensity and irradiation were also performed 
showing the potential of EPR as a technique for monitoring both procedures. The information 
provided by EPR may contribute signifi cantly to the development of new cleaning strategies 
which minimise the effect of membrane ageing and to the implementation of new and more 
effi cient grafting procedures.
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1. Introduction

Fouling of membranes caused by the adsorption and 
deposition of organic or/and inorganic material on the 
membrane surface and within the membrane porous 
structure is a major drawback of pressure-driven mem-
brane processes, leading to the decrease of membrane 
fl ux and selectivity.

Chemical cleaning is used to remove organic and 
inorganic foulants from membrane surface and pores, 
being the most common procedure for fouling control 
in membrane processes. However, cleaning agents used 

to remove foulants are usually aggressive and their suc-
cessive contact with membrane materials may lead to a 
decrease of membrane lifetime and, eventually, to mem-
brane replacement [1,2].

Several solutions and protocols are used for mem-
brane cleaning though, the most commonly used in 
reverse osmosis systems, consist in the usage of hypo-
chlorite solutions [2]. These solutions are known to orig-
inate free radicals [3] that not only oxidise the organic 
material present on the membrane surface but may also 
interact with the membrane polymer affecting its struc-
ture and lifetime. This interaction between free radicals 
and membrane polymer may lead to the formation of 
free radicals in the membrane material [4–6] which 
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causes scission of the membrane polymer chains and 
subsequent degradation of the membrane. In order to 
develop improved cleaning protocols, which are effec-
tive in fouling reduction but simultaneously minimise 
membrane ageing, it is necessary to understand the 
mechanisms behind the formation of the referred free 
radicals and their role in the oxidation of the membrane 
polymers. Most of the work reported in the literature on 
membrane ageing, is focused in studying the alterations 
induced in membrane performance and membrane 
morphology [7–9]. Fewer studies focus their attention 
in the mechanisms responsible for the molecular altera-
tions occurring in the membrane polymer.

Mitigation of the membrane fouling problems has 
been attempted through application of different strat-
egies. In particular, membrane functionalisation has 
deserved a special attention during the last decade [10–13]. 
The objective of membrane functionalisation is to change 
the membrane surface chemistry without altering sub-
stantially the membrane bulk properties, guaranteeing 
high physical and fouling resistant membranes. Among 
membrane functionalisation techniques, graft techniques 
present themselves as an attractive surface modifi cation 
method. In these techniques, membranes are exposed to 
an irradiation source which can be a low temperature 
plasma, electron-beam or UV irradiation, among oth-
ers, in the presence of a selected monomer [10,14]. Due 
to various advantages, such as rapid reaction, simple 
operation and low cost, UV grafting procedures are one 
of the most used to selectively alter membrane surface 
characteristics [10,13]. When using this functionalisa-
tion technique, two main approaches can be taken. The 
fi rst one consists in the use of photoinitiators or pho-
tosensitisers acting as connectors between the mem-
brane polymer and the desired monomer. The second 
approach consists in the use of membranes composed 
of UV-light sensitive polymers. Commonly, in the sec-
ond approach membranes are exposed to UV-light pro-
ducing radical sites that act as polymerisation initiators 
and onto which the desired monomer can graft [10–13]. 
Due to its easy applicability this was the technique 
employed in this study.

Current studies are focused on the selection of the 
most adequate initial conditions in order to obtain 
membranes with the fi nal desired characteristics. Small 
attention has been given to the mechanisms involved 
in membrane grafting. Knowledge of the mechanisms 
involved in membrane functionalisation through UV 
grafting techniques is crucial for further optimisation of 
membrane grafting procedures. It is expected that opti-
misation will lead to higher grafting degrees while caus-
ing minimum membrane degradation.

Understanding the molecular mechanisms responsi-
ble for membrane oxidation during membrane cleaning 

and membrane grafting will lead to the development of 
methodologies capable of minimising membrane foul-
ing and ageing, contributing to the optimisation of mem-
brane processes. In order to achieve this understanding 
it is crucial to identify and characterise the formation 
and decay of free radicals in the membrane polymers 
and contacting media, during cleaning and grafting pro-
cedures. This fundamental information can be acquired 
with electron paramagnetic resonance (EPR).

EPR is a spectroscopic technique used in the detec-
tion of chemical species that have unpaired electrons, 
such as free radicals, inorganic complexes and transition 
metals, spin traps and spin labels. EPR has been the stan-
dard technique in quantifi cation and characterisation of 
radical species, their stability and decay kinetics. For 
this reason, it is currently the main experimental tech-
nique used for understanding and comparing the effect 
of different phenomena, such as, alkaline treatment and 
gamma irradiation of polymers [15–18]. EPR allows the 
study of the internal structure of samples in great detail, 
since EPR spectra depend on the magnetic moments of 
the unpaired electrons which are very sensitive to local 
magnetic fi elds within the sample.

The aim of this paper is to introduce EPR as a power-
ful technique for following membrane ageing and moni-
toring membrane UV grafting. The possibility of using 
EPR in the detection of free radicals formed in poly-
meric membrane materials will be demonstrated. The 
detection of these radicals gives important information 
on molecular and structural changes that may occur in 
polymeric membranes, when they are exposed to oxida-
tion conditions, such as membrane cleaning, and irra-
diation conditions.

Parameters that infl uence membrane ageing such as 
hypochlorite concentration and pH, will be evaluated as 
well as the possibility of detecting radicals in cleaning 
solutions. Additionally, EPR spectra of membranes irra-
diated under different irradiation exposure times and 
intensities will be also obtained, in order to determine 
the infl uence of different grafting irradiation conditions.

2. Materials and methods

2.1. Preparation of membrane samples for ageing studies with EPR

The membrane used for the ageing studies was a 
commercial supported polyamide membrane (Dow, 
Filmtec NF270). A polyamide membrane was chosen 
because the membranes have high sensitivity to chlo-
rine degradation. In this paper two different ageing 
processes were addressed: ageing due to membrane 
cleaning with hypochlorite and due to sunlight expo-
sure, which may occur during defi cient membrane 
storage conditions.
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 In order to simulate membrane ageing due to clean-
ing, membrane pieces of 5 × 10 cm were submerged for 
24 h in bleach solutions (commercial available bleach con-
tains proximally 3% of NaOCl). Different concentrations 
of hypochlorite (NaOCl) were tested (20%, 50% and 80% 
of commercial bleach), as well as different pHs, in order 
to study the infl uence of cleaning agent concentration 
and cleaning solution pH, in the formation of membrane 
radicals. After 24 h of contact, the membrane pieces were 
dried, using paper tissue and nitrogen gas, and trans-
ferred to the EPR quartz tube for analysis. Three repli-
cas were performed for each study. The concentration of 
hypochlorite in the cleaning solutions was determined by 
titration with potassium iodine and sodium thiosulfate.

Ageing of membranes due to sunlight exposure was 
simulated by exposing membrane pieces of 5 × 5 cm to 
direct sunlight for 1 h with and without the presence 
of water. After exposure, the membranes were analysed 
with EPR; sample preparation was the same as previ-
ously described for membrane cleaning.

2.2. Membrane UV grafting protocol

An UV illumination system (UV point source 
LQ-400, Dr. Gröbel UV-Elektronik GmbH, Germany) 
equipped with a liquid light guide and a medium-
pressure mercury lamp (l > 280 nm) was used. UV 
intensity measurements where performed using an ILT 
393 uniformity view (Nist traceable light measurements 
systems).

Commercial poly(ether sulfone) (PES) membrane 
(Millipore, Biomax PBTK02510) with a 30-kDa cut off 
were used due to its UV-light sensitivity.

Membrane pieces of 7 × 10 mm where transferred to 
and EPR quartz tube fi lled with 3 ml of grafting solu-
tion. The presence of oxygen infl uences negatively the 
membrane grating effi ciency since it competes with the 
monomer for radical binding along polymerisation pro-
cess. In order to minimise the presence of oxygen during 
membrane grafting a degassing protocol was applied. 
This degassing procedure consists on sparging the graft-
ing solution with an argon stream for 10 min. After this 
procedure, the quartz tube was immediately sealed and 
transferred to the EPR cavity. Membrane irradiation 
under different conditions were performed inside the 
EPR cavity and the EPR spectra were acquired online. 
Each EPR spectra acquisition takes approximately 20 
s; consequently the EPR signal acquired in each 20 s 
period corresponds to the average radical concentration 
present in the membrane in this time frame. Tests under 
different intensities (60 mW/cm² and 30 mW/cm²), 
irradiation time (180, 300 and 600 s) and grafting solu-
tions (pure hexane solution or a 1% N-vinylpyrrolidone 
(NVP) hexane solution) were performed.

2.3. EPR experiments for determination of radical species

The identifi cation of free radicals was performed by 
using a Bruker EMX 6/1, EPR Spectrometer. EPR analy-
ses of membranes were performed in quartz tubes with 
8 mm diameter at room temperature and a modular 
frequency of 100 kHz.

In order to identify radicals in cleaning solutions 
a spin trap had to be used in order to capture the 
extremely reactive radicals present in the solutions. The 
5,5-dimethyl-pyrroline N-oxide (DMPO) was used with 
this propose. The EPR measurements of cleaning solu-
tions were performed in a WG-812-S-Q, Wilmad Lab-
Glass Quartz cell.

EPR ageing protocol measurements were performed 
using a microwave power of 6.33 mW and a modula-
tion amplitude of 10 G, while in the EPR study of the 
UV grafting measurements were performed using a 
microwave power of 2 mW and a modulation amplitude 
of 4 G. The time between radical generation and mea-
surement was equal for all samples (5 min) in order to 
standardise the initial measurement conditions.

3. Results and discussion

3.1. EPR as a technique for characterisation of membranes 
submitted to ageing protocols

As explained, ageing is caused by the oxidation of 
membrane polymers due to the formation and reac-
tion of free radicals during chemical cleaning or during 
radiation exposure. The reactions of these radicals result 
in scissions of the membrane polymer chains and/
or alterations in chain structure, leading to membrane 
degradation. Therefore, knowledge on the mechanisms 
responsible for membrane free radical formation is cru-
cial for identifying ways to prevent their formation and 
reducing membrane ageing and degradation.

The membrane ageing studies aimed at demonstrat-
ing the potential of using EPR for detection of free radi-
cals during two different ageing situations: membrane 
cleaning and exposure to irradiation.

3.1.1. Ageing of polymeric membranes due to membrane 
cleaning

Different parameters that infl uence the cleaning of 
membranes were studied, such as hypochlorite concen-
tration and pH. Membrane pieces of 5 × 10 cm were sub-
merged in bleach solutions with different concentrations 
of hypochlorite during 24 h, in order to determine the 
infl uence of its concentration in the formation of radi-
cals in the membrane polymer. Fig. 1 represents the EPR 
spectra of the radicals formed in the membrane, under 
these conditions, while Fig. 2 depicts the infl uence of the 
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hypochlorite concentration in the peak-to-peak ampli-
tude of the EPR spectra. The peak-to-peak amplitude is 
a measure of the EPR signal intensity, which depends 
from the concentration of free radicals formed in the 
membrane polymer. The results obtained show that the 
EPR radical signal is directly proportional to the bleach 
(hypochlorite) solution concentration where the mem-
branes were submerged. This behaviour implies that the 
concentration of the cleaning agent is directly responsi-
ble for the number of radicals formed in the membrane 
polymer.

As reported by Kang et al. [2] and Causserand 
et al. [6], the degradation of membranes during cleaning 
depends not only on the concentration of hypochlorite 
but also on the pH of the cleaning solution. In order to 
study the infl uence of pH in the formation of radicals in 

the membrane, pieces of membrane with 5 × 10 cm were 
submerged in solutions of 20% of bleach at pH of 8 and 9. 
As shown in Fig. 3 and Table 1, even a small difference in 
the pH of the cleaning solutions causes an increase in the 
concentration of free radicals formed in the membrane. 
This result is consistent with the results obtained by Kang 
et al. [2] and Causserand et al. [6] that reported a high 
infl uence of the cleaning solution pH in the degradation 
of the membrane polymer and a larger effect in mem-
branes exposed to cleaning solutions at lower pH values.

The identifi cation of the free radicals formed in the 
membrane polymer during cleaning, Figs. 1 and 3, is not 
possible due to the absence of hyperfi ne structures in the 
EPR spectra obtained. Hyperfi ne structures give informa-
tion about the interactions between magnetic moments 
of unpaired electrons in free radicals with nearby nuclear 
spins; this information allows for determining the posi-
tion of unpaired electrons and identify the free radicals.

3.1.2. Detection of radicals present in the cleaning 
solutions

As reported by Causserand et al. [6], the degrada-
tion of the membranes, due to ageing, is a result of the 
action of radicals present in the cleaning solution. These 

Table 1
EPR spectra signals achieved in different conditions of 
chemical cleaning: infl uence of pH and concentration of 
cleaning agent

Percentage of bleach 
in cleaning solution(%)

pH of the 
cleaning 
solution

EPR Spectra peak-
to-peak amplitude/g 
of membrane 104

20 8 1.19 ± 0.13
20 9 0.69 ± 0.03
50 9 1.17 ± 0.16
80 9 1.79 ± 0.20

Fig. 1. EPR spectra of membrane radicals formed after sub-
merging pieces of membrane in water solutions of 80% (v/v) 
(a) 50% (v/v) (b) and 20% (v/v) (c) of bleach, at pH = 9. Blank 
tests were performed with deionised water and showed no 
radical signal (same yy scale).

Fig. 2. Infl uence of the hypochlorite solution concentra-
tion in the radical EPR signal in the membrane determined 
by EPR.

Fig. 3. EPR spectra of membrane radicals formed after sub-
merging pieces of membrane in bleach solutions of 20% and 
pHs of 8 (a) and 9 (b) (same yy scale).
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radicals react with the membrane polymer to form the 
membrane radicals that were detected by EPR and shown 
in Fig. 1. The majority of radicals expected to be formed 
in solution are ClO•, OH•, and organic free radicals 
resulting from the oxidation of organic matter. There-
fore, additionally to the detection of radicals formed 
in the membrane polymers, crucial information can be 
obtained by analysing the nature of the radicals that are 
formed in the cleaning solutions. The radicals present in 
solution are extremely reactive and can only be detected 
with the addition of a spin trap. A spin trap is a molecule 
that reacts with the short life time radical to form a more 
persistent radical that can be detected by EPR. Fig. 4 
shows an example of a radical detected using the spin-
trap DMPO in a solution of 10% of bleach. The addition 
of DMPO to the cleaning solution results in the forma-
tion of a nitroxide-based persistent radical, within the 
solution, that is detected by EPR (Fig. 4), the detected 
radical spectra is consistent with the 5,5-dimethyl-2-
pyrrolidone-N-oxyl radical (DMPO-X), a radical usu-
ally detected in NaOCl solutions were DMPO is used as 
spin-trap [19]. The possibility of detecting radicals in the 
cleaning solution using EPR may provide information 
about the reactions occurring during membrane clean-
ing, between the radicals in solution and the formed 
radicals in the membrane.

3.1.3. Ageing of membranes due to solar exposition

Ageing of membranes can also be caused by defi cient 
storage conditions. Exposure to humidity and light dur-
ing long periods of storage may increase the degradation 
of polymeric membranes. To simulate an accelerated 
ageing due to membrane exposition to light and humid-
ity, membrane pieces of 5 × 5 cm were exposed to direct 
sunlight, for about 1 h, with and without the presence 
of deionised water. Radical signals were detected in all 
the samples exposed to sunlight: 1.04 × 105 peak-to-peak 
amplitude/g of membrane for the dried membrane and 

2.25 × 105 peak-to-peak amplitude/g of membrane for 
the membrane under water. This indicates that the expo-
sition of a membrane to sunlight creates membrane rad-
icals. These radicals are formed due to oxidation of the 
polymer caused by UV radiation. These radicals may 
propagate through the membrane polymers, causing 
cleavage of polymer bounds and eventuality diminish-
ing membrane performance. The EPR spectra, obtained 
for the water submerged membrane samples exposed to 
sunlight is two times stronger than the signal obtained 
for the membranes exposed to the sunlight in dry con-
ditions. This behaviour occurs because water acts as a 
free radical propagation medium within the membrane 
polymer. Additionally, a solution of water under irra-
diation is also a source of OH• radicals, which may 
also react with the membrane polymer, causing further 
membrane radicals and bound cleavage. Therefore, the 
higher amount of radicals formed in the membrane sub-
merged in water is a combination of two phenomena: 
radical propagation and reaction with water radicals.

3.2. EPR as a technique for monitoring membrane 
functionalisation using UV irradiation

As discussed in Section 1 a possible strategy for 
the minimisation of membrane fouling consists in the 
functionalisation of the membrane surface, enhancing 
its fouling resistance. This can be achieved by using 
UV irradiation grafting methods, where radical sites, 
acting as polymerisation initiators, are produced in 
the membrane by UV irradiation. In order to optimise 
the membrane functionalisation methodology, deeper 
knowledge about the mechanisms infl uencing radical 
formation and monomer grafting is necessary.

The work performed regarding membrane grafting, 
aimed at showing the potentialities of EPR as a tech-
nique to optimise and monitor radical formation under 
different conditions, during the grafting phase.

3.2.1. Infl uence of UV irradiation intensity in EPR spectra

UV Irradiation intensity can play a very important 
role in membrane grafting. Higher intensities are gener-
ally related with higher membrane grafting degrees [20], 
but also with higher membrane degradation. As showed 
by Georges Belfort and co-workers [20], higher UV light 
intensities and irradiation time cause a higher degrada-
tion of the membrane structure, creating a membrane 
with lower selectivity and higher permeability. This 
happens because in UV grafting radicals are formed due 
to polymer chains cleavage. For this reason, the cleavage 
of polymer chains and thus the formation of membrane 
radicals increase with the increase of the intensity and 
energy of the irradiation light. Therefore, lower UV light 
intensities and shorter irradiation times are normally 

Fig. 4. EPR spectra of DMPO in a cleaning solution of 10% 
(v/v) of bleach.
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preferred when using UV grafting techniques. This 
strategy benefi ts the maintenance of membrane bulk 
characteristics while guaranteeing that only the mem-
brane surface is modifi ed, but limits the achievement of 
higher grafting degrees.

To evaluate the infl uence of UV irradiation intensity 
in the formation of membrane radicals, two PES mem-
branes were irradiated for 300 s in pure hexane under 
different intensities (30 mW/cm2 and 60 mW/cm2). Both 
EPR spectra are shown in Fig. 5.

As expected, radical concentration increases with 
increasing light intensity. The highest radical concentration 
was achieved when an intensity of 60 mW/cm2 was used.

By using the EPR as a monitoring technique, a direct 
relationship between radical concentration, irradiation 
intensity and membrane degradation can be found, 
which allows for determination of the optimum irradia-
tion intensity.

As reported for the membrane cleaning studies 
the absence of hyperfi ne structures in the EPR spectra 
obtained (Fig. 5) limits the identifi cation of the free radi-
cals formed in the membrane polymer.

3.2.2. Infl uence of different irradiation times in the EPR 
spectra

Another important parameter of the membrane UV 
grafting technique is the irradiation time. Longer irra-
diation times are normally associated with higher graft-
ing degrees [20].

To study the change of radical concentration during 
irradiation time, a PES membrane was irradiated with 
an intensity of 30 mW/cm2 in pure hexane. EPR mea-
surements were performed online while the membrane 
was irradiated. EPR spectra are shown in Fig. 6, while 
the spectra peak-to-peak amplitude variation over time 
is shown in Fig. 7.

As can be seen in Figs. 6 and 7, radical concentrations 
increase with irradiation time. However, at longer irra-
diation time the radical concentration variation tends 
to a plateau. This may refl ect the presence of a steady-
state stage, due to the establishment of an equilibrium 
between radicals formation and decay. The existence of 
a plateau at longer irradiation time, may indicate that 
although longer time are always associated to higher 
grafting degrees, an optimal grafting irradiation time 
should exist and its value is lower than the steady-state 
phase exposure time.

The use of EPR to monitor the changes of radical 
concentration during irradiation, contributes to a better 
understanding of the effects of irradiation time on the 
grafting procedure, ultimately leading to an optimum 
irradiation time.

Fig. 5. EPR spectra of PES membranes irradiated in pure 
hexane solutions using different light intensities (same yy 
scale): (a) Membrane irradiated with a light intensity of 30 
mW/cm, (b) membrane irradiated with a light intensity of 
60 mW/cm.

Fig. 6. EPR spectra of PES membranes in pure hexane, 
obtained after different times of irradiation (same yy scale): 
(a) After 180 s of irradiation, (b) after 300 s of irradiation, 
(c) after 600 s of irradiation.

Fig. 7. Variation of EPR spectra maximum peak-to-peak 
amplitudes obtained for PES membranes at different 
irradiation time.
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 3.2.3. EPR signal variation in the presence of monomer

The previous experiences were performed in the 
absence of monomer to demonstrate that EPR could 
give solid information regarding the variation of radical 
concentration during grafting. However, the presence 
of monomers is expected to interfere in the mechanisms 
of radical formation and fading during grafting. For 
this reason, a comparison between membranes in the 
absence and presence of monomer was performed.

Two PES membranes, one immersed in a 1% v/v 
NVP hexane solution and the other in a pure hexane 
were irradiated, separately, during 300 s using a light 
intensity of 30 mW/cm2. NVP was chosen since it pres-
ents high grafting degrees [10]. Both EPR spectra are 
shown in Fig. 8.

As can be seen in Fig. 8, the membrane irradiated in 
the presence of NVP presents a signifi cantly lower radi-
cal concentration than the one irradiated in pure hexane. 
Several phenomena may explain this observation, such 
as the reaction of the formed membrane radicals with 
the monomer present in solution or the absorption of 
part of UV light by the monomer. According to Georges 
Belfort et al. [10] both phenomena may occur when 
NVP is used as monomer. However, since NVP presents 
a strong absorption in wavelengths below 290 nm, and 
in this work a medium pressure mercury lamp irradiat-
ing with wavelengths superior to 280 nm was used, the 
reduction of radical concentration due to absorption of 
light by the monomer solution should be minimum.

This may indicate that when the membrane is irradi-
ated in the presence of NVP, the EPR spectra intensity 
diminishes essentially due to grafting reactions between 
the formed radicals and the NVP present in solution. 
The higher variation of EPR signals, in the presence and 
absence of NVP, may indicate that a signifi cant amount 

of the radicals formed during irradiation reacted with 
the monomer and a higher monomer grafting degree 
was obtained.

These preliminary results suggest that the EPR 
technique may allow to obtain a correlation between 
the radical concentration profi les in the absence and 
presence of monomers, with the degree of membrane 
grafting achieved. It is also expected that these studies 
may conduce to further optimisation of NVP grafting 
procedures.

3.2.4. Study of the decay of the EPR signal

It is commonly considered that grafting processes 
occur essentially during the irradiation stage, being less 
important during the radical decay stage, i.e., after irra-
diation. However, the study of the membrane radical 
decay after irradiation may not only provide insights on 
radicals dynamics and life time, but also gives relevant 
information regarding the importance of this phase.

To study the membrane radical decay phase, a PES 
membrane was irradiated for 600 s, in pure hexane 
applying a light intensity of 30 mW/cm2. EPR measure-
ments were performed at different times during radical 
decay. EPR spectra are shown in Fig. 9, while the varia-
tion of the spectra peak-to-peak amplitude over radical 
decay time is shown in Fig. 10.

As depicted in Fig. 10, a decrease of the radical con-
centration over time, after irradiation, was observed. 
These results suggest that when irradiation of the 
membrane is ceased, annealing reactions between radi-
cals are dominant, causing a decrease in radical con-
centration.

Fig. 8. EPR spectra obtained for PES membranes irradiated 
in different solutions (same yy scale): (a) pure hexane, (b) 1% 
v/v NVP.

Fig. 9. EPR spectra of irradiated PES membranes obtained 
after different times upon ceasing the irradiation: (a) at the 
moment irradiation is stopped, i.e., 0 s, (b) 60 s after irradia-
tion, (c) 180 s after irradiation and (d) 300 s after irradiation.
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In Fig. 10 it can be seen, that most of the EPR signal 
variation occurs in the fi rst 50 s, while in the following 
250 s the radical concentration variation is less abrupt. 
This may be explained by the higher initial radical con-
centration which causes frequent annealing reactions 
and faster initial signal decay. The radical concentration 
diminishes over time, causing a decrease of the anneal-
ing reactions and consequently a decrease in the velocity 
of radical concentration decay.

It is expected that by studying decay profi les of 
different grafting systems, crucial information regard-
ing grafting mechanisms and reactions is obtained. By 
acquiring this information, further knowledge may be 
obtained regarding the parameters that infl uence graft-
ing, such as grafting environment.

4. Conclusions

The results presented herein demonstrate the poten-
tial of EPR as a technique for monitoring membrane 
ageing and grafting procedures.

This study demonstrates that radicals formed in mem-
brane polymers, due to membrane exposure to oxidation 
conditions (membrane ageing) and UV irradiation (UV 
grafting), can be identifi ed and their dynamic formation, 
fading and reaction monitored. Also, the EPR technique 
showed to be sensitive to several parameters that infl u-
ence membrane structural and molecular alterations.

Regarding membrane ageing, this work demon-
strates the potential of using the EPR technique to detect 
radicals in both membrane and cleaning solutions, 
under different conditions. The knowledge that can be 
acquired with EPR may be very valuable since it can be 
applied for the development of new cleaning strategies 
which minimise their impact in membrane ageing.

Considering membrane grafting, this study demon-
strates that EPR can evaluate radical formation under 
different UV grafting conditions (UV light intensity, 
irradiation time and presence or absence of monomer), 
allowing for a better understanding of the impact of 
different grafting parameters on the fi nal membrane 
characteristics. The information provided by EPR 
may contribute signifi cantly to the implementation of 
new and more effi cient grafting procedures, allowing 
enhanced membrane grafting degrees and simultane-
ously avoiding membrane damaging caused by UV 
irradiation.

The combination of the EPR information, regarding 
radical concentration with membrane characterisation 
techniques such as, Fourier transform infrared (FTIR) 
spectroscopy, X-ray photoelectron spectroscopy (XPS), 
dielectric relaxation spectroscopy, scanning electron 
microscope (SEM) and atomic force microscopy (AFM), 
may allow for a molecular interpretation of the struc-
tural and morphological changes occurred in mem-
branes during ageing or after functionalisation, caused 
by the action of free radicals.

Acknowledgements

The authors would like to acknowledge and dedi-
cate this paper to our colleague and friend Dr. Rui 
Duarte, recently deceased, for all his help regarding the 
EPR measurements, making possible the development 
of this work. Fábio R. P. Oliveira acknowledges Funda-
ção para a Ciência e Tecnologia, Portugal, for the PhD 
scholarship SFRH/BD/42256/2007.

References

[1] Y.N. Kwon and J.O. Leckie, Hypochlorite degradation of cross-
linked polyamide membranes I. Changes in chemical/mor-
phological properties, J. Membrane Sci., 283 (2006) 21–26.

[2] G.-D. Kang, C.-J. Gao, W.-D. Chen, X.-M. Jie, Y.-M. Cao and 
Q. Yuan, Study on hypochlorite degradation of aromatic poly-
amide reverse osmosis membrane, J. Membrane Sci., 300 (2007) 
165–171.

[3] L.K. Folkes, L.P. Candeias and P. Wardman, Kinetics and 
mechanisms of hypochlorous acid reactions, Arch. Biochem. 
Biophys., 323 (1995) 120–126.

[4] G.J. Ross, J.F. Watts and M.P. Hill, Morrissey, Surface modifi ca-
tion of poly(vinylidene fl uoride) by alkaline treatment 1. The 
degradation mechanism, Polymer, 41 (2000) 1685–1696.

[5] E. Gaudichet-Maurin and F. Thominette, Ageing of polysul-
fone ultrafi ltration membranes in contact with bleach solu-
tions, J. Membrane Sci., 282 (2006) 198–204.

[6] C. Causserand, S. Rouaix, J.-P. Lafaille and P. Aimar, Ageing of 
polysulfone membranes in contact with bleach solution: role 
of radical oxidation and of some dissolved metal ions, Chem. 
Eng. Process., 47 (2008) 48–56.

 [7] M. Nystrom and Z. Huihua, Characterization of cleaning 
results using combined fl ux and streaming potential methods, 
J. Membrane Sci., 131 (1997) 195–205.

Fig. 10. Variation of EPR spectra maximum peak-to-peak 
amplitudes obtained for irradiated PES membranes at 
different times after ceasing irradiation.



F.R.P. Oliveira et al. / Desalination and Water Treatment 27 (2011) 150–158158

  [8] E. Zondervan, A. Zwijnenburg and B. Roffel, Statistical analy-
sis of data from accelerated ageing tests of PES UF membranes, 
J. Membrane Sci., 300 (2007) 111–116.

 [9] S.K.S. Al-Obeidani, H. Al-Hinai, M.F.A. Goosen, S. Sablani, 
Y. Taniguchi and H. Okamura, Chemical cleaning of oil contam-
inated polyethylene hollow fi ber microfi ltration membranes, 
J. Membrane Sci., 307 (2008) 299–308.

[10] J. Pieracci, D.W. Wood, J.V. Crivello and G. Belfort, UV-assisted 
graft polymerization of N-vynil-pyrrolidinone onto poly(ether 
sulfone) ultrafi ltration membranes: comparison of dip versus 
immersion modifi cation techniques, Chem. Mater., 12 (2000) 
2123–2133.

[11] A. Friebe and M. Ulbricht, Controlled pore functionalization 
of poly(ethylene terephthalate) track-etched membranes via 
surface-initiated atom transfer radical polymerization, Lang-
muir 23 (2007) 10316–10322.

[12] A. Nayak, H. Liu and G. Belfort, An optically reversible switch-
ing membrane surface, Angewandte Chem. Int. Ed. 45 (2006) 
4094–4098.

[13] H. Chen and G. Belfort, Surface medication of poly(ether sul-
fone) ultrafi ltration membranes by low-temperature plasma-
induced graft polymerization, J. Appl. Polym. Sci., 72 (1999) 
1699–1711.

[14] J. Pieracci, J.V. Crivello and G. Belfort, Photochemical modifi ca-
tion of 10 kDa polyethersulfone ultrafi ltration membranes for 
reduction of biofouling, J. Membrane Sci., 156 (1998) 223–240.

[15] S. Zhang, J.. Shen, X. Qiu, D. Weng and W. Zhu, ESR and vibra-
tional spectroscopy study on poly(vinylidene fl uoride) mem-
branes with alkaline treatment, J. Power Sources, 153 (2006) 
234–238.

[16] E. Catiker, O. Güven, Ö. Özarslan. and M. Chipara, ESR study 
of gamma irradiated 2-methyl nylon3, Radiat. Phys. Chem., 79 
(2010) 350–354.

[17] S. Colak and M. Korkmaz, Investigation of structural and 
dynamic features of the radicals produced in gamma irradi-
ated sulfanilamide: an ESR study, Int. J. Pharm., 267 (2003) 
49–58.

[18] K. Polewski, D. Slawinska, J. Slawinski and A. Pawlak, The 
effect of UV and visible light radiation on natural humic acid 
EPR spectral and kinetic studies, Goderma, 126 (2005) 291–299.

[19] A. Shiozawa, Characterization of reactive oxygen species gen-
erated from the mixture of NaClO and H2O2 used as root canal 
irrigants, J. Endodon., 26 (2000) 11–15.

[20] M. Taniguchi, J. Pieracci, W.A. Samsonoff, G. and G. Belfort, 
UV-assisted graft polymerization of synthetic membranes: 
mechanistic studies, Chem. Mater., 14 (2003) 3805–3812.


