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ABSTRACT 

FATE OF REVERSE OSMOSIS (RO) MEMBRANES DURING OXIDATION BY 
DISINFECTANTS USED IN WATER TREATMENT: 

 IMPACT ON MEMBRANE STRUCTURE AND PERFORMANCES  
 

Thomas Maugin 
 

Providing pretreatment prior RO filtration is essential to avoid biofouling and 

subsequent loss of membrane performances. Chlorine is known to degrade polymeric 

membrane, improving or reducing membrane efficiency depending on oxidation 

conditions. This study aimed to assess the impact of alternative disinfectant, NH2Cl, 

as well as secondary oxidants formed during chloramination of seawater, e.g. HOBr, 

HOI, or used in water treatment e.g. ClO2, O3, on membrane structure and 

performances. Permeability, total and specific rejection (Cl-, SO4
2-, Br-, Boron), FTIR 

profile, elemental composition were analyzed. Results showed that each oxidant 

seems to react differently with the membrane. HOCl, HOBr, ClO2 and O3 improved 

membrane permeability but decreased rejection in different extent. In comparison, 

chloramines resulted in identical trends but oxidized membrane very slowly. On the 

contrary, iodine improved membrane rejection e.g. boron, but decreased permeability. 

Reaction conducted with chlorine, bromine, iodine and chloramines resulted in the 

incorporation of halogen in the membrane structure. All oxidant except iodine were 

able to break amide bonds of the membrane structure in our condition. In addition, 

chloramine seemed to react with membrane differently, involving a potential addition 

of nitrogen. Chloramination of seawater amplified membrane performances evolutions 

due to generation of bromochloramine. Moreover, chloramines reacted both with 

NOM and membrane during oxidation in natural seawater, leading to additional 

rejection drop. 
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INTRODUCTION 

Reverse Osmosis (RO) membrane filtration has emerged as the leading technology for 

sea and brackish water desalination and treatment of reclaimed water. Nowadays, the 

production of fresh water becomes a worldwide challenge for agriculture, industry and 

domestic use as the global population is growing. Only 2.5 % of the total water 

present on the planet is considered freshwater. Thus, saltwater is an important 

resource that needs to be exploited to overcome scarcity issues, especially in arid 

countries located by the sea like Saudi Arabia, Australia, or many African countries. 

Amongst the two main technologies used in seawater desalination (RO membrane 

filtration and thermal distillation), membrane filtration is currently preferred because 

of its lower energy consumption, which remains high. However, this process still 

requires improvements. Besides new membrane material development, an important 

part of the research focuses on the use of additional pretreatments. 

 State-of-the-art commercial RO membranes have a thin-film composite (TFC) 

configuration topped by an active layer with thicknesses ranging from 50-250 nm. The 

active layer of most commercial membranes is currently made of fully-aromatic 

polyamide (PA). The process used to manufacture these membranes results in active 

layers with relatively high surface roughness, which was found to enhance the on-

setting of fouling phenomena, including biofouling (Hoek et al., 2003). One approach 

to control biofouling is to add a disinfectant to the feed water. Unfortunately, fully 

aromatic PA is prone to chemical attack by most disinfectants (free chlorine, chlorine 

dioxide, ozone) used in industry (Glater et al., 1983; Glater et al., 1981). Accordingly, 

chemical agents, such as sulfite, are used before membrane filtration to reduce 

residual disinfectants to a non-reactive form. However, the continuous 

chlorination/dechlorination sequence is not considered to be efficient. In recent years, 
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plant operators consider that this procedure may increase the risk of biofouling 

development (Lund and Ormerod, 1995)(Bartels et al., 2005). 

On the other hand, the combined chlorine species, monochloramine (NH2Cl), with 

significantly lower oxidizing power, may have the potential to effectively control 

biofouling without damaging the membrane active layer (Bartels et al., 2005)(Wilf, 

2007). However, a limited number of experiments performed at high concentrations 

have shown that an integrity loss of the RO membrane active layer can take place in 

the presence of combined chlorine, possibly as a result of catalytic reactions involving 

metals, e.g., Fe(II) (Gabelich et al., 2005; Dasilva et al., 2006).  

Other reactions with PA could also take place involving strong secondary oxidizing 

agents. Both chlorine and chloramines react with bromide ions (Br-), present in 

seawater at 65 mg/L to produce hypobromous acid (HOBr) and bromochloramine 

(NHBrCl)(Trofe et al., 1980), respectively. They also react with iodide ion (I-), 

present in seawater at 60 !g/L, to form hypoiodous acid (HOI) (Bichsel and Von 

Gunten, 1999). These secondary-oxidizing agents can react with the PA membrane. 

 

The majority of studies investigating the change in polyamide RO membrane 

performances and structure after reaction with disinfectant focused on chlorine. The 

mechanism of membrane degradation and failure by chlorine is well documented 

(Glater et al., 1981; Glater et al., 1983)(Glater and Zachariah, 1985)(Glater et al., 

1994)(Kawaguchi and Tamura, 1984)(Soice et al., 2003), while still debated. Different 

mechanisms may be involved, which depend strongly on the experimental conditions 

such as pH, oxidant concentration or type of polyamide membrane used. Hence 

different trends were obtained concerning the evolution of membrane properties 

during chlorination, such as permeability and salt rejection.  
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In parallel, characterization techniques of membrane structure and performances were 

improved during the last decade with the increase in implementation of RO filtration 

units.  

 

The main objective of this work was to study the effect of chloramines and secondary 

oxidizing agents (NHBrCl, HOCl, HOBr, HOI) on the physicochemical integrity and 

performance of polyamide RO membranes used for seawater desalination. Additional 

work on the effect of chlorine dioxide and ozone was also performed. In parallel, 

reaction of monochloramine and its isotopes (i.e., 14NH2Cl and 15NH2Cl) on model 

compounds was conducted. 

This project primarily focused on the characterization of PA membrane after 

degradation by oxidants, i.e., chlorine, bromine, iodine and chloramines. Three modes 

of exposure were studied, i.e., batch, recirculation at atmospheric and under pressure. 

The CT parameter (concentration x exposure time) was used to quantify the degree of 

oxidant exposure. Permeability and salt rejection tests were performed to follow the 

evolution of the membrane performances at different stages during and after oxidation 

of the membranes. Then, several characterization tools (Fourier Transform Infrared 

Spectroscopy (ATR-FTIR) and Rutherford Backscattering Spectrometry (RBS), 

streaming potential), including novel characterization methods, were used to 

determine the evolution of the elemental composition and structure of the polyamide 

RO membrane.  

The results of this project are expected to help providing recommendations for the 

design and operation of RO membrane systems treating chloraminated seawater for 

the purpose of minimizing membrane integrity losses and maximizing the rejection of 

target solutes. 
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CHAPTER I: LITERATURE REVIEW 
#
Before engaging this study on the impact of chemical oxidant on polyamide RO 

membrane, it was essential to have a good understanding on first, the structure of the 

PA membrane itself and its behavior in reverse osmosis processes, and second, the 

state of disinfectant/oxidant in solution depending on physicochemical parameters, 

e.g., pH, temperature, inorganic matrix. 

 

I. REVERSE OSMOSIS MEMBRANE: PERFORMANCES AND STRUCTURE 
 
I.1 REVERSE OSMOSIS FILTRATION PROCESS 
 
I.1.1 Definition 

A membrane is a physical barrier prepared to separate different constituents present in 

a single gas or liquid phase into two distinct phases. In sea and brackish water 

desalination, the reverse osmosis membrane is a selective barrier, promoting water 

passage and rejection of inorganic, organic and microorganism species. The solute 

transfer through the membrane is governed by a gradient of pressure, applied to the 

feed water, rich in salts, to overcome the osmotic pressure, which tends to naturally 

drive water molecules from the freshwater side to the feed water side of the 

membrane. Accordingly, RO membranes are made from non-porous materials able to 

handle high pressures (up to 75 bars) and to exert high rejection capacities. Table I.1 

shows the rejection reached for specific salt solution for a representative polyamide 

thin film composite membrane, i.e., SW-30 (Baker, 2004). 

Table I. 1 : Rejection capacity of polyamide RO membrane for specific content 
Content aNaCl aMgCl2 aMgSO4 aNa2SO4 aNaNO3 bB(OH)3 

Rejection (%) 99.5 99.9 99.9 99.8 90 85 
a: Pressure = 55-70 bars, solution concentration= 1-5%(Baker, 2004) 
b: Boron: B(OH)3/B(OH)4

- pKa=8.5 at 20˚C 38 g/L NaCl (Wilf, 2007) 
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According to Rautenbach and Albrecht (cited by Baker, 2004), membrane selectivity 

follows several rules. Multivalent ions are rejected better than monovalent ions 

following the orders below. 

For cations:   Fe3+> Ni2+"Cu2+>Mg2+>Ca2+>Na+>K+ 

For anions:   PO4
3->SO4

2->HCO3
->Br->Cl->NO3

-"F- 

In addition, the rejection of weak acids and bases is highly pH dependent, the 

molecules being highly rejected in their ionized form, and poorly rejected in the non-

ionized form. In particular, boron is an element regulated by international 

environmental agencies (USEPA, 2008). With a pKa1 of 8.5 in seawater, it is 

generally present in water as boric acid (B(OH)3), a relatively small, uncharged and 

non-polar molecule, poorly rejected by RO membranes (Wilf, 2007). 

 

I.1.2 Membrane transport mechanisms 

Solute transport through RO membrane is generally explained with a solution-

diffusion mechanism (Paul, 2004). Water passage and salt passage can be described 

by phenomenological Equations (Geise et al., 2010): 

Jw= A x (P-#)     (I.1) 

Js= B x (Cm-Cp)    (I.2) 

where Jw and Js are the water permeate flux  in m3 m-2 s-1 and solute permeate flux in 

mol m-2 h-1, A and B are the membrane water (in m s-1 bar-1) and solute permeability 

(in m s-1), Cm and Cp are the solute concentrations at the membrane feed interface and 

in the permeate water in mol L-1, respectively; P is the transmembrane pressure, # is 

the osmotic pressure (in bar) due to the feed water salt concentration. Parameters A 

and B are properties related to the membrane structure (e.g., thickness of the active 

layer) and filtration conditions. A and B can be determined from specific 
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characteristics of the membrane (Equation I.3 and I.4) according to the solution-

diffusion mechanism (Paul, 2004). A detailed pathway to get the final equation 

through hypothesis and simplification can be found in Paul (2004). 

Jw= (Pwater/L) x ($water x V/RT) x %P)  (I.3) 

Js= (Ps/L) x %C    (I.4) 

where L is the thickness of the active layer, $eau and V the density and molar volume 

of the water, respectively; T the temperature, R the ideal gas constant and Pwater and Ps 

are the water and solute permeability through the polyamide membrane, respectively, 

depending on the solute diffusion coefficient inside the active layer (Ds) and the solute 

partition coefficient at the membrane-water interface (Ks). 

In practice, the solute rejection R is used as an indicator of the membrane efficiency, 

and is determined by Equation I.5: 

R = 100 x (1 – Cp/Cf)    (I.5) 

where Cp and Cf are the salt concentration at the permeate and at the feed side, 

respectively. The solute rejection is usually calculated from the ratio between 

permeate conductivity and feed conductivity according to Equation I.6 since 

conductivity is a good approximation for concentration. 

R " 100 x (1 – &p/&f)    (I.6) 

where &p is the conductivity of permeate and &f is the conductivity of the feed solution.  

The solute permeability B can be calculated from the solute rejection and the water 

permeability (Equation I.7) by applying mass balance conservation. 

B = Jw x (1-R)/R    (I.7) 
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I.1.3 Concentration polarization 

At microscopic scale, concentration polarization is occurring at the surface of the 

membrane when water diffuses more rapidly through the membrane than solutes into 

the bulk solution (Geise et al., 2010). A boundary layer is subsequently produced at 

the surface of the membrane and a concentration gradient is formed as represented in 

Figure I.1. As the boundary layer thickness ' increases, the osmotic pressure 

difference becomes greater, leading to a decrease of water flux and an increase of 

solute flux. Managing the cross flow velocity, water permeate flux or creating 

turbulences can reduce '. 

 

Figure I. 1: Representation of the concentration polarization phenomenon through the 
formation of a boundary layer 

The passage of water and solutes through the membrane is extensively dependent on 

the active layer pore size and charge distribution, as well as the contaminant size and 

charge. 
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I.2 SYNTHESIS AND CHARACTERISTICS OF THIN FILM COMPOSITE RO MEMBRANE 
 
Most commercial RO membranes have a thin-film composite (TFC) configuration 

including a backing fabric usually made of non-woven polyester fibers (~200 !m), an 

intermediate porous polysulfone support (psf) (~50 !m) topped with an ultra-thin 

“active layer” (~40-260 nm) usually made of fully-aromatic polyamide (PA) as shown 

in Figure I.2(Cadotte, 2000) (Petersen , 1993).  

 
Figure I. 2 : Cross section of RO membrane with a PA active layer. Reprinted with permission 

from (Cadotte, 1985). Copyright (1985) American Chemical Society. 
#
 
I.2.1 Membrane synthesis 

Different combinations of PA are used to form RO membranes (Petersen, 1993). In 

our study, we focused especially on fully aromatic polyamide, formed by interfacial 

polymerization of monomeric aromatic amines with aromatic acyl halides. This 

technique is a stoichiometric reaction between a monomer of m-phenylenediamine 

(MPD) and a monomer of trimesolylchloride (TMC) as shown in Figure I.3. The psf 

support layer is soaked in a water solution containing MPD monomer. The coated psf 

is put in contact with an organic solvent non-miscible and less dense than water, such 

as hexane, containing TMC. The quick reaction leads to the formation of a dense film 

at the top of the psf support layer. The resulting product is dried to finalize the thin 

Figure 1. Schematic representation of the structure of FT-30 
thin-film composite membrane. 
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film composite membrane. It is worth noting that the polyamide layer is embedded in 

or laminated to the psf layer. No covalent bonds are connecting both layers. 

 

Figure I. 3 : Chemistry of Filmtec FT-30 membrane. Reprinted from (Petersen, 1993) with 
permission from Elsevier. 

Several parameters must be fixed to control the preparation of the thin film, such as 

temperature, contact time between the 2 phases, reactant concentrations. Thus, the 

concentration of the monomers and the reaction time strongly impact the morphology 

and the thickness of the polyamide (Chai and Krantz, 1994). The solubility of the 

MPD monomer in the organic phase influences the degree of polymer crosslinking 

(i.e., ratio of n and 1-n repeating unit in Figure I.3) and the roughness of the film 

(Ghosh et al., 2008). The structure and chemistry of the support layer (e.g., porosity 

and hydrophobicity) impact the thickness, the roughness, the water permeability and 

the salt passage (Ghosh and Hoek, 2009). 

 

I.2.2 Membrane morphology 

The final polyamide layer (Figure I.4) shows a relatively high surface roughness with 

a non-homogeneous depth profile, including a dense base nodular polyamide that 

forms a relatively smooth interface with the polysulfone support and a more open 

structure of polyamide on the top comprising a ridge-and-valley structure (Coronell et 

al., 2011; Coronell et al., 2008; Pacheco et al., 2010; Tang et al., 2007; Tang et al., 

2009). 

110 

NH2 
A Cl0 cot I 

+ - 

L 
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permeances and hydraulic permeances of the 
membranes. Mehdizadeh and Dickson [ 1111 
have applied a modified surface force-pore flow 
transport model to the FT-30 membrane with 
satisfactory prediction of water/NaCl permea- 
tion behavior. The effects of temperature on 
flux and solute rejection of the FT-30 mem- 
brane over the temperature range of 5 to 60 o C 
at 350 to 7000 kPa have been modeled by Meh- 
dizadeh et al. [112]. 

Commercial variations of this membrane 
have been developed for municipal tapwater 
purification (TW-30 series), brackish water 
conversion (BW-30 series) and seawater con- 
version to potable water (SW-30 and SW-30HR 
series). Versions of the membrane in sheet form 
have been manufactured under license as HR- 
95 and HR-99 by De Danske Sukkerfabrikker 
Filtration Products (recently became Dow 
Danmark Separations Systems) for applica- 
tions in plate-and-frame modules. A tubular 
version of the FT-30 membrane is also being 
manufactured under license by Patterson 
Candy International (now part of the Thames 
Water Authority) for applications in the food 
industry such as concentration of apple, orange 
and tomato juices [ 1131. The membrane has 
been designated ZF99, and tubular modules of 
the membrane as AFC99. The interfacial po- 

R.J. Petersen/J. Membrane Sci. 83 (1993) 81-150 

‘1 -n 

lyamide of the FT-30 membrane has been ap- 
proved by FDA for food contact use [ 1141. 

The performance properties of the FT-30 
membrane have been summarized in several 
publications by FilmTec [ 104,115-1171. The 
TW and BW products are capable of about 25 
gfd flux under test conditions of 0.2% NaCl 
feedwater and 225 psig pressure. This repre- 
sented about a 40 to 50% reduction in the op- 
erating pressure required in municipal water 
treatment installations vis-a-vis commercial 
cellulose acetate and noncellulosic membranes 
in use at the time these FT-30 products were 
introduced in the early 1930s. Crowdus [ 1181 
has pointed out the impact this made on design 
and costs of reverse osmosis installations. Other 
publications on purified water preparation us- 
ing BW-30 membranes have appeared as well 
[ 119,120]. 

The SW-30 membrane products can gener- 
ate up to 25 gfd and 99.1% salt rejection, oper- 
ating on standard seawater at 800 psig. The SW- 
30HR membrane products provide about 17 gfd 
at 99.3-99.5% salt rejection, operating on stan- 
dard seawater at 800 psig. The latter mem- 
brane is increasingly used in seawater desali- 
nation plants requiring single-pass operation at 
recoveries of up to 45% recovery (i.e. potable 
water as a percentage of incoming feedwater) 
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Some commercial fully aromatic polyamide TFC RO membranes are also coated with 

a surface coating layer (polyvinyl alcohol) to overcome this roughness issue and 

improve membrane fouling resistance (Figure I.4) (Tang et al., 2007; Coronell et al., 

2008).  

A)  

B) C)  
Figure I. 4: TEM micrographs of virgin membranes (A-a and A-b). The ridge-and-valley structure, 
dense polyamide layer (PA), porous polysulfone (PS) and coating layer (A-b) are clearly visible. (a) 

ESPA3, virgin membrane, (b) BW30, virgin membrane. Reprinted from (Tang et al., 2007) with 
permission from Elsevier; Regular TEM cross-section of RO membranes ESPA3 unused (B) and 

Cross-section of the isolated polyamide thin film of an ESPA3 RO membrane obtained after exposing 
regular TEM cross-sections to chloroform to remove the polysulfone support (C). Reprinted from 

(Pacheco et al., 2010) with permission from Elsevier 
 
I.2.3 Membrane physicochemical structure 

During the synthesis of the polyamide, all monomers do not contribute to the 

polymeric chain formation. Instead, remaining monomers lead to the formation of free 

carboxylic (R-COOH/R-COO-) and free amine groups (R-NH3
+/R-NH2) (Petersen, 

1993)(Childress and Elimelech, 2000)(Wamser and Gilbert, 1992)(Freger, 2003).  

150 C.Y. Tang et al. / Journal of Membrane Science 287 (2007) 146–156

layer for these commercial membranes. The use of polymeric
coating materials, such as polyvinyl alcohol, for RO membranes
has been previously reported [18]. The presence of a coating
layer as an additional O source for LNC RO membranes has
been confirmed with our microscopic observation (Section 3.2)
and ATR-FTIR analysis (Section 3.3).

3.2. TEM microscopy

TEM micrographs of a HNC membrane ESPA3 and a LNC
membrane BW30 are shown in Fig. 3. Both membranes seem

to have rough surfaces (peak-and-valley structures), typical for
PA composite membranes prepared by interfacial polymeriza-
tion of aromatic acid chloride and aromatic amides [1,17]. In
addition, both membranes seem to have polyamide layers sev-
eral hundred nanometers thick on top of a porous polysulfone
layer, which agrees well with previous studies [5]. It is interest-
ing to note, however, that the micrograph of the LNC membrane
BW30 (Fig. 3(b)) showed a light-colored region between the LR
White resin and the polyamide layer, which was absent in the
micrograph for the HNC membrane ESPA3. This is likely due to
the presence of a coating layer on BW30. Additional evidence

Fig. 3. TEM micrographs of virgin (a and b) and PAHA fouled membranes (c and d). The ridge-and-valley structure, dense polyamide layer (PA), porous polysulfone
layer (PS), and coating layer if any, are clearly visible. (a) ESPA3, virgin membrane, (b) BW30, virgin membrane, (c) ESPA3, PAHA fouled membrane, and (d)
BW30, PAHA fouled membrane.

54 F.A. Pacheco et al. / Journal of Membrane Science 358 (2010) 51–59

Fig. 1. Regular TEM cross-section of RO membranes (a) ESPA3 unused, (b) ESPA3 previously used in a filtration experiment with 10 nm gold nanoparticles, and NF membrane
(c) NF270 unused. Scale bars: (a–c) 0.5 !m.

being immersed in the resin, randomly changing its orientation
inside the gelatin capsule during curing of the resin. Consequently,
preparing a sectioning face on the resulting resin block that con-
tained an edge of the membrane was often difficult. With respect to
the sectioning artifacts described above, Fig. 2b shows that results
were significantly better in the absence of the polyester back-
ing. However, LR White swelled the polysulfone support causing
additional artifacts, which included (1) an increase in thickness
from approximately 20 !m (Fig. 2a) to 35 !m; (2) the formation
of irregular undulations on the membrane surface; (3) the sporadic
appearance of large oval-shaped holes in the more porous side of
the layer.

Ultimately, the success of a preparation protocol depends on
the ability to obtain accurate images of the polyamide structure.
Fig. 2c and d compare the structure of polyamide thin films of ESPA3
samples that were processed with and without the polyester back-
ing, respectively. After examining many cross-sections prepared
both ways, we concluded that the dimensions and appearance of
the polyamide layers were similar and consistent with images of
polyamide films in the literature [4,11]. The observed morphology
changes of the polysulfone support in samples prepared without
the polyester backing did not show detrimental effects on the
polyamide films, as long as the images were acquired from regions
where the polysulfone surface was straight over several microns

Fig. 2. Regular TEM regular cross-section of ESPA3 RO membranes: (a and c) processed with the polyester backing; (b and d) processed without the polyester backing. Images
(c and d) show that the polyamide films remain unaffected by the different artifacts arising from both maintaining or removing the polyester backing, provided that the
images are acquired in areas where the underlying polysulfone surface is straight over several microns. Scale bars: (a and b) 10 !m; (c and d) 0.5 !m (identical).

F.A. Pacheco et al. / Journal of Membrane Science 358 (2010) 51–59 55

(e.g., Fig. 2d). For example, the vertices of the polysulfone undu-
lations (Fig. 2b) should be avoided for imaging purposes, as the
polyamide often presented abnormalities in these regions (images
not shown).

3.2. Cross-sections of isolated polyamide thin films

In regular TEM membrane cross-sections (Figs. 1 and 2), it is
difficult to accurately discern the interface between the polyamide
and the polysulfone. To study the structure of the polyamide thin
film in isolation from the rest of the membrane layers, we used
chloroform to remove the polysulfone support from regular ESPA3
cross-sections as described in Section 2.2.2. Chloroform is not only
a good solvent for polysulfone, but can be easily removed from the
specimen by evaporation. Polysulfone was successfully removed
from all the cross-sections except from the one at the center of the
grid that was exposed to the electron beam when acquiring prelim-
inary images. The images of this cross-section obtained before and
after chloroform treatment were identical (images not shown). A
plausible explanation is that the heat of the beam further polymer-
ized the resin of this particular cross-section making it completely
impermeable to the solvent, thus effectively masking the polysul-
fone to chloroform. Similar beam effects are known to eliminate
the ability to use staining solutions on resin embedded specimens,
which is why exposing TEM samples to the electron beam before
staining is not recommended [28].

Fig. 3a shows a cross-section image of the isolated polyamide
thin film of ESPA3. The polyamide thin film consists of a 30–60 nm
compact base of nodular polyamide (delimited by the square
bracket in Fig. 3a) from which the ridge-and-valley structure
extends outward. The backside of the polyamide base (i.e., the
polyamide surface formed facing the polysulfone support) is rel-
atively smooth. The carbon/formvar film of the TEM grid is now
visible in the space originally occupied by polysulfone (Fig. 3a).
Because it was not possible to image a cross-section beforehand
without rendering it inaccessible to solvent treatment, TEM EDS
analysis was used instead to confirm that chloroform successfully
removed the polysulfone support.

The EDS spectra presented in Fig. 3 were acquired after the
cross-sections had been treated with chloroform. Fig. 3b shows
the spectrum of the polysulfone support obtained about 1 !m
below the polyamide film of the cross-section that was prelimi-
narily exposed to the electron beam and unaffected by chloroform
treatment. Sulfur is the only element allowing us to differenti-
ate polysulfone from polyamide and the acrylic resin. Therefore,
the sulfur peak confirmed that for this particular cross-section the
polysulfone support was not removed. In contrast, Fig. 3c shows
the corresponding spectrum from one of the cross-sections with-
out polysulfone. In this case, sulfur was not detected and the
oxygen peak was smaller confirming the absence of polysulfone
and the effectiveness of chloroform treatment. The exposed car-
bon/formvar film of the grid is responsible for the observed carbon
and oxygen peaks. Taken together, these spectra support the visual
interpretation that Fig. 3a shows the cross-section of the isolated
polyamide thin film following the removal of the polysulfone sup-
port. Fig. 3d presents the spectrum of polyamide taken from the
cross-section without polysulfone. As expected, no sulfur was mea-
sured, but gold was clearly detected due to the presence of the
nanoparticles.

3.3. Revising the accepted visual description of the structure of
polyamide thin films

The model developed by Freger [29] provides the most compre-
hensive theoretical analysis describing the formation of membrane
polyamide thin films by IP. For the fully aromatic polyamide of

Fig. 3. (a) Cross-section of the isolated polyamide thin film of an ESPA3 RO mem-
brane obtained after exposing regular TEM cross-sections to chloroform to remove
the polysulfone support. Scale bar: 0.5 !m. (b–d) EDS spectra used to confirm
the removal of polysulfone by monitoring the presence of sulfur: (b) polysulfone
support, (c) exposed carbon/formvar film following polysulfone removal and (d)
polyamide with gold nanoparticles.

RO membranes, the model predicts a heterogeneous thin film con-
sisting of a dense core sub-layer of polyamide that separates two
regions of relatively loose polyamide extending in opposite direc-
tions. According to this model the surface side loose polyamide
contains more carboxyl groups, while the loose polyamide on the
polysulfone side has more amine groups [29]. Freger used TEM to
visually evaluate this prediction by selectively staining carboxyl
and amine groups with uranyl and tungstate ions, respectively [10].
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Free functional groups, responsible for the surface charge density, are changing 

membrane properties, such as water and salt passage, and fouling potential by 

introducing pH dependent charges, impacting the hydrophobicity of the membrane. 

Charges and hydrophobicity can be analyzed by zeta potential/streaming potential and 

contact angle measurements (Tang et al., 2007), (Childress and Elimelech, 2000), 

(Kwon and Leckie, 2006), (Do et al., 2012c; Do et al., 2012b; Do et al., 2012a), 

(Hurwitz et al., 2010), (Sbaï et al., 2003), (Mänttäri et al., 2006).  

The disparity of available data in the literature describing the hydrophobic character, 

surface charges, degree of polymerization, and other characteristics for polyamide 

membrane shows the heterogeneity of the material at the surface and the sensitivity of 

corresponding analytical techniques caused by a rough surface.  

 

The presence of functional groups on the membrane surface indicates that the 

interfacial polymerization reaction is incomplete, thus impacting the pore size 

distribution. Kim et al., (2005) analyzed the fractional free volumes of the polyamide 

layer by Positron Annihilation spectroscopy and revealed a bimodal pore size 

distribution. In 2008, Coronell et al., confirmed the bimodal distribution of the pore 

associating a di-acid property (two pKa values) to carboxylic groups present in the 

active layer. These authors suggested that R-COOH groups with the lower pKa are 

located in big pores (i.e., aggregate pores) while the others (higher pKa) are located in 

small pores (i.e., network pores). In Figure I.5, Coronell et al., (2009) give a 

schematic representation of the  accessibility and association of counterions to ionized 

carboxylic groups (R-COO-) in the bulk polyamide active layer of the FT-30 RO 

membrane.  
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Figure I. 5 : Schematic representation of the accessibility and association of counterions to ionized 

carboxylic groups (R-COO-) in the bulk polyamide active layer of the FT-30 RO membrane. 
Monovalent (blue) positive and (green) negative circles represent silver and chloride ions, respectively. 
Larger and smaller pores represent the bimodal pore size distribution (Kim et al., 2005). Divalent (red) 
circles represent barium ions. Reprinted with permission from (Coronell et al., 2009). Copyright (2009) 

American Chemical Society. 
 

Figure I.5 shows that the PA layer contains 2 types of pores: large pores (3.4 to 4.1 Å) 

made by the void space between polymer aggregates and smaller pores (1.4 to 2.3 Å) 

resulting from interstitial space between polymer branches within an aggregate 

(named “network pores”). A comparison between size of actual pores (1.4 to 4.1 Å) 

and ionic radii of mineral ions (Cl-:1.8 Å; Br-: 1.98 Å, I-:2.3 Å up to WO4
2-: 2.7 Å) 

(Marcus, 1988) indicates that part of the membrane may not be accessible to large 

solutes. For instance, Coronell et al. (2009) showed that only 40 % of the carboxylic 

groups of the FT30 membrane are accessible to Ba2+ ion at pH above 4.92. 

 

In addition, the less functional group in the membrane, the more cross-linked the 

membrane. The degree of polymer crosslinking is directly related to the polymer 

RsNH2 groups, and therefore the uncertainty in the con-
centration of RsCOO- groups measured with our ion-probe
method should not exceed (0.04 M ! 0.75) ÷ 2 ) 0.015 M.

The ion-probing/RBS procedure previously developed to
quantify the concentration of RsCOO- groups in the active
layer of FT30 membrane (14) opens the possibility to study
the accessibility and ion-exchange stoichiometry of RsCOO-

groups by using ion probes of varying size and charge.
Accordingly, the objectives of this study are to quantify as
a function of pH in the active layer of the FT30 membrane:
(i) the accessibility of Ba2+ ion (rBa2+ ) 1.49-1.75 Å (17))
to RsCOO- groups; and (ii) the ion-exchange stoichiometry
between (divalent) Ba2+ ion and RsCOO- groups. To
accomplish these objectives, we measured the concentra-

FIGURE 1. Top: Schematic representation of the accessibility and association of counterions to ionized carboxylic groups (RsCOO-)
in the bulk polyamide active layer of the FT30 RO membrane. The figure is not intended as an exact representation of the molecular
structure of the polyamide network, but as a visual aid to the accessibility and stoichiometry of association concepts discussed in
this manuscript. Larger and smaller pores represent the bimodal pore size distribution reported by Kim et al. (8). Monovalent (blue)
positive and (green) negative circles represent silver and chloride ions, respectively. Divalent (red) circles represent barium ions.
Bottom: Composite structure of the FT30 RO membrane showing the open ridge-and-valley structure of its polyamide active layer
where steric effects may be negligible for counterions accessing ionized functional groups located in the vicinity of the surface. The
cartoon also shows the coat layer on top of the active layer which was previously reported (14) to have a composition consistent
with that of 50% ester-cross-linked polyvinyl alcohol.
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rigidity. Two methods were used to determine this parameter. Rutherford 

Backscattering Spectrometry (RBS) was used by Coronell et al. (2008, 2009, 2010, 

2011) to refer to the quantification of the crosslink density looking averaging values 

from different depths of the membrane composition. In parallel, X-ray Photoelectron 

Spectroscopy (XPS) was used by other authors (Kwon et al., 2006)(Do et al., 2012a, 

2012b)(Coronell et al., 2011) to determine the degree of polymer crosslinking looking 

at elemental membrane composition at the surface (5 nm depth). Results showed that 

the degree of polymer crosslinking differs from one type of membrane to another and 

that the in-depth composition of RO membranes is significantly heterogeneous, with 

lower crosslink density at the top of the membrane. 

 

I.2.4 Partial conclusion 

Accordingly, pore size distribution leading to a restricted accessibility of the overall 

volume of the membrane, and a high degree of polymer crosslinking promotes the 

rejection of solutes by steric effect. The charge density, polarity and numerous other 

interaction force fields (electrostatic, hydrogen bonding, …), brought by the amide, 

carboxylic and secondary amine groups, create non-covalent interactions between the 

membrane and solutes, and govern water and solute passage through the membrane. 

 

II. OXIDANT CHEMISTRY IN WATER TREATMENT 

Chlorine (Cl2/HOCl/ClO-), chloramines (NH2Cl/NHCl2/NCl3), chlorine dioxide (ClO2) 

and ozone (O3) are typical disinfectants used in water treatment. In addition to their 

disinfection efficiency, they are known to be relatively strong oxidant. Their standard 

redox potential, a parameter used to determinate the oxidant power (Dore, 1989), and 

the reactions, are listed in Table I.2. They can also lead to the formation of secondary 
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oxidizing agents, such as bromine (HOBr/BrO-), iodine (HOI/OI-), or 

bromochloramine (NHBrCl), especially in water enriched in halide ions. Considering 

the standard redox potential and the electron transferred during reactions, Table I.2 

indicates that ozone is the strongest oxidant. Chlorine and bromine have equivalent 

oxidation potential, with a weaker oxidation potential for hypohalite ions. Chloramine 

is the oxidant with lower oxidation power under water treatment conditions. 

Table I. 2 : Standard redox potential for common disinfectant used in water treatment 
Reaction E˚in volt Reference 

Cl2 + 2 e- = 2 Cl- 1.395 
HOCl + e- + H+ = ( Cl2 +H2O 1.620 
HOCl + 2 e- + H+ = Cl- + H2O 1.494 

ClO- + 2 e- + H2O = Cl- + 2 OH- 0.888 

Soulard et al., 1984 

HOBr + e- + H+ = ( Br2 + H2O 1.59 Dore, 1989 
HOBr + 2 e- + H+ = Br- + H2O 1.33 Dore, 1989 

BrO- + 2 e- + H2O = Br- + 2 OH- 0.70 Dore, 1989 
I2+ 2 e- = 2 I- 0.536 Bichsel, 2000 

HOI + 2 e- + H+ = I- + H2O 0.987 Bichsel, 2000 
HOI + e- + H+ = ( I2 +H2O 1.45 Dore, 1989 

IO- + 2 e- + H2O = I- + 2 OH- 0.49 Dore, 1989 
ClO2 + e- = ClO2

- 0.95 Dore, 1989 
O3+ 2 e- + H+ = O2 + H2O 2.07 Dore, 1989 

O3 + H2O + 2 e- = O2 + 2 OH- 1.24 Dore, 1989 
NH2Cl +2 e- + 2 H+ = Cl- + NH4

+ 1.527 Soulard et al., 1984 
NHCl2+ 4 e- + 3 H+ = 2 Cl- + NH4

+ 1.428 Soulard et al., 1984 
NCl3 + 6 e- + 4 H+ = 3 Cl- + NH4

+ 1.407 Soulard et al., 1984 
 

II.1 CHLORINE CHEMISTRY AND IMPACT OF BROMIDE AND IODIDE IONS 
 
II.1.1 Chlorine chemistry 

Chlorine is a strong oxidant widely used in water treatment for disinfection. It can be 

used as a pre-treatment or as a post-treatment step to keep the water in distribution 

network free of pathogens. Chlorine is present in different forms in pure water. 

The gaseous form of chlorine (Cl2) undergoes a rapid hydrolysis in water to form 

hypochlorous acid (HOCl) according to the following reaction: 

Cl2 + H2O = HOCl + H+ + Cl-     (I.8) 



#

#

GF#
K1=3.94 x 10-4 M2 at 25 ˚C (Connick and Chia, 1959) 

Chlorine is also in equilibrium with trichloride ion (Cl3
-):  

Cl2 + Cl- = Cl3
-       (I.9) 

K2= 1.91 x 10-1 M at 25 ˚C (Zimmerman and Strong, 1957) 

Hypochlorous acid is a weak acid that dissociates to hypochlorite ion: 

HOCl = ClO- + H+      (I.10) 

K3= 2.90 x 10-8 M = 10-7.53 at 25 ˚C (Morris, 1966) 

Theses two species are powerful oxidants. The sum of these four chlorine species (Cl2, 

Cl3
-, HOCl, ClO-) is called free chlorine. 

Less common chlorine entities, such as dichlorine monoxide (Cl2O) or cationic 

chlorine forms such as Cl+ and H2ClO+, known as intermediates species in the reaction 

of halogenation (Dore, 1989), can be found in water. Figure I.6 summarizes the 

different chlorine forms in pure water. 

 
Figure I. 6: Chlorine species in pure water (Cimetière, 2009) 

 
Besides, the formation of radicals was reported in presence of chlorine (Holst, 1954). 

Wienk et al. (1995) proposed the formation of radicals following this mechanism 

described hereafter: 

HClO + ClO) !•ClO + Cl) +•OH     (I.11) 

•OH + ClO) ! •ClO + OH)      (I.12) 

•ClO + ClO) +OH) ! 2Cl) +O2 +•OH    (I.13) 
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The overall reaction stands as: 

HClO + 3ClO) ! 3Cl) +•ClO + O2 +•OH    (I.14) 

Thus, both hypochlorous acid and hypochlorite ion must be present in solution. A 

second mechanism involving disproportionation of hypochlorous acid is proposed by 

Fukatsu and Kokot (Fukatsu and Kokot, 2001) as follow: 

HClO ! •OH + Cl•       (I.15) 

Cl• +HClO ! •OH+Cl2       (I.16) 

The overall reaction stands as: 

2 HClO ! 2 •OH + Cl2       (I.17) 

In this reaction, only hypochlorous acid must be in solution to generate radicals. 

II.1.2 Reaction with bromide and iodide 

Bromide and iodide ions are naturally present in the aquatic environment at 

concentration of 35-1000 !g Br-/L in freshwater and 65 mg Br-/L and 60 !g I-/L in 

seawater (Agus et al., 2009). 

The formation of bromine and its stability in pure water can be described by 

Equations I.18 and I.19. 

HOCl + Br- ! HOBr + Cl-     (I.18) 

k= 1.06 x 107 M-1h-1 (Farkas et al., 1949) 

k= 2.46 x 107 M-1h-1 (Bousher et al., 1989) 

HOBr = BrO- + H+    Ka=10-8.7 (I.19) 

Hypoiodous acid differs significantly from HOCl and HOBr. Its formation and 

dissociation occur through a similar pathway as described by Equations II.13 and 

II.14. 

HOCl + I- ! HOI + Cl-     (I.20) 

HOI = IO- + H+    Ka=10-10.8 (I.21) 
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2 HOCl + HOI ! IO3

- + 2 Cl- + 3 H+    (I.22) 

k= 8.3 x 104 M-2s-1 (Bichsel and Von Gunten, 1999) 

However, HOI/OI- can react with itself (more unstable oxidant) via a couple of 

reactions catalyzed by anions like borate, carbonate or phosphate (Equations I.23 and 

I.24). Reactions are slow under drinking water conditions but the half-life of HOI is 

on the order of few days (Bichsel and Von Gunten, 1999). 

HOI + HOI = IO2
- + I- + 2 H+      (I.23) 

HOI + IO2
- = IO3

- + I- + H+     (I.24) 

 

II.1.3 Impact of pH on oxidant speciation 

Free chlorine, bromine and iodine are mainly present in water as hypohalogenous 

acid/ hypohalite species. The concentration of each species is strongly dependent on 

the pH of the solution since HOCl/OCl-, HOBr/OBr- and HOI/OI- are weak acids, with 

pKa at 25 °C of 7.5, 8.7 and 10.8, respectively. Figure I.7 shows the impact of pH on 

the halogen speciation. 

In addition, hypochlorite and hypobromite are metastable. In alkaline solution, they 

decompose, i.e., disproportionate, into chlorate and chloride, bromate and bromide, 

respectively. This reaction (Equation I.25) is very slow if no electrolysis occurs 

(WHO, 2000): 

3 OX– ! XO3
– + 2 X–      (I.25) 
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Figure I. 7 : Concentration of hypohalogenous acids in percent of total halogen (i.e. chlorine, bromine, 
or iodine) as a function of the pH of the solution in pure water. 

 
 
II.2 CHLORAMINES CHEMISTRY 
 
Chloramines are formed by the reaction of ammonia (NH4

+/NH3) with aqueous 

chlorine. Monochloramine (NH2Cl), dichloramine (NHCl2) and nitrogen trichloride 

(NCl3) can be specifically formed by adjusting the N:Cl parameter according to the 

breakpoint. 

Ammonia is a weak base, which can be present as its molecular form (NH3) or, more 

preferentially in the aquatic environment, in its ionic form (NH4
+) according to the 

following equilibrium: 

NH4
+ = NH3 + H+      (I.26) 

K= 5.75 x 10-10 M at 25 ˚C (Bates and Pinching, 1950) 

The fast reaction between hypochlorous acid and ammonia (Weil and Morris, 

1949)(Qiang and Adams, 2004) leads to the formation of inorganic chloramines in a 

series of competing reactions (White, 1992) described as follows: 

NH4
+ + HOCl ! NH2Cl + H3O+    (I.27) 

k=1.5 x 1010 M-1·h-1 (Morris and Issac, 1981) 
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k=2.22 x 1010 M-1·h-1 (Weil and Morris, 1949) at 25 °C 

NH2Cl + HOCl ! NHCl2 + H2O     (I.28) 

k= 1.0 x 106 M-1·h-1 (Margerum et al., 1978) at 25 °C 

NHCl2 + HOCl ! NCl3 + H2O    (I.29) 

k= 1.59 x 106 M-1·h-1 (Hand and Margerum, 1983) at 25 °C 

The sum of chloramine species (NH2Cl, NHCl2, NCl3) is called combined chlorine. 

Chloramines can also undergo hydrolysis reactions (reverse reactions) but kinetic 

hydrolysis constants are extremely low as compared to kinetic formation constants: 

kI.27b= 7.6 x 10-2 h-1 (Morris and Isaac, 1981), k I.28b= 2.74 x 10-3 h-1 (Margerum et al., 

1978) and k I.29b= 0.16 h-1 (Morris and Isaac, 1981) at 25 °C. 

The model proposed by Jafvert and Valentine shown in Table I.3 (Jafvert and 

Valentine, 1992) explains more accurately the pathway of the existence of 

monochloramine. 

Table I. 3 : Model of Monochloramine decay adapted from Jafvert and Valentine (1992), Cimetiere 
(2009) 

#* Reaction Rate constant (25 C) Reference 
5 NH3+HOCl ! NH2Cl+H2O k5=1.5 x 1010 M-1·h-1 Morris and Isaac, 1981 
6 NH2Cl+HOCl ! NHCl2+H2O k6= 1.0 x 106 M-1·h-1 Margerum et al, 1978 
7 NHCl2+HOCl ! NCl3+H2O ak7="ki [ion] Hand and Margerum, 1983 
5b NH2Cl+H2O ! NH3+HOCl k5b=7.6 x 10-2 h-1 Morris and Isaac, 1981 
6b NHCl2+H2O ! NH2Cl+HOCl k6b =2.74 x 10-3 h-1 Margerum et al, 1978 
8 2NH2Cl ! NHCl2+NH3 bk8="ki [ion] Cimetiere, 2009 
9 NHCl2+NH3+H+ ! 2NH2Cl+H+ k9=2.16x 108 M-2·h-1 Hand and Margerum, 1983 
10 NHCl2 + OH- ! I k10=4x 105 M-1·h-1 Jafvert and Valentine, 1987 
11 I + NHCl2 ! HOCl + cP k11=1x 108 M-1·h-1 Leao, 1981 
12 I + NH2Cl !cP k12=3x 107 M-1·h-1 Leao, 1981 
13 NH2Cl + NHCl2 !cP k13=55 M-1·h-1 Valentine et al., 1988 
14 NHCl2+NCl3+OH-!2HOCl+cP k14=2x1014 M-2·h-1 Jafvert and Valentine, 1992 
15 NH2Cl +NCl3 +OH-!HOCl +cP k15=5x 1012 M-2·h-1 Jafvert and Valentine, 1992 
16 NHCl2 + ClO-!NO3

- +5H+ +4Cl- k16=8.3x 105 M-1·h-1 Jafvert and Valentine, 1992 
*# correspond to original Equation numbering in Figure I.11 

a k7=kOH[OH-] + kClO[ClO-] + kHP[HPO4
2-] + kCO3[CO3

2-];  
kOH =1.18x1013 M-2·h-1; kClO=3.24x108 M-2·h-1 ; kHP=5.72x107 M-2·h-1 ;  kCO3=2.16x1010 M-2·h-1  

b k8=kH[H+] + kH3P[H3PO4] + kH2P[H2PO4
-] + kH2C[H2CO3] + kHC[HCO3

-]; 
 kH= 1.6, 2.5x107 M-2·h-1; kH3P= 3.2x106 M-2·h-1; kH2P= 0.58, 1.3x103 M-2·h-1; kH2C= 2.7, 40 x103 M-2·h-1; 
kHC= 7.2, 800 M-2·h-1Valentine and Jafvert, 1988, Vikesland et al., 2001 
c P may include N2, H2O, Cl-, H+, NO3

- and unidentified reaction products. 
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The competing reactions of chloramines formation are dependent on pH, temperature 

and contact time and controlled by the chlorine to ammonia nitrogen (Cl2: N) ratio. 

II.2.1. Influence of pH 

The pH of the solution has a strong impact on the formation rate of monochloramine. 

Table I.4 gives the calculated reaction times for monochloramine formation at 25 °C 

and Cl:N ratio of 3:1 (White, 1992), with the fastest reaction occuring at a pH of 8.3. 

This relationship is generated by the disproportionation reactions of chloramine 

species, which are pH dependent, such as the equilibrium reactions involving the 

protonation/deprotonation of chlorine, ammonia and inorganic species, e.g., 

phosphate, carbonate. The disproportionation of monochloramine follows a complex 

reaction mechanism promoted at acidic pH. 

Table I. 4 : Time to 99% Conversion of chlorine to monochloramine 
pH Time (s) 
2 421 
4 147 
7 0.2 

8.3 0.069 
12 33.2 

 

Soulard et al. (1984) explained a simple pathway as follow: 

2 NH2Cl + H+ = NH4
+ + NHCl2     (I.30) 

K= 5.2 x 106 M-1 at 25 °C 

3 NH2Cl + H+ = NH4
+ + 3 NCl3     (I.31) 

K= 1.7 x 104 M-1 at 25 °C 

The complex pathway will be discussed later, i.e., stability of chloramines (II.2.4). 

Figure I.8 provides the relationship between the percent of chloramines species and 

the pH (Cimetiere, 2009). At pH>7, the majority of chloramines species is represented 

by monochloramine. 
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Figure I. 8 : Distribution diagram for chloramines species with pH. 

 [Cl2]tot=1 x 10-3 M; N/Cl=1; T=25 °C (Cimetière, 2009) 
 
II.2.2. Influence of Temperature 

The temperature also influences the stability of chloramines. Table I.5 shows the 

temperature impact on the equilibrium constant and rate coefficient of equations that 

lead to the formation of chloramines. 

Table I. 5 : Temperature dependency of reaction rate coefficient and equilibrium constants. T in K, R= 
8.314 J mol-1K-1 

#* Reaction Rate coefficient/equilibrium constant 
3 HOCl = ClO- + H+ pka3=1.18 x10-4T2- 7.86 x10-2T +20.5 
4 NH4

+ = NH3 + H+ pka4=1.03 x10-4T2- 9.21 x10-2T +27.6 
5 HOCl+NH3!NH2Cl+H2O k5= 2.37 x 1012 exp(-1510/T) M-1·h-1 
5b NH2Cl+H2O! HOCl+NH3 k5b= 6.7 x 1011 exp(-8800/T) h-1 
6 NH2Cl+HOCl !NHCl2+H2O k6=1.99 x 104 exp(-10042/RT) M-1·s-1 
7 NHCl2+HOCl!NCl3+H2O k7= 3.43 x 105 exp(-29288/RT) M-1·s-1 
7b NCl3+H2O! NHCl2+HOCl k7b= 8.56 x 108 exp(-75312/RT) s-1 
20 NHCl2+H2O!NOH+2H++2Cl- k20= 2.03 x 1014 exp(-30125/RT) s-1 
21 NOH+NH2Cl!N2+H2O+H++Cl- k21= 1.00 x 108 exp(-25104/RT) M-1·s-1 
22 NOH+NHCl2!N2+HOCl+H++Cl- k22= 1.30 x 109 exp(-25104/RT) M-1·s-1 
23a NOH+HOCl! NO2

-+2 H++Cl- 
23b NO2

-+HOCl!NO3
-+H++Cl- k23= 1.00 x 107 exp(-25104/RT) M-1·s-1 

*# correspond to original Equation numbering in Figure I.11 
#3: Morris (1966), #4: Bates and Pinching (1950), #5 and 5b: Morris and Isaac (1981), #6-#23b:Saunier 
and Selleck, 1979 cited by Cimetiere, 2009 
 
II.2.3. Influence of the N:Cl ratio  

The N:Cl ratio influences the distribution of the different species of chloramines. For 

example, an excess of ammonia at pH 4.4-8.5 can lead to the formation of 
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dichloramine instead of monochloramine (Chapin, 1920). Nitrogen trichloride can 

also be formed at lower pH.  

The distribution of total chlorine species as a function of the N:Cl molar ratio (Figure 

I.9) can be plotted according to Equations 8 and 9 (Table I.1) . At N:Cl >1 

chloramines species (combine chlorine) represent almost 100% of the total chlorine.  

 
Figure I. 9 :Distribution diagram of total chlorine species with molar ratio N:Cl (Soulard et al., 1984), 

[Cl2]0=1 x 10-4 M; [Cl-]=1 x 10-3 M; pH=7.5; T=25 ºC 
 
Figure I.10 presents a theoretical breakpoint curve. It plots the chlorine residual versus 

the chlorine dose added into a pure ammonia solution at a pH range of 6.5 to 8.5. For 

a molar ratio Cl:N less than 1.33 (7.6 mg Cl2/mg NH4-N) combined chlorine is 

produced. Monochloramine is formed for molar ratio Cl:N below 1. Above 1, there is 

a total decrease of combine chlorine until the breakpoint (molar ratio Cl:N = 1.33). 

After the breakpoint, the species formed in the solution are principally free chlorine.  

The chemical pathway of this phenomenon based on several studies (Chapin (1929), 

(Palin, 1950), (Wei, 1972), (Wei and Morris, 1974), (Saunier 1976), Saunier and 

Selleck, 1979) shows that the decrease of total chlorines species leads to the formation 

of N2 and NO3
-. The hydroxylamine NOH is proposed as the first species as shown in 

Table I.3 by reactions 20-22, 23a, 23b. 
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Figure I. 10: Theoretical breakpoint curve (EPA guide manual) 

 
 
Figure I.11 shows the reaction model proposed by Saunier and Selleck in 1979. 

 
Figure I. 11 : Saunier and Selleck’s proposed breakpoint reaction model (Cimetière, 2009) 

 

II.2.4. Disproportionation and autodecomposition  

Monochloramine is unstable in pure water. As shown before, many parameters are 

involved in its autodecomposition, such as temperature, pH, ionic strength and N:Cl 

ratio. 

Base hydrolysis of monochloramine is not the only reaction pathway that explains its 

rapid decomposition and would not lead to the formation of NO3
- and N2. However, 
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these compounds are probably formed through the formation of NOH and NH2OH 

(Saunier, 1976), (Diyamandoglu, 1994). 

Diyamandoglu (1994) proposed a kinetic model, which explains the complex 

hydrolysis of monochloramine and the formation of these intermediates with the 

following overall reaction. 

NH2Cl + NH2Cl + H2O ! NOH + NH3 + 2 HCl   (I.32) 

(Diyamandoglu, 1994) 

Acid catalyzed disproportionation of monochloramine leads to the formation of 

dichloramines: 

NH2Cl + H+ = NH3Cl+      (I.33) 

k= 28 M-1 (Gray et al., 1979) 

NH2Cl + NH3Cl+ ! NHCl2 + NH4
+    (I.34) 

k= 3.5 x 106 M-1·h-1 (Gray et al., 1979) 

Dichloramine can be hydrolyzed to form again monochloramine (Eq 6b in Table I.3) 

or to form N2, HNO3 and HNO2 as proposed by Diyamandoglu (1994) in a series of 

reactions (Eq I.35 to I.39). 

NHCl2 + H2O ! NH(OH)Cl + HCl    (I.35) 

k= 7.0 x101 M-1h-1 

NH(OH)Cl ! NOH + HCl     (I.36) 

k= 5.0 x10-4 h-1 

NOH + NHCl2 ! N2 + HOCl + HCl    (I.37) 

k= 6.0 x103 M-1h-1 

NOH + HOCl ! HNO2 + HCl    (I.38) 

k= 1.0 x1011 M-1h-1 

HNO2 + HOCl ! HNO3 + HCl     (I.39) 



#

#

JF#
k= 9.8 x1012 M-1h-1 

Therefore, monochloramine is not the only species present. Accordingly, di- and 

trichloramine can also react with each other as described in the following reactions 

(Eq I.40 to I.43) 

NH2Cl + NHCl2 ! P      (I.40) 

k=55.0 M-1·h-1(Hand and Margerum, 1983) 

NHCl2 + NCl3 + 2 H2O ! 2 HOCl + P   (I.41) 

k=2.0 x1014 M-2·h-1 (Jafvert and Valentine, 1992) 

NH2Cl + NCl3 + H2O ! HOCl + P    (I.42) 

k=5.0 x1012 M-2·h-1(Jafvert and Valentine, 1992) 

NHCl2 + 2 HOCl + H2O ! NO3
- + 5H+ + 4 Cl-  (I.43) 

k= 8.3 105 M-1·h-1 (Jafvert and Valentine, 1992) 

P include N2, H2O, Cl-, H+, NO3
- and unidentified reaction product. 

Figure I.12 shows the global pathway of the decomposition of the monochloramine 

according to Jafvert and Valentine (1992). 

 
Figure I. 12: Monochloramine decomposition after Jafvert and Valentine (1992). 

#
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II.2.5. Reactivity of chloramines with mineral compound 

II.2.5.1. Reactivity with weak acid/ buffer  

The decomposition of monochloramine can be influenced by the presence of other 

compounds, such as mineral compounds, which are able to yield a proton (H+) and 

further enhance the acid catalyzed monochloramine decomposition or the presence of 

chloroammonium ion (NH3Cl+). Thus, the monochloramine decomposition could be 

underestimated if these reactions are not taken into account in the model. Phosphates 

and carbonates (AH/A-) are especially involved in this reaction mechanism (Valentine 

and Jafvert, 1988)(Vikesland et al., 2001). The following Equations show the 

influences of theses compounds. 

NH2Cl + AH = NH3Cl+ + A-     (I.44) 

NH2Cl + NH3Cl+ = NHCl2 + NH3 + H+   (I.45) 

These compounds have obviously an impact on the disproportionation of 

monochloramine. 

At neutral to high pH, Valentine et al., (1988) proposed a mechanism for the 

decomposition of monochloramine that includes its disproportionation and hydrolysis. 

NH2Cl + HOCl ! NHCl2 + H2O    (I.46) 

NH2Cl + H2O = HOCl + NH3     (I.47) 

NH2Cl + NH2Cl ! NHCl2 + NH3    (I.48) 

NH2Cl + NHCl2 ! P (fast)     (I.49) 

d [NH2Cl]/dt = -3kobs[NH2Cl]2     (I.50) 

kobs="ki[HAi] + k32Ke/[NH3] 

The first term of kobs refers to the influence of species able to yield a proton and the 

second term characterizes the hydrolysis of monochloramine.  
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It is possible to determine the first term more accurately by changing the conditions to 

minimize the hydrolysis term. 

Accordingly, Valentine et al. (1988) and Vikesland et al. (2001) proposed two kobs for 

phosphates and carbonates, respectively. 

kobs = kH+[H+] + kH3PO4[H3PO4] + kH2PO4-[H2PO4
-] + kHPO42-[HPO4

2-] 

kobs = kH+[H+] + kH2CO3[H2CO3] + kHCO3-[HCO3
-] 

Table I.6 shows the reaction constant for all these compounds. 

Table I. 6 : Kinetic constants for weak acids species 
Kinetic constant Value Reference 

kH+ 2.6 x107 M-2 h-1 Granstorm, 1954 
 9.9 x107 M-2 h-1 Gray et al., 1979 
 2.3 x107 M-2 h-1 Valentine et Jafvert, 1988 
 2.5 x107 M-2 h-1 Vikesland et al., 2001 
 1.60 x107 M-2 h-1 Cimetiere, 2009 

kH3PO4 3.2 x106 M-2 h-1 Valentine et Jafvert, 1988 
kH2PO4- 1.4 x103 M-2 h-1 Valentine et Jafvert, 1988 

 581 M-2 h-1 Cimetiere, 2009 
kH2CO3 4 x104 M-2 h-1 Vikesland et al., 2001 
KHCO3- 800 M-2 h-1 Vikesland et al., 2001 

 
II.2.5.2. Reactivity with nitrite 

As shown, the breakpoint reaction model proposed by Saunier and Selleck (see II.2.3), 

nitrite and nitrate can be formed during the decomposition of monochloramine. Nitrite 

in solution leads to an additional demand in monochloramine (Valentine and  Selleck, 

1983)(Hao et al., 1994) (Margerum et al., 1994) and this reaction is catalyzed by the 

species able to yield a proton. 

Vikesland et al. (2001) proposed a model of monochloramine decomposition in the 

presence of nitrite (Eq I.51 to I.56) based on the study by Margerum et al. (1994). 

H+ + NH2Cl + NO2
- = NH3 + NO2Cl     (I.51) 

HOCl + NO2
- = NO2Cl + OH-     (I.52) 

NO2Cl + NO2
- = N2O4 + Cl-     (I.53) 
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N2O4 + OH- = NO3

- + NO2
- + H+    (I.54) 

NO2Cl = NO2
+ + Cl-      (I.55) 

NO2
+ + OH- ! NO3

- + H+     (I.56) 

II.2.5.3. Reactivity with bromide  

According to Trofe et al. (1980), the reaction of monochloramine with bromide can be 

explained by the following reactions and the formation of bromochloramine: 

NH2Cl + H+ = NH3Cl+      (I.57) 

K= 28 M-1 (Gray, et al., 1979) 

NH3Cl+ + Br- ! NH3Br+ + Cl-    (I.58) 

k= 5.0 x 104 M-1·s-1 at 25 ˚C (Trofe et al., 1980) 

NH2Cl + NH3Br+ ! NHBrCl + NH4
+    (I.59) 

(fast reaction) (Trofe et al, 1980) 

Therefore, according to Gazda (1994) based on previous work of Trofe et al. (1980), 

the reaction of monochloramine with bromide in presence of weak acid (HA/A-) 

follows a different pathway: 

HA + NH2Cl + Br- ! NH3 + BrCl + A-   (I.60) 

BrCl + Br- ! Br2 + Cl-     (I.61) 

NH2Cl + Br2 ! NHBrCl + Br- + H+    (I.62) 

Bromochloramine is the main brominated secondary oxidant formed during the 

reaction of combined chlorine and bromide.  

Monobromamine can also be formed following the reaction of bromide with 

hypochlorous acid to form hypobromous acid and bromamine. The chemistry of 

bromamine is very similar to chloramine chemistry. 

NH2Cl + H2O ! HOCl + NH3    (I.63) 

HOCl + Br- ! HOBr + Cl-     (I.64) 
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HOBr + NH3 ! NH2Br + H2O    (I.65) 

Bromochloramine is less stable in solution than monochloramine. Its stability depends 

on the pH and the initial bromide and monochloramine concentrations (Luh, 2012). 

Vikesland et al. (2001) suggested the following reaction involving bromochloramine 

and monochloramine to explain the loss of bromochloramine. 

NHBrCl + NH2Cl ! N2 + Br- + 2 Cl- + 3 H+   (I.66) 

Thus, bromochloramine is not stable under typical conditions found during the 

disinfection of drinking water. 

 

II.2.5.4. Reactivity with Iodide 

According to Bichsel and von Gunten (1999), monochloramine reacts relatively fast, 

depending on the pH, with iodide to form HOI as shown in the following Equation 

II.53. But monochloramine doesn’t further oxidize hypoiodous acid to IO3
- (as free 

chlorine or ozone) and these authors have not observed the formation of iodoamine: 

NH2Cl + I- ! HOI + NH3 + Cl-    (I.67) 

k = 2.4 x 1010 x [H+] M-1·s-2 

The reaction of HOI with itself is faster than the reaction of monochloramine with 

hypoiodous acid, but it is still very slow with the half-life of HOI on the order of a few 

days. However, HOI is oxidized in presence of HOCl or HOBr according to Equation 

I.22. 

 

II.2.5.5. Reactivity with iron 

Vikesland and Valentine (2000) showed the influence of iron on the monochloramine 

decay. Fe(II) reacts with monochloramine to form Fe(III) and the amidogen radical 
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(•NH2), which further reacts with Fe(II) to form Fe(III) or with itself to form hydrazine 

as shown in the following reactions. 

Fe (II) + NH2Cl ! Fe (III) + •NH2 + Cl-   (I.68) 

Fe (II) + •NH2 +H+!Fe (III) + NH3    (I.69) 

Hydrazine reacts also with monochloramine 

•NH2 + •NH2 ! N2H4      (I.70) 

N2H4 + 2 NH2Cl ! N2 + 2 NH4
+ + 2 Cl-   (I.71) 

 

II.3 CHLORINE DIOXIDE AND OZONE CHEMISTRY 
 
II.3.1 Chlorine dioxide chemistry 

Chlorine dioxide (ClO2) is a strong disinfectant (e.g., against viruses, 

Cryptosporidium, and Giardia) and oxidant (e.g., oxidize iron, manganese, phenolic 

compounds…) used in water treatment to minimize the formation of disinfection-by-

product usually generated by other common disinfectants, such as chlorine. The 

limitation of chlorine dioxide is, first, the formation of oxidation by-products, such as 

chlorite and chlorate, regulated by national and international environmental agencies 

due to their health effect, and second, the cost of production. 

Solutions of chlorine dioxide are generated, as compared to chlorine, by bubbling a 

gas of chlorine dioxide in water. ClO2 has a high solubility in water, especially at low 

temperatures. It remains in solution as a dissolved gas, unlike chlorine that hydrolyzes 

rapidly.  

As a dissolved gas, aqueous chlorine dioxide can be removed from solution and 

transferred to the gas phase by the injection of air or carbon dioxide into the solution. 

However, the gaseous form of chlorine dioxide is explosive under pressure and the 

aqueous form is explosive at high concentration and has a low ignition temperature. 
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Thus, ClO2 is generated on-site (EPA, 1999). In the laboratory, aqueous chlorine 

dioxide is generated by the reaction of chlorine and sodium chlorite solution 

according to Equations I.71 and I.72: 

2NaClO2 + Cl2(g) = 2ClO2(g) + 2NaCl   (I.72) 

2NaClO2 + HOCl = 2ClO2(g) + NaCl + NaOH  (I.73) 

However, an excess of chlorine can directly oxidize chlorite to chlorate through a 

mechanism involving the intermediate species {Cl2O2} and {Cl--ClO2}. Equation I.73 

describes the overall reaction (Emmenegger and Gordon, 1967): 

ClO2
- + HOCl = ClO3

- + Cl- + H+    (I.74) 

At high pH (pH>9), chlorine dioxide is not stable and reacts with OH- to form chlorite 

and chlorate according to Equation I.74 (Gordon et al., 1972): 

2 ClO2 + 2 OH- = H2O + ClO2
- + ClO3

-   (I.75) 

The disproportionation rate strongly depends on the pH. At low pH, aqueous chlorine 

dioxide is reasonably stable.  

Exposure of aqueous chlorine dioxide to sunlight leads to a photochemical 

decomposition and enhances the production chlorate from chlorite. 

 

II.3.2 Ozone chemistry 
 
Ozone (O3) is a strong oxidant (e.g., oxidize iron, manganese, organic 

micropollutants) and a powerful disinfectant (e.g., very effective against viruses, 

Cryptosporidium, and Giardia). It is introduced into water as a dissolved gas and 

relativelly soluble at low temperature. It can be used to control color, taste and odors 

issues. In absence of bromide in water, O3 does not form halogenated disinfection by 

products (DBPs). However, in the presence of bromide, it forms bromate and toxic 

brominated DBPs regulated by international environmental agencies. O3 is corrosive 
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and toxic, and it must be produced on-site from a costly generation method (via 

corona/silent electrical discharge of oxygen gas)(EPA, 1999). 

It is not stable in water and decomposes according to a complex known mechanism 

(Figure I.13) to hydroxyl radical (HO"), known as a strong oxidant in water treatment 

(Hoigne, 1988), (von Gunten, 2003a), (Tomiyasu et al., 1985), (Staehelin and Hoigne, 

1985), (Staehelin and Hoigne, 1982), (Hoigne and Bader, 1976), (USEPA, 1999). 

 

Figure I. 13 : Decomposition mechanism of ozone in pure water (Hoigné and Bader, 1976) in 
(Crittenden et al., 2005) 

 
At high pH, hydroxide ions (HO-) initiate the production of hydroxyl radicals from 

molecular ozone. These two species further react together (Equation I.75) and lead to 

a loss of the oxidative potential of the solution (Von Gunten, 2003a). 

HO" + O3 ! HO2"+ O2     (I.76) 

Thus, oxidation of solutes in the water matrix occurs via two competitive 

mechanisms, direct oxidation by molecular ozone or indirect oxidation via reaction 

with hydroxyl radicals (Hoigne and Bader, 1976). At low pH, oxidation occurs mainly 

via reaction with O3. 

Note: The aims of this research was to study the impact of ozone on PA membrane 

and to assess the change brought from the reaction of molecular ozone (pH 6, pure 

water) on the performance and structure of the active layer. Thus, no further details on 
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the reactions of ozone (or hydroxyl radical) with inorganic solutes such as bromide or 

carbonate (Staehelin and Hoigne, 1985), (von Gunten, 2003b), (EPA, 1999) are given 

in this review. 

 

III. MEMBRANE AGEING BY REACTION WITH OXIDANT /DISINFECTANT 

Although the use of RO membranes increased significantly during the last five 

decades, operational problems such as membrane (bio)fouling have limited the 

development of their application in water treatment. Disinfecting the RO feed water 

can control biofouling.  However, PA active layers have limited resistance to common 

chemical disinfectants such as free chlorine (Glater et al., 1981). The secondary 

oxidants (HOBr, HOI) can also react with the PA active layer. Glater et al., (1981, 

1983) investigated the effects of HOCl, HOBr, HOI and ClO2 on the performance and 

durability of RO membranes and found that the PA active layers are affected by all of 

these disinfectants. The alteration of the membrane performance varies with the 

physicochemical characteristics of the membrane active layer as well as with 

conditions, such as disinfectant concentration and exposure, pH, temperature, 

pressure, and feed water quality (Avlonitis et al., 1992), (Do et al., 2012a), (Gabelich 

et al., 2005), (Kang et al., 2007), (Koo et al., 2008), (Kwon and Leckie, 2006), (Kwon 

et al., 2006), (Shemer and Semiat, 2011), (Kwon et al., 2011). A wide range of 

conditions has been used in further studies dealing with membrane ageing. Hence, 

various trends were obtained concerning the increase or decrease of permeability and 

salt rejection.  

Studies in membrane-ageing focus on the behavior of membrane at different times in 

their life. CT parameter, C standing for concentration of oxidant and T for time of 

exposure, is used to determine the degree of exposure (i.e., age) of the membrane to 
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the oxidant. Two ageing strategies were used in these studies. The first one assumes 

that oxidant ageing conditions performed at different concentrations but at similar CT 

(different time of exposure) lead to similar modifications of the membrane 

performances and structure. The exposure time is often fixed at 1h-24h and oxidant 

concentration can go up to 5000 mg!L-1 (Do et al., 2012a), (Ettori et al., 2011), (Gu et 

al., 2012), (Kwon and Leckie, 2006a, 2006b), (Kwon et al., 2006, 2008, 2011), (Yu et 

al. 2013).  

Ettori, (2012) explained that the kinetic of chlorination of most inorganic and organic 

compounds (A) follows a first partial order in total chlorine concentration (Deborde 

an Von Gunten, 2008): 

-d[A]/dt= kapp x [HOCl] x [A]     (I.77) 

The results showed that different combinations of the dose CT lead to similar 

reactivities with compound A if the concentration in chlorine remains constant (Ettori, 

2012). This relationship was verified with the chlorination of amines and secondary 

amide (Abia, 1998), (Jensen, 1999; cited by Ettori, 2012) and aromatic amine and 

amide (Grassman, 1972), (Paul, 1976), (Soice, 2003), (Akdag, 2007 cited by Ettori, 

2012). 

The second ageing method fixes the oxidant concentration and varies the exposure 

time (C=0-100 ppm as Cl2, T= 0- 1000 h). It was reported to provide more realistic 

oxidation conditions (Glater et al., 1981, 1983), (Kang et al., 2007), (Cran et al., 

2011), (Shemer and Semiat, 2010). Experimental studies (Ettori, 2012)(Do et al., 

2012) have shown both, the confirmation (Ettori, 2012) and refutation (Do et al., 

2012b), of the first ageing strategy (more details in section III.2.1.1).  
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In this section, the mechanism of the reaction between chlorine and PA is discussed, 

including the impacts observed on membrane performances after chlorine, bromine, 

iodine, chloramines, chlorine dioxide and ozone exposures. 

 

III.1 IMPACT ON MEMBRANE STRUCTURE – MECHANISM OF DEGRADATION 
 
The change of the polyamide structure during the reaction with oxidant can lead to 

membrane failure. Unlike the polyamide layer, the polysulfone support does not react 

with chlorine (Soice et al., 2003)(Ettori et al., 2011). More data is available regarding 

the impact of chlorine on PA membrane than any other oxidant. It is thought that, the 

degradation of membranes through monochloramine was similar to that of chlorine 

and chlorine dioxide (Da Silva et al., 2006 based on (Avlonitis et al., 1992, Adams, 

1990, Bettiol, 2004). However, Glater et al. (1983) and  Adams, (1990), indicated that 

HOCl and ClO2 reacts through different mechanisms. 

Do et al. (2012) mentioned the difficulty in explaining the disparity of the results on 

chlorination of PA membrane found in the literature with a single mechanism (Do et 

al., 2012a). The most cited mechanism is the competitive chlorination of the amide 

nitrogen and the direct or indirect (Orton rearrangement) chlorination of the aromatic 

ring. Some studies also mentioned a “membrane tightening” effect (Glater et al., 1981, 

1983), a “more rigid polymer conformation” (Kwon and Leckie, 2006, 2008), a 

“polyamide chain cleavage” (Glater et al., 1981, 1983), a physical separation of PA 

active layer from the polysulfone support layer (Soice et al., 2004) and the “hydrolysis 

of the amide C-N bond” (Do et al. 2012a, 2012b), (Taniguchi et al. 2001). 

Glater et al., (1994) published a review on the main mechanisms proposed in the 

literature . Two specific reactive sites belonging to the polyamide chain may be 

attacked by chlorine: the amide nitrogen and the aromatic ring. The carbonyl group (-
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C=O) of the amide (-C(O)-N(H)-) has electron-withdrawing effects facilitating the 

attack of chlorine on the amide nitrogen. The addition of chlorine on the nitrogen is 

reversible (first step of pathway A in Figure I.14). A further intermolecular 

rearrangement of the molecule occurs by substituting a hydrogen atom bonded to the 

aromatic ring (the ring linked to the N-H part of the amide bond called MPD ring) by 

the chlorine species, identified as molecular chlorine partially charged (Gassman et 

al., 1972), (Paul and Haberfield, 1976). This reaction is known as the Orton 

Rearrangement (steps 2 and 3 during pathway A in Figure I.14) leading to the 

chlorination of the aromatic ring. N-H functionality has been found to be important 

for this pathway, since no ring chlorination is noticed during the reaction of a tertiary 

substituted aromatic amide with chlorine (Kawaguchi and Tamura, 1984)(Soice et al., 

2003). In parallel, a direct electrophilic substitution on the aromatic ring may occur 

through pathway B (Figure I.14)(Glater and Zachariah, 1985). The ring may undergo 

two substitutions by halogen atoms. The MPD ring chlorination takes place essentially 

in para position and then in ortho position upon further oxidation of the activated ring 

(Glater and Zachariah, 1985). The form of the chlorine in solution depending on the 

pH has a strong impact on the reaction, since ClO- does not lead to ring chlorination 

(Glater and Zachariah, 1985, Soice et al., 2003). The removal of the N-H functionality 

or the addition of an electron withdrawing group on the aromatic ring attached to the 

nitrogen has been investigated, in order to avoid the chlorination of the active layer 

and improve membrane performance (Soice et al., 2003), (Glater et al., 1994), (Swedo 

and Zupancic, 1988). However, improvements of chlorine resistance always seems to 

be associated with a decrease in salt rejection for high-pressure membranes, probably 

due to the loss of hydrogen bonds in the polymer. 
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Figure I. 14 : Possible chlorination pathway: (A) the Orton rearrangement; (B) direct ring chlorination 
by aqueous chlorine gas (Soice et al., 2003). 

 
Figure I. 15 : Reversible N-chlorination of poly (m-phenylene  isophthalamide) by hypochlorite 

(Barassi and Borrmann, 2012). 

 

Figure I. 16 : Orton rearrangement of N-chlorinated poly (m-phenylene isophthalamide) (Barassi and 
Borrmann, 2012). 

 

constant pH. However, we believe the chlorinating
conditions used in these experiments far exceed those
known to cause loss of membrane performance.
Therefore, polymer chain cleavage appears not to be
the major cause of the decline of performance associ-
ated with chlorine exposure of RO membranes at con-
stant pH.

There are indications that exposure of membranes
to chlorine under certain conditions improves perfor-
mance.40 However, it also is clear that RO membranes
are affected by chlorine at basic pH values and will
eventually fail after continuous exposure.8 In our
study, we found no evidence for ring chlorination at
high pH. Therefore, to understand what chemical
changes influence polymer performance at high pH
we performed two sets of experiments involving: (1)
the analysis of the effect of pH on NOCl formation
and (2) examination of the relative reactivity of free
and terminal amino groups with aqueous chlorine.
The synthesis of NOCl amides is well developed,27,30

and involves reactions of the parent amide with aque-
ous chlorine and sodium bicarbonate, conditions that
afford a pH around 8. We attempted to synthesize
N-chloroacetanilide (3) at pH 8 and pH 12, by substi-
tuting sodium hydroxide for sodium bicarbonate. Un-
der strongly basic conditions (pH 12), where [ClO]! is
the major chlorinating species, we found no evidence
for NOCl formation. This implies that [ClO]! does
not react readily to form NOCl species. This is con-
sistent with our data that show no aromatic ring chlo-
rination occurs at pH 10, a process that we believe
proceeds primarily through NOCl formation.

Our second set of experiments to determine chlori-
nation effects at high pH involves testing the relative
reactivity of aromatic amino groups. In the interfacial
polymerization reaction used to synthesize polyamide
membranes the diamine is usually in high excess.41 It
is likely that under these conditions polymeric chains
are terminated with aromatic amino groups and also
that the resulting polymer contains free diamine.

Figure 5 UV-vis data for 2,4-dichloroacetanilide exposed
to 50,000 ppm!hr available chlorine at pH 7.

Figure 3 Possible chlorination pathways: (A) the Orton rearrangement; (B) direct ring chlorination by aqueous chlorine gas.

Figure 4 UV-vis data for aniline (diluted by factor of 10)
exposed to 50,000 ppm!hr available chlorine at pH 7.
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Figures I.15 and I.16 show an adapted version of Hardy’s mechanism of N-

chlorination of poly (m-phenylene isophthalamide) by hypochlorite and a detailed acid 

catalyzed Orton rearrangement of N-chlorinated poly (m-phenylene isophthalamide) 

(Barassi and Borrmann, 2012). 

The mechanism of degradation can differ according to the type of membrane. In 

general, two mechanisms can explain membrane failure: membrane polymer 

deformation and complete or partial depolymerization (Glater et al, 1994).  

Hydrogen bonds are low-energy non-covalent bonds formed between different 

functional groups in the aromatic polyamide membrane. In a virgin PA membrane, 

hydrogen bonds are formed between the hydrogen of amide groups and the oxygen of 

another amide groups (Figure I.17.a).  

 

Figure I. 17 : Representation of a) fully cross linked aromatic polyamide (comment: only two carbonyl 
groups attached to a ring) showing intermolecular hydrogen bonds in a virgin membrane , b) 

intermolecular and c) intramolecular hydrogen bonds in a halogenated aromatic polyamide. Reprinted 
with permission from (Glater et al., 1985). Copyright (1985) American Chemical Society. 

 

In a chlorinated polyamide membrane, hydrogen bonds can be formed between the 

hydrogen of the amide bond and the halogen newly present on the aromatic ring. If the 

halogen is on the ring attached directly to the reactive amide group, the hydrogen 

!"

#"

$"
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bond is intramolecular (Figure I.17.c). Otherwise, the hydrogen bond is intermolecular 

(Figure I.17.b). Membranes weakly cross-linked by hydrogen bonds can easily 

undergo a polymer chain deformation through the aromatic ring chlorination followed 

by a conversion of intermolecular to intramolecular hydrogen bonding, due to steric 

effects of the chlorine (Figure I.17) (Glater and Zachariah, 1985)(Ettori, 2012).  

The modification of hydrogen bonds influences the hydrophilic character of the 

membrane and with that the solute and water transport through the membrane. Several 

studies reported the evolution of hydrogen bonds into the membrane structure by 

FTIR with increase of halogen content incorporation. This leads to changes in 

membrane performance, in part due to the increase of the rotational freedom and 

flexibility of the polymer (Kwon and Leckie, 2006), (Ettori et al., 2011), (Do et al., 

2012b). Specific polyamide peaks in the FTIR spectra were modified after 

chlorination, the amide I band (C=O stretching) of polyamide shifted to higher wave 

numbers and the intensity of amide II peak (N-H bend) and aromatic amide decreased 

(Kwon et al., 2008) or disappeared (Do et al., 2012a). The shift of the amide I peak 

after chlorination or bromination is more important at low pH (e.g., pH4), increasing 

from 1663 cm-1 to 1670 cm-1, than at high pH (9<pH<10), reaching 1666 cm-1 at 2000 

ppm·h (Kwon and Leckie, 2006)(Kwon et al., 2011).  

Figure I.18 shows the relationship between the peak shifts and decreases in intensity 

resulting from a break of hydrogen bonds between C=O and N-H of two amide groups 

in the polyamide. 
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Figure I. 18 : Stretching vibration modes for the carbonyl (C=O) group of the hydrogen bonded amide 

bond and nonhydrogen bonded amide bond (top). Bending vibration modes for the (N-H) group of 
hydrogen bonded amide bond and the disappearance of the N-H bending mode after chlorination 

(bottom)(Kwon et al., 2008). 
 

The degradation mechanism of a highly cross-linked membrane, such as FT-30, may 

occur by another mechanism involving a partial or complete depolymerization (Koo et 

al., 1986) leading to amide bond cleavage, which may occur through hydrolysis, 

oxidation (Koo et al., 1986) or Hoffman degradation (Avlonitis et al., 1992) of the 

polyamide depending on pH (Glater et al., 1994). This chlorination mechanism, 

however, is debated in the literature. According to Glater et al., hydrolysis of the 

amide bond is unlikely since amide bonds have been found to be stable at neutral pH. 

In addition, at low chlorine concentrations in acidic solutions, amide bond are 

described as resistant to oxidation, and Hoffman degradation occurs at higher pH than 

usual feed water pH. 
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Koo et al. (1986) proposed a bond cleavage through oxidation after noticing an 

increase of carbonyl content (-C(=O)-) in the chlorinated membrane (FT-30). Based 

on FTIR and XPS analyses, Do et al. (2012a) proposed that hydrolysis of the amide 

bond is responsible for the increase of carboxylic groups (-C(O)-OH) on the PA 

surface after chlorination. Furthermore, Do et al., (2012b) investigated the occurrence 

of amide bond hydrolysis and suggested a strong influence of HOCl and HO- as 

shown in Figure I.19. Chlorination, both enhanced and attenuated membranes 

characteristics depending on the experimental conditions. They conclude that N-

chlorination and hydrolysis may be competing processes (Do et al., 2012b). 

Similarly, Soice et al. (2003) reported the formation of cleavage product from N-Cl 

containing amides (-C(O)-N(Cl)-) at high pH but not from ring-chlorinated products. 

The authors suggested the formation of N-Cl species at neutral pH, which are not 

formed at high pH, followed by the hydrolysis under basic pH, which does not occur 

at low pH conditions. Thus, at pH between 7 and 9, where HOCl is still present with 

significant HO- molecules, amide bond hydrolysis is enhanced (Do et al., 2012b). 

 

Figure I. 19 : Break of the amide bond after chlorination (left), reprinted with permition from (Do et al., 
2012a), and influence of pH and chlorine concentration on membrane characteristics involving 
competiting reaction between N-chlorination and amide bond hydrolysis (right), reprinted with 

permission from (Do et al., 2012b). Copyright (2012) American Chemical Society. 
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Amine groups can also be present in the polymer as terminal functional groups of 

polymeric chains. Chlorine appears to be more reactive with aromatic amine rings 

than with amide groups (Soice et al., 2003). Glater et al., (1994) reported that 

oxidation by chlorine may cause the rupture of amine linkages in polymers, such as 

polyethylenimine, but not amide bonds in polyamide.  

According to Soice et al. (2003), chlorination of terminal amino functionalities occurs 

first during membrane degradation, followed by chlorination of amide N-H and 

aromatic ring at neutral pH, changing the hydrophilic character of the membrane and 

its performance. If a significant increase of pH occurs during the treatment, it can lead 

to the hydrolysis of the N-chlorinated amide bonds and the loss in membrane 

performance (Soice et al., 2003). 

 

A recent study (Gu et al., 2012) looked at the impact of pressure during chlorination at 

low and high pH of polyamide RO membrane. Figure I.20 describes the mechanism of 

performance change due to chlorination at acidic and basic conditions under the 

unpressurized and pressurized modes. At low pH, chlorination in soaking mode 

(unpressurized mode) seems to collapse and compact PA membranes. This 

phenomenon is more severe under pressurized conditions. At high pH, swelling of the 

membrane occurs during oxidation at atmospheric pressure assigned to the 

electrostatic repulsion of carboxylic groups (Gu et al., 2012). This swelling 

phenomenon is not occurring during the oxidation of membranes at high pH under 

pressurized conditions leading to changes in the membrane performance (see section 

III.2.1.1). 
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Figure I. 20 : The mechanism of performance change due to chlorination at acidic and basic conditions 
under the unpressurized and pressurized modes. Reprinted from (Gu et al., 2012) with permission from 

Elsevier. 
 
Another mechanism pathway was proposed after exploring the oxidation of 

polysulfone UF membrane by chlorine at different pH (Causserand et al., 2008). 

Based on the elongation of the UF hollow fiber membrane, the authors reported a 

stronger degradation of the membrane at pH * 8 for the same CT as HOCl. 

Considering that ClO- is the main abundant chlorine species at pH > 8 and less 

reactive than HOCl, the authors mentioned the possibility of radical oxidation of the 

polyamide by OH". 

 

III.2 IMPACT ON MEMBRANE PERFORMANCES – PERMEABILITY AND REJECTION 
 
III.2.1 Evolution of membrane performances 

In most cases, the modification of the membrane structure after reaction with 

disinfectant induces a change in the membrane performance. Many studies looked at 

the behavior, after the reaction with common water treatment disinfectants and a 
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particular membrane under specific ageing conditions. Table I.7 presents the disparity 

of the oxidation conditions and subsequent results while comparing the data obtained 

in several studies. Table I.7 includes the type of membrane used, the ageing 

conditions and resulting membrane performances.  

Each membrane manufacturer has its specific way to produce commercial membranes. 

They differ in active and support layer morphologies and structures, such as the 

degree of cross-linking or the presence of a coating layer. The pH of the solution is 

very important as well, as it leads to different reaction mechanisms.  

Table I.7 shows that a wide range of conditions has been used. Hence, permeability 

and salt rejection followed various increasing or decreasing trends. 

It is difficult to evaluate the role of the coating layer during oxidation of RO or NF 

membranes since no study particularly looked at the changes brought by chlorination 

on a PA membrane with or without PVA coating layer under the same oxidation 

conditions. However, Kang et al. (Kang et al, 2007) investigated the performance of 

PA RO membranes coated with a new coating layer (mixed PDMAEMA–ethanol and 

p-xylylene dichloride–ethanol solution) during chlorination. The new material seemed 

to exhibit better chlorine resistance by decreasing the rejection loss rate. 

 

III.2.1.1Chlorine 

The majority of the studies involved the use of chlorine and the impact of pH. In 

general, chlorination at low pH (pH < 7) led to a significant decrease of membrane 

permeability from -30 to -80% depending on the oxidation conditions. On the 

contrary, the permeability increased at high pH (pH * 8) from +10% to +50% on 

average, going up to +170% (Glater et al., 1981)(Kwon and Leckie, 2006)(Kwon et 

al., 2006, 2011)(Kang et al., 2007)(Do et al., 2012b). In some cases, the permeability 
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of membranes exposed to chlorine at high pH first increased and later decreased 

(Kang et al., 2007)(Ettori et al., 2011). Rejection is often reduced with increasing 

oxidant exposure dose. Zhai et al., (2011) reported an improvement of both 

permeability and rejection after chlorination at pH9. The permeability of the BW30 

and Merlin membranes increased by 21% and 9% after 1000ppmh with a rejection 

increase of 1% and 15%, respectively. 

Since HOX appears to be the reactive species (more reactive than XO-), some authors 

tried to correlate the evolution of halogen uptake or membrane performance as a 

function of the exposure dose of HOX instead of total oxidant (Kwon et al., 

2011)(Ettori et al. 2011)(Do et al., 2012b). Ettori et al. (Ettori et al., 2011) succeeded 

to match their own results after oxidation of the coated SW30HR RO membrane and 

found identical changes (see Table I.7) in pure water permeability at same exposure 

doses (as ppm·h of HOX) reached at different pH. In contradiction, Do et al. (Do et 

al., 2012b), observed different results in permeability of membrane in NaCl solution 

(10mM, pH7) after chlorination of the uncoated NF membrane NF90. They suggested 

a strong influence of the pH and another species reacting beside HOX. Different 

filtration protocols and membranes were used in these studies, such as composition of 

feed solution during membrane performances.  

In addition, Ettori (2012) found that similar chlorination doses (CT in ppm·h) at pH6.9 

operated using different combination of concentrations (40- 4000 ppm) and times (1-

100h) led to similar modifications of the SW30HR membrane permeability. He 

confirmed that chlorination of membranes at identical CT through different 

combinations leads to identical changes in membrane perfromances. However, Do et 

al. (2012b) showed that chlorination of the nanofiltration membrane NF90 at pH 5 

with different combinations of CT ([chlorine]=1, 10, 100, 1000 ppm) led to a higher 
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incorporation of chlorine in membrane structure at identical CT for higher chlorine 

concentrations ([chlorine] *100 ppm). They concluded that the actual concentration is 

more important than the duration of exposure. 

Recently, Gu et al. (2012) looked at the performances of PA membranes after the 

reaction with chlorine at low pH followed by a treatment at high pH (and vice versa). 

At equivalent chlorine final doses, the membrane showed identical performances but 

different evolution profiles according to the pH sequence. In addition, they indicated 

that membrane chlorination and deterioration is accelerated under pressurized 

conditions.  

 

III.2.1.2 Bromine/iodine 

Little is known about the modification of RO membrane by bromine or iodine. Glater 

et al. (1981, 1983) studied the impact of Cl2, Br2, I2, ClO2 and O3. They observed that 

bromine and iodine are reactive towards FT-30 (heterogeneous PA) and B-9 

membranes (homogenous PA). Over the full range of pH conditions tested, the flux of 

modified B9 membranes after oxidation was lower for brominated membranes than 

unchanged membranes and followed the order of Br2 < Cl2 < I2. However, for FT30 

membrane, chlorinated membrane exerted the higher flux as follow Br2 < I2 < Cl2.  

Kwon et al. (2011) compared the impact of chlorine, bromine and chlorine+bromine 

mixtures on the NF-90 and showed that the flux of the modified membrane was lower 

after oxidation by bromine and chlorine mixtures than chlorine alone. 

Similarly, Shemer and Semiat (2010) showed that a mixture of HOCl and HOBr led to 

a higher decrease in membranes permeability (GE SEPTATM) than free chlorine under 

the same conditions, with decreases of 8% and 2% at the maximum CT studied, 

respectively. 
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Table I. 7 : Summary of changes in membrane performance after oxidation by common disinfectants used in water treatment 

PA membrane Coating 
(ref) 

Experimental conditions* Parameters Results/conclusion  (evolution with increasing time or CT exposure) 
(Values with no dimension are cited as normalized) 

Ref. 

FT-30 
 

Yes 
(Coronell et 
al., 2008) 

Cl2: -pH3: -80% (15h, 30ppm); -35% (90h, 30ppm) 
-pH 5.8: +69% (90h, 30ppm)  
-pH 8.6: +169% (90h, 30ppm) 
Slight decrease noticed for rejection 

Comparison of flux (rejection) at 40h, 30ppm as Cl2 for Cl2, Br2, I2 and ClO2: 
        -pH3: Cl2 -65%, Br2 -73%, I2 -62%, ClO2 +15% (R- 5%) 
        -pH5.8: Cl2 +27%, Br2 -57%, I2 -54%, ClO2 +53% (R -8%) 
        -pH8.6: Cl2 +69%, Br2 +19%, I2 +15%, ClO2 +550% (R -52%) 

B-9 (homogenous 
aromatic PA) 

n/a 

pH= 3.0, 5.8, 8.6, 
T=22 °C 
[Cl2, Br2, I2, ClO2]=3 and 30 ppm Cl2 
Duration: 90h 
Feed water: [NaCl]=5000ppm 
Pressure 600psig 
Brine flow=600mL/min 

Product flux 
Salt rejection 
 
Exposure time (h) 

Comparison of flux at 40h, 30ppm as Cl2 for Cl2, Br2, I2 and ClO2: 
        -pH3: Cl2-49%, Br2 -68%, I2 -7%, ClO2 +0% 
        -pH5.8: Cl2-30%, Br2 -58%, I2 +5%, ClO2 +14% 
        -pH8.6: Cl2-11%, Br2 -11%, I2 +27%, ClO2 +1038% (R -82%) 

Glater et 
al., 1981 

FT-30 
B-9 (homogenous 
aromatic PA) 

Yes 
(Coronell et 
al., 2008) 

pH= 3.0, 5.8, 8.6 
T=22 °C 
[O3]= 0.3 ppm 
Duration: 40 h 
Feed water: [NaCl]=5000ppm 
Pressure 600psig 
 

Product flux 
Salt rejection 
 
Exposure time (h) 

O3: decrease of salt rejection for B-9 
-pH3 and 8.6: -50% after 5h 

 -90% after 15h 
-pH 5.8: - 70% after 5h 

 - 90% after 15h 
Similar results were observed for the FT-30 (data not shown in the paper) 
No data available of the product flux. 

Glater et 
al., 1983 

FT-30 (Filmtec) 
 

Yes 
(Coronell et 
al., 2008) 

1ppm, pH 7: 
-Rejection: 97.8%(t=0); >97.8% (t=21 days), 96.0% (t=200 days) 
-Flux: +20% (t=? days), -20% (t=200 days) 

5 ppm, pH 7: 
-Rejection: 96.0%(t=24days), 90.0% (t= 70days) 
-Flux: -10% (t= 70days) 

10ppm, pH 7: 
-Rejection: 94.0%(t=0); 94.0% (t=10 days), 70.0% (t=45 days) 
-Flux: -15% (t=55days) 

5ppm, pH 8.5: 
-Rejection: 96.0%(t=0); 96.0%(t=22 days), 92.0% (t=60 days) 
-Flux: +40 % (t= 60 days) 

5ppm, pH 3.5: 
-Rejection: no significant change 
-Flux: -75 % a t= 100 days 

B-15  
(Dupont) 

n/a 

pH= 3.5, 7.0, 8.5 
T=20 °C 
[ClO2]ini=1, 5, 10 ppm 
Duration: 60 – 200 days 
Feed water: brackish water+ClO2 
Pressure 300psig (20 bar) 
 
Dynamic experiment: disinfection is performed under 
pressure in a continuous step. 

Rejection (ratio of 
conductivities) 
Flux 
 
Operating time (days) 

1ppm, pH7: 
 -Rejection: 97.0% (t=0); 90.0% (t=80 days), 85.0% (t=200 days) 
 -Flux initially increased by about 10%, then slowly decreased back to its initial value. 

5ppm, pH 3.5: 
-Rejection: 90.0% (t=0); 98.0% (t=100 days) 
-Flux: -75 % a t= 100 days 

Adam, 
1990 

ESPA3 No 
(Tang et al., 
2009) 

pH= 8  
T= 25 °C 
[NH2Cl]=2.5 ppm 
[HOCl]=2 ppm  
[Fe(III)]=7.9x10-7 M 
Duration: 250h 

B coefficient (Salt 
Transport coef), 
 
Operating time (h) 

B increase (salt rejection decrease) with a stronger impact in presence of metal oxide in the following 
order (B in106 m/s at 200 h) 
NH2Cl (0.05)<NH2Cl+Fe(II) (0.10) <HOCl (0.2) <HOCl+Fe(II) (0.4) 

Gabelich 
et al., 
2006 
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ACM1-TSA (fully 
aromatic PA) 

Permeate flux: +163% (40h, 500ppm) 
Salt passage: -15%(6h, 500ppm), +110% (40h, 500ppm) 
 

CPA3 (composite 
PA) 

n/a pH= 8 
[NH2Cl]=500 ppm (40 h) under pressure with NH2Cl 
injection every 6h 
Feed water: [NaCl]=2000ppm 
Pressure 784.5 kPa 
T= 25 °C 

Permeate flux 
Salt passage 
 
Exposition time (h) Permeate flux: +121% (40h, 500ppm) 

Salt passage: +180% (40h, 500ppm) 

Da Silva 
et al., 
2006 

LFC1 pH4: Permeability -40% at 2000 ppmh  
-Rejection: +0.1% (100ppmh), -2% (2000 ppm.h) 

pH9: Permeability +20% (2000 ppm.h), 
-Rejection: -2% (2000 ppm.h) 

Kwon 
and 
Leckie, 
2006 

LE (filmtec) 
TFC PA 
membrane 

Yes  
(Tang et al., 
2009) 

pH= 4, 9 
[HOCl]=100; 500; 1000; 2000 ppm 
Duration: 1h, T= 25 °C 
Feed water: [NaCl]=2000ppm 
Pressure 220 Psi (15.2 bar) 
 

Permeability 
Rejection 
 
CT (ppm.h as Cl2) and 
CT (ppm.h as HOCl) pH4: Permeability -40% (100 ppmh), -35% (2000 ppmh)  

-Rejection: +0.1% (500ppmh), -1% (2000 ppm.h) 
pH9: Permeability +10% (2000 ppm.h) 

 -Rejection: -1.5% (2000 ppm.h) 

Kwon et 
al, 2006 

PA RO Chinese 
membrane 
(Hangzhou 
Beidouxing 
Membrane Co. 
Ltd., China) 

Yes  
(Kang et 
al., 2007) 

pH =4, 7, 10 
[HOCl]=10 ppm (54h), 100 ppm (20h) 
T= 25 °C 
Feed water: [NaCl]=2000ppm 
Pressure 1.5 MPa (15 bars) 
 

Permeate flux 
Salt rejection 
 
Exposition time (h) 

pH4: -Permeability: -70% (10ppm, 54h); -80% (100ppm, 20h) 
 -Rejection: -6% (10ppm, 54h); -7% (100ppm, 20h) 

pH7: -Permeability: -20% (10ppm, 54h); -25% (100ppm, 20h) 
 -Rejection: -2% (10ppm, 54h); -3% (100ppm, 20h) 

pH10: -Permeability: +10% (10 ppm,6h); -1% (10ppm, 54h) 
+10% (100 ppm,1h); -1% (100ppm, 20h) 

 -Rejection: +1% (10ppm, 6h); -1% (10ppm, 54h) 
+1% (100ppm, 1h); -1% (100ppm, 20h) 

Kang et 
al., 2007 

Chlorine resistant 
PA membrane 

n/a pH 7 
[NH2Cl]= 10ppm + 2 ppm ferric chloride (1000h) 
[HOCl]= 10 ppm (1000h) 
Feed water: [NaCl]=2000ppm 
Pressure 225 Psi (15.5 bars) 

Permeate flux 
Salt rejection 
 
CT (ppm.h as Cl2) 

HOCl: -permeability: +100% (800h) 
-Rejection: -15% (2500 ppmh); -50% (4500 ppmh) 

NH2Cl: no evolution noticed in flux or rejection 

Koo et 
al., 2008 

ESPA2 
(composite 
polyamide) 

HOCl+HOBr: Permeability: -40% (100 ppmh); +40% (1440 ppmh) 
-Rejection: -4% (1440 ppmh) 

 
NH2Cl:-Permeability: -30% (360 ppmh); -25 % (1440 ppmh) 

-Rejection: unchanged 
 
 

GE SEPTA CF 
(polyamide RO 
AD) 

n/a pH 8.2, 25 °C 
[HOCl],[NH2Cl]=4 to 120 mg/L as Cl2 in seawater (HOCl) 
or synthetic seawater without bromide (NH2Cl) 
Duration: CTmax=1440 ppm.h 
Feed water: [NaCl]=1500ppm; 32000 ppm 
Pressure 4 to 55 bars 
 
 

Permeability 
Salt rejection 
 
CT (ppm.h as Cl2) 

Permeability and rejection decrease with a stronger impact of monochloramine compared to chlorine 
as follow (normalized permeability at 260 ppm.h) 
HOCl (-2%)< NH2Cl (-6%)< HOCl+HOBr (-8%) 
 

Shemer 
and 
Semiat, 
2010 

NF90 No 
(Tang et al., 
2009) 

pH= 4, 6, 8, 10 
[HOCl]=100 ppm Cl2,  
[Br-]=0 or 100 ppm, 
Duration:1h 
Feed water: [NaCl]=2000 ppm 
Pressure: 125 Psi (8.6 bars) 

Permeate flux 
Salt rejection 
 
ppm.h as Cl2 and  
ppm.h as Br2 

pH4: -Permeability: -40% (HOCl) ; -60% (HOBr+HOCl) 
pH6: -Permeability: -5% ; -50% 
pH8: -Permeability: -5% ; -20% 
pH10: -Permeability: +15% ; +14% 
 
The salt rejection decrease up to 20% with no significant impact of bromide. 

Kwon et 
al., 2011 

SW30HRLE-400 yes pH= 5.0, 6.9, 8.0 
T= 20 °C (exposure), T= 25 °C (performances) 
[HOCl]=40, 100, 400, 700, 1000, 2500, 4000 ppm 
Duration: 1h 
Feed water: [NaCl]=0.55 M (for rejection perf only) 
Pressure: 5 to 45 bars 

Pure water 
Permeability 
Salt rejection 
 
CT (ppm.h as HOCl) 

pH 6.9 and 8.0:  
-Permeability: +50% (40ppmh as Cl2), +35% (100 ppmh), -9% (400 ppmh), -64% (4000 
ppmh) 
-Rejection: -1 % (<400 ppmh), -2% to -6% (400ppmh<CT<4000 ppmh) 

pH 5.0: - Permeability: -64% (4000 ppmh) 

Ettori et 
al., 2011 
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BW30 Yes 

(Tang et al., 
2009) 

pH 8.3 
T=room temperature 
[NH2Cl]= 100ppm NH2Cl 
Duration: 36h 
Feed water: [NaCl]=2000 ppm 
Pressure: 16 to 36 bars 

Permeate flux 
Permeate conductivity 
 
Exposition time (h) 

Permeability: +200% (18h) 
Permeate conductivity: -50% (increase of the rejection) 

Cran et 
al., 2011 

Merlin (GE 
Osmotic) 

Flux: +9.5%(1000 ppmh), +26% (3000 ppmh) 
Salt rejection: 84.9% (0 ppmh), 97.6% (1000 ppmh), 96.8% (3000 ppmh) 
Boron rejection: 17.4% (0 ppmh), 27.8% (1000 ppmh), 24.6% (3000 ppmh) 

BW30LE 

 pH= 9 
[HOCl]=1000, 2000, 4000 ppm Cl2,  
Duration: <1h, T= 25 °C  
Feed water: [NaCl]=250(merlin), 2000 ppm  (BW30) 
+ [HBO3] at 5 ppm 
Pressure: 125 Psi (8.6 bars) 

Flux 
Salt rejection 
Boron rejection 

Flux: +21%(1000 ppmh) 
Salt rejection: 98% (0 ppmh), 99% (1000 ppmh) 
Boron rejection: 60% (0 ppmh), 80% (1000 ppmh) 

Zhai et 
al., 2011 

BW30 Yes 
(Tang et al., 
2009) 

Permeability: -44% (1000ppmx1h), -50% (1000ppmx24h), -57% (2000ppmx24) 
Salt permeability: -95% (all CT) 

NF 90 No 
(Tang et al., 
2009) 

pH= 5,  
T= room temperature 
[HOCl]=1000, 2000 ppm 
Duration: 1 or 24h 
Feed water: [NaCl]=10 mM, T= 21 °C, pH 7 
Pressure: 260 Psi (BW30), 100 psi (NF90) 
 

Water permeability 
(coefficient A) 
Salt permeability 
(coefficient B) 
 
Concentration and 
time  

Permeability: -57% (1000ppmx1h), -61% (1000ppmx24h), -65% (2000ppmx24) 
Salt permeability: -83% (all CT) 

Do et al., 
2012a 

NF 90 No 
(Tang et al., 
2009) 

pH= 5, 7, 9 
T= room temperature 
[HOCl]=1, 10, 100, 1000 ppm 
Duration: 100h 
Feed water: [NaCl]=10 mM, T= 21 °C, pH 7 
Pressure: 100 psi 
 

Water permeability 
(coefficient A) 
Salt permeability 
(coefficient B) 
 
Concentration and 
time (ppm, h) 

Performances after 100h: 
pH 5: -permeability: -44% (10ppm), -37% (100ppm), -51% (1000ppm) 

  -Rejection: +14% (10ppm), +13% (100ppm), +5% (1000ppm) 
pH 7: -permeability: -0.5% (10ppm), -23% (100ppm), +40% (1000ppm) 

  -Rejection: +11% (10ppm), +2% (100ppm), -37% (1000ppm) 
pH 9: -permeability: +2% (10ppm), +34% (100ppm), n/a (1000ppm) 

  -Rejection: +8% (10ppm), +8% (100ppm), n/a (1000ppm) 
 

Do et al., 
2012b 

Two modes: 
Batch mode: 
(a) [HOCl]= 100ppm, 1h, pH4 followed by (b)2000ppm, 
10h, pH10 or (b) then (a). 
Feed water: [NaCl]=2000 ppm, T= 25 °C 
Pressure: 225 psi 

Flux: -30% (a), -30% (a+ steady state), +70% (a+b), +55% (a+b+ steady state) 
 +190% (b), +110% (b+ steady state), +90% (b+a), +50% (b +a+ steady state) 

 
Rejection: +0.1% (a), +0.1% (a+ steady state), -40% (a+b), -40% (a + b+ steady state) 

-65% (b), -60% (b+ steady state), -55% (b+a), +45% (b+a+ steady state) 

NF 90 No 
(Tang et al., 
2009) 

Pressurized mode: 
(a) [HOCl]=5ppm, pH 4  
(b)[HOCl]=5ppm, pH 10  
Feed water: [NaCl]=2000 ppm, T= 25 °C 
Pressure: 125 psi 

Normalized flux 
Normalized rejection 

Flux: (a) -50% (5h), -60% (25h) 
 (b)-10% (5h), 0% (100h), +15% (150h) 

 
Rejection: (a) +8%(5h), +8% (25h) 

(b) +10% (5h), 0% (100h), -15% (150h) 

Gu et al., 
2012 

LFC1 Yes  
(Tang et al., 
2009) 

pH7 
[HOCl or DCC]=5000 ppm 
Duration: 1, 2 or 3h 
Feed water: [NaCl]=2000 ppm, T= 25 °C 
Pressure: 225 psi (15.5 bars) 

Normalized flux 
Normalized rejection 

Flux after 120h of filtration of NaCl: +26%(1h), +30% (2h), +70% (3h) 
Rejection: -3%(1h), -8% (2h), -20% (3h) 
Flux and rejection remained unchanged after oxidation by DCC in same conditions 

Yu et al., 
2013 

* All experiment, unless it is mention, are run in two parts: first membrane exposure to disinfectant in batch followed by performance determination of the modified $!
membrane in reverse osmosis system. In all cases, compaction of the membrane in pressurized filtration unit is performed before oxidation in batch. %!
*DCC (dichloroisocyanurate) is an organic chloramine &!
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III.2.1.3 Chloramines 

Under typical plant operation conditions, chlorine or chloramine are added at low 

concentration in the range of 2 – 5 ppm. Chlorine has been found to damage 

membrane for CTs ranging from 500 to 2000 ppm·h. Little is known about the impact 

of monochloramine on RO membranes. However, polyamide membrane seems to 

have a greater tolerance to chloramine (e.g., 300 000 ppm·h) than chlorine (e.g., 1000 

ppm·h) (Gabelich et al., 2005). 

Dasilva et al., (2006) studied the impact of high monochloramine concentrations on 

PA membranes. They determined experimentally that monochloramine degraded PA 

membranes, decreasing first the salt passage by 15% then increasing both 

permeability and salt passage. It is important to mention that the authors found iron 

and chromium (rust) on their membrane surface, probably due to the high 

concentration of monochloramine used in stainless steel pipes leading to corrosion 

issues. They concluded that the impact on membrane was stronger for chlorine and 

chlorine dioxide than chloramines.  

Shemer and Semiat (2010) investigated the effect of halogen based disinfectants, 

including monochloramine, and a mixture of free bromine and free chlorine (i.e., 

chlorination of seawater). The evolution was followed by monitoring the permeability 

and the salt rejection of two different membranes, Hydranautics ESPA2 composite 

polyamide and GE Septa CF polyamide RO AD flat sheet membrane. It is interesting 

to note that the GE SeptaTM CF membrane, unlike the ESPA2, exerted a higher 

permeability loss (-6% for GE septa) after monochloramine treatment as compared to 

free chlorine (-2%) under their experimental conditions.  
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Cran et al., (Cran et al., 2011) observed that monochloramine, under specific 

conditions (see Table I.7), increased by maximum +200% water permeability and 

+50% salt rejection on BW-30 membrane. 

In a recent study, Yu et al. (2013) reported the impact of the organic chloramine 

dichloroisocyanurate (DCC) on a coated PA membrane (LFC1, Hydranautics) and 

showed no changes in membrane permeability and rejection after 3 h at 5000 ppm. In 

comparison, LFC1 membrane chlorinated under the same conditions exerted a 

permeability and salt passage increase of +70% and +20%, respectively. 

 

III.2.1.4 Chlorine dioxide and ozone 

Similarly to bromine and iodine, a few studies investigated the impact of chlorine 

dioxide and ozone on RO membrane performances were found in the literature. ClO2 

is assumed to react with membranes by oxidation (no halogenation), and strongly 

impact membrane performances at basic pH. O3 is the strongest of all oxidant studied, 

leading rapidly to membrane failure. (Glater et al., 1981; Glater et al., 1983) 

 

In 1990, Adams showed that ClO2 concentration has a strong effect on the 

degradation rate of the FT-30. Two membranes oxidized at the same chlorine dioxide 

dose (CT in ppm·h) but at different concentration of oxidant (1 or 10 ppm) showed 

different rates of rejection loss. They demonstrated that the higher the concentration, 

the faster the rejection loss. Flux evolution seemed to be pH dependent, with an 

increase at pH 8.5 of 40% and a decrease at pH3.5 of 75%. In parallel, rejection was 

not affected at low pH when it was slightly decreased at neutral or higher pH. 
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III.2.2 Parameter influencing membrane performances 

A few parameters are involved in the evolution of the membrane performance in the 

presence or absence of oxidants. pH, temperature, the presence of heavy metals and 

other ions can influence the evolution of the flux, the salt rejection or the chlorine 

resistance of the membrane. 

The solute rejection increases with pH due to a change of the surface charge of the 

membrane (Lipp et al., 1994). Increasing the pH makes the surface membrane more 

negatively charged, enhancing the interactions between ions and the membrane. 

Anions are better rejected, because of the negative charge interactions, as well as 

cations, in order to keep the electro neutrality of the solution. 

In pure water, Mehdizadeh et al. (1989) showed that the water permeability increases 

with temperature at constant pressure. Rejection increased with pressure 

independently of the temperature at high pressure. At low pressure, the rejection 

decreased with increasing temperature until 40°C and then increased (Mehdizadeh et 

al, 1989). 

The presence of some metals in the feed water can catalyze the degradation of the 

membrane by HOCl or NH2Cl. Some authors (Gabelich et al., 2005)(Tessaro et al., 

2005) demonstrated that iron and aluminum (as alum) might be involved in this 

degradation. Only the iron form Fe(II) seems to accelerate the degradation of PA. 

Because pH also influences the speciation of iron in solution between its forms Fe(II) 

and Fe(III), the pH has to be carefully controlled.  

Kurihara and Himeshima (1991) indicated that the presence of heavy metal ions, such 

as iron, manganese or copper, accelerated the oxidation of membranes by chlorine. 

The main decrease of salt rejection occurred in a manganese-copper system with 

chlorine where permanganate ions are formed and further oxidized the membrane. 
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SUMMARY AND OBJECTIVES 

Our literature review on modifications of membrane performances and structures after 

ageing polyamide RO membrane with common disinfectants used in water treatment, 

such as chlorine, bromine, iodine, chloramines, chlorine dioxide and ozone, indicates 

that little is known about the impact of oxidant besides chlorine. Depending on pH, 

chlorination leads to different modifications of PA membrane. The loss of 

permeability and enhancement of rejection were noticed at low pH following the 

halogenation of the membrane. Increase of permeability and reduction in rejection at 

high pH were assigned to hydrolyses of amide functional groups. However, ageing 

techniques used were in some cases strongly different that common practices used on-

site i.e., oxidant concentration up to 5000 ppm as Cl2 instead of < 5 ppm as Cl2 in 

order to shorten experiment duration. Moreover, the use of XPS as a characterization 

technique, analyzing only 5 nm of the top layer, when membrane surface is rough 

(i.e., 30nm) or coated, is not appropriate.  The use of Rutherford Backscattering 

Spectrometry, determining membrane elemental composition up to 1-2 µm in depth, 

and used in recent method to quantified functional groups in membrane structure, may 

improve the understanding of membrane oxidation mechanism and impact. 

In addition, the impact of other oxidants, such as monochloramine, were rarely 

studied despites the lower potential to harm PA membrane, especially for seawater. 

In Chapter II, a review of materials and methods used in this project is provided. The 

evolution of membranes characteristics were followed by analyzing synthetic 

seawater permeability under RO filtration conditions, total and specific ions rejection 

i.e., Cl-, SO4
2-, Br- and B(OH)3/B(OH)4

+, ATR-FTIR spectra, and membrane elemental 

composition and functional groups concentration by RBS. Membranes were exposed 

to oxidants in batch reactor, recirculating cells or pressurized RO unit. 
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The impact of chlorine, bromine, iodine on PA membrane structure and performances 

in pure water is presented in Chapter III. pH was set to natural seawater pH 8.2. The 

oxidant concentrations used in this chapter ranged from 10 to 50 ppm as Cl2, allowing 

the acceleration of membrane ageing and minimizing in the same time effect that can 

have high oxidant concentration.  

Results obtained with chlorine dioxide and ozone in pure water at pH 8 and 6, 

respectivelly, known to oxidize through different mechanisms than hypohalogenous 

acids (i.e., no halogenation), are discussed in Chapter IV. 

Chapter V is dedicated to the presentation of the chloramination data obtained in pure 

water, synthetic and natural seawater. Experiments were run at two initial 

concentrations i.e., 20 and 500 ppm as Cl2, monochloramine being a weaker oxidizing 

agent. 

The general conclusion compares the results obtained with the different oxidant 

studied and proposes some recommendations for the use of chemical oxidant with PA 

membrane. Some research perspectives are discussed. 
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CHAPTER II: MATERIALS AND METHODS 
 

I. MEMBRANES, SOLUTIONS AND EXPERIMENTAL SET UP 

I.1 MEMBRANES 

The SW30HR (Dow FilmTec Co., USA) thin film composite RO membrane with 

polyamide active layer was used in this study. Small coupons of virgin membrane 

were cut in a larger flat sheet membrane to fit the size (246 mm x 60 mm) of the RO 

cell that equipped the lab-scale desalination unit operated for this work. For 

experiment in recirculation cells, larger membrane coupons (266 mm x 80 mm) were 

used. 

I.2 PREPARATION OF OXIDANT SOLUTIONS 

All glassware used during the experiments was cleaned prior to usage by soaking 

overnight with a solution of hypochlorous acid at 100 mg Cl2/L to eliminate residual 

oxidant demand, and then rinsed carefully with DI water. Methods used to quantify 

oxidant concentrations are described in part III. 

I.2.1 Chlorine, bromine and iodine 

Chlorine solutions were prepared by dilution of analytical grade reagent (NaOCl, ACS 

reagent sigma Aldrich) with milliQ water. Hydrochloric acid and sodium hydroxide 

(0.1M) were used to adjust the pH at 8.2. At this pH, the actual concentration of 

hypochlorous acid is 16.7% of the total chlorine concentration, according to the 

pKa(HOCl/ClO-) value of 7.5. Bromine solutions were prepared following the protocol 

described by Lei et al. (2004), by reaction of chlorine solution with potassium 

bromide salt (KBr). pKa(HOBr/BrO-) value of 8.7 is leading to 76.0% of hypobromous 

acid at pH 8.2. Iodine solutions were made by dissolution of resublimed iodine salt in 

excess of iodide to limit the dissociation, as described in standard method 4500-Cl C -
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3g (Eaton et al., 2005). pKa(HOI/OI-) value of 10.8 gives 99.7% of hypoiodous acid at 

pH 8.2. 

I.2.2 Chlorine dioxide and Ozone 

Chlorine dioxide stock solutions were prepared according to the standard method 

(APHA, 1998). Diluted H2SO4 was slowly added to a NaOCl solution to form gaseous 

ClO2. A steady stream of N2 carried the gas through a NaClO2 scrubber to remove 

impurities such as chlorine. Finally, gaseous ClO2 was passed into deionized water. 

The resulting ClO2 stock solution was stored in the dark at 4 °C. The initial 

concentration was determined by spectrophotometry at 359 nm (! = 1230 M"1 

cm"1)(Furman and Margerum, 1998). 

Gaseous ozone was produced with a Triogen Lab2O ozone generator fed by a dried 

oxygen gas stream. Generated gaseous ozone was bubbled into deionized water 

cooled down to 3 °C to increased ozone stability in water and reach a higher 

concentration in aqueous ozone. Subsequent experiments were conducted at pH 5-6 at 

21 °C. Aqueous ozone concentration was determined by spectrophotometry at 254 nm 

(! = 3024 M"1 cm"1). 

I.2.3 Chloramines 

Preformed monochloramine was prepared by injecting drop-by-drop concentrated 

solution of sodium hypochlorite into a rapidly stirred solution of buffered or 

unbuffered ammonium chloride at pH 8 (according to Equation II.1).  

HOCl + NH3 = NH2Cl + H2O      (II.1) 

The solution pH was adjusted afterwards by addition of hydrochloric acid (HCl) and 

sodium hydroxide (NaOH) at 0.1M. The molar ratio N/Cl was fixed at 1.2. 
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I.2.4 Phosphate buffer solution 

A stock solution of phosphate buffer was prepared at a concentration of 0.5 M and pH 

8 by dissolution of phosphate salts Na2HPO4 and KH2PO4 ($%&'(!)*+,%-./!01123452!

 

I.3 BATCH REACTORS AND RECIRCULATION CELLS 

Exposure of polyamide membranes to oxidants was realized in different reactors, i.e., 

batch reactor, unpressurized cells with recirculation of oxidant in closed loop, and 

pressurized RO desalination unit.  

Batch experiments with chlorine, bromine, iodine and monochloramine in pure 

solution were carried on Corning® square bioassay dishes covered with aluminum 

fold to avoid any contact with light. Membranes were soaked in oxidant so both 

surfaces were in contact with the solution. Ozone and chlorine dioxide experiments 

were performed in sealed amber glass bottle. 

Experiments consisting in chloramination of synthetic seawater and natural seawater 

were conducted using an unpressurized cell (Figure II.1).  

 
Figure II. 1:Unpressurized cells with peristaltic pump (not connected). 
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The polyamide surface only was in contact with the oxidant solution, which was 

pumped from a feed tank (amber glass bottle) and recirculated at the surface of the 

membrane (tangential flow) with a inert peristaltic pump (ceramic body pump). All 

tubing in teflon were covered with aluminum fold to limit the potential decomposition 

of oxidants with light . Membrane dimensions were 80 x 266 mm. Feed flow was 

adjusted at 3L/h. 

!
!
I.4 REVERSE OSMOSIS DESALINATION UNIT 

Experiments consisting in exposure of polyamide membranes with iodine in buffered 

water (pH 8.2) or monochloramine in synthetic seawater were performed with a 

closed loop laboratory-scale pressurized RO desalination unit from SIMATec (see 

Figures II.2 and II.3). Membrane permeability and salt rejection were obtained using 

this pressurized RO unit. All materials are seawater resistant. The unit includes a 

double-walled feeding tank (7.5 L) with temperature control system, a high-pressure 

pump with variable-speed drive to control the flow (25-100 L/h, max 80 bars), and a 

pressure control valve with an automatic control system. The unit comprises three 

NF/RO test cells in series with direct pressure control at each input and output. It is 

equipped with different sensors and probes for continuous monitoring of flow rates, 

pressure, conductivity and pH of concentrates and permeates. The feed water 

temperature was maintained at 25 °C with a Thermo Scientific chiller Model Phoenix 

II-C25P, which recirculated water through a jacket surrounding the feed water tank. 

The membrane surface area exposed to feed solution within each cell was 80 cm2 and 

the feed spacer thickness was 44 mil. The total height of the feed water channel was 

75 mil. A PTFE plate of 0.5 mm was used to reduce the effective feed water channel 
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height. Experiments were run at a feed flow of 0.028 m3h-1 and cross flow velocity of 

0.139 m.s-1. 

 
Figure II. 2: Diagram of the reverse osmosis desalination pilot unit 

 

 
Figure II. 3: Picture of RO desalination unit, its control panel and membrane cells 
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I.5 PREPARATION OF SYNTHETIC SEAWATER 

The preparation of the synthetic seawater solution, used in membrane performance 

tests, was adapted from Kester et al.’s method (Kester et al., 1967). The synthetic 

seawater prepared by this method refers to a total dissolved salt concentration of 35 

g/L and pH 8.2.  Two solutions were prepared with ACS grade reagents (supplied by 

Sigma Aldrich) according to Table II.1. Salts were dissolved in deionized water 

produced by a Millipore system (MilliQ water, resistivity 18.2 M!.cm, TOC<0.1 

mgC/L). Solutions 1 and 2 were then mixed and the resulting solution stirred for few 

minutes. 

Table II. 1: Synthetic seawater recipe adapted from Kester et al. (1967) 

Solution 1 Reagent Concentration   
(g.l-1) Solution 2 Reagent Concentration   

(g.l-1) 

NaCl 23.9 MgCl2, 6H2O 10.8 
Na2SO4 4.0 CaCl2, 2H2O 1.5 

KCl 0.7 SrCl2, 6H20 - 
NaHCO3 0.2 

KBr 0.1 
H3BO3 0.03 

 
 

500 mL 
 
 
 
 

NaF 0.003 

 
 

455 mL 
 
 
 
 

 
 

II. EXPERIMENTAL APPROACH 

II.1 DETERMINATION OF MEMBRANE PERFORMANCES 

Permeability and total salt rejection were determined before and after oxidant 

exposure. The membrane permeability was calculated from the recorded flux obtained 

at different working pressure according to Equation II.2 (Figure II.4). 

Jv= Lp x ("P-#)    (II.2) 

where Jv is the permeate flux, Lp is the membrane permeability, "P is the 

transmembrane pressure varying from 30 bars to 55 bars and # is the transmembrane 

osmotic pressure. 
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Figure II. 4: Example of linear correlation between flux and pressure. The slope of the curve is equal to 

the membrane permeability, and the flux at P=0 bar divided by the slope gives the osmotic pressure. 
 

The salt rejection was calculated from the ratio between permeate conductivity and 

feed water conductivity according to Equation II.3. 

Salt rejection = 1 – !p/!f   (II.3) 

where !p is the conductivity of permeate and !f  is the conductivity of the feed 

solution. In this project, all experiments were run in the same hydraulic conditions. 

The concentration polarization factor was not taken into account. The actual rejection 

of the membrane should be higher than the observed rejection since the salt 

concentration is higher at the surface of the membrane than in the feed water. 

Permeability and rejection of 40 virgin membrane coupons varied from 0.74 to 1.10 

LMH/bar (average= 0.907 LMH/bar) with a standard deviation of 0.08. Rejection 

ranged between 99.1 and 99.6 (average= 99.35%) with a standard deviation of 0.16. 

This variability is assumed to come from the non-homogeneity of the active layer at 

the membrane surface. Thus, membrane performances were determined for each 

coupon before and after oxidant exposure. Permeability and rejection of treated 

coupons were normalized to their initial values. Membrane performances are in 

accordance with water permeability and rejection reported in the literature by Ettori et 
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al., (2012) (i.e., 1.2 LMH/bar, !99%) and by Teychene et al., (2013) (i.e., 0.73 

LMH/bar, 99.5%). 

 

II.2 REACTION OF OXIDANTS WITH PA RO MEMBRANE 

Different methods were used in the literature for membrane ageing by oxidants 

(Chapter I, Part III). To reach equivalent CT exposures, two methods can be used, 

consisting either in high concentration with short contact time, or low concentration 

with high contact time. In this project, it was chosen to work at relatively low oxidant 

concentrations (i.e., 10-50 ppm as Cl2), which is higher than concentrations applied in 

water treatment plants (i.e., 2-5 ppm as Cl2) but significantly lower than 

concentrations used in the literature (i.e., up to 5000 ppm as Cl2). 

 

Virgin membrane coupons were soaked in DI water for at least 24 h and loaded into 

the RO desalination unit for compaction at 30 bars during 1 hour with a sodium 

bicarbonate solution at 0.2 g/L. The unit was then run at 55 bars with synthetic 

seawater (TDS = 35 g/L) until the rejection stabilized (24 h to 48 h). The permeability 

of the three membranes was determined by monitoring the flux at specific pressures 

(i.e., 55, 50, 45, 40, 35 bars).  

 

II.2.1Batch experiments 

After the first step, membrane coupons were rinsed thoroughly with milliQ water and 

soaked in chlorine, bromine, iodine or chloramines solutions using oxidants demand-

free containers. One container was filled with deionized water buffered at pH 8.2 

(phosphate buffer at 10 mM) as a control experiment. The second and third containers 

were filled with buffered (10 mM phosphate buffer at pH 8.2) oxidant solution 
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(HOCl/ClO-, HOBr/BrO-, HOI/OI-, NH2Cl) at an initial concentration of 0.141, 0.422, 

0.704 mM(for HOX) or 7.04 mM (for NH2Cl) equivalent to 10, 30, 50, 500 ppm as 

Cl2, respectively. Contact time varied from 24 hours to several days. Residual oxidant 

concentration was analyzed during the experiment to calculate the applied CT 

(oxidant exposure in mM·h). All experiments were performed in the dark at ambient 

temperature. 

After reaching the desired oxidant exposure, membrane coupons were carefully rinsed 

with milliQ water several times to remove residual oxidant. Permeability and salt 

rejection were determined by loading the coupons into the RO unit (same conditions 

as applied for virgin membrane coupons). Finally, coupons were rinsed with milliQ 

water and dried under atmospheric conditions for structural characterization (see Part 

IV). 

 

II.2.2 Ageing of membranes under pressure 

II.2.2.1 Oxidation of RO membranes by iodine under pressure 
 
A set of three virgin membranes (m1, m2 and m3) were installed in the RO unit and 

fed with synthetic seawater at pH 8.2 under a pressure of 55 bars. After stabilization 

of the process and determination of membrane performances (steps #1-#4), iodine was 

introduced into the feed synthetic seawater for 90 minutes at a concentration of 0.012 

mM, i.e., 1 ppm as Cl2 (step #5). After reaction, the tank was flushed with fresh 

synthetic seawater and the new membrane performances were recorded (steps #6-#7). 

This process was repeated one more time (steps #8-#10). Details of the experimental 

are listed below: 

#1 T=0h: start of the membrane compaction in the unit (30 bar, NaHCO3 0.2g/L) 
#2 T=8h: P=1bar, feed water replacement by synthetic seawater (SSW)! P=55 bars 
#3 T=148h: Permeability test (P=55, 50, 45, 40, 35, 55 bars) 
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#4 T=166-172h: Rejection test (P=55, 50, 45, 40, 35, 55 bars); sampling (25mL of 
each permeate) 
#5 T=198h-199.5h: Injection of HOI! [HOI]i=1ppm 
#6 T=199.5h: flush the tank with new SSW ! [HOI]= 0ppm 
#7 T=262h-268h: Permeability test and rejection test 
#8 T=292-294h: Injection of HOI! [HOI]i=1ppm 
#9 T=294h: flush the tank with new SSW ! [HOI]= 0ppm 
#10 T=334h: Permeability test and rejection test 

 
 

II.2.2.2 Oxidation of RO membrane by chloramines in synthetic seawater under 
pressure 

 
Multiple step injections of NH2Cl in the feed water were necessary to maintain the 

monochloramine dose between 0.07 mM and 0.02/0.01 mM, because of the important 

monochloramine decomposition. A two phases experiment was developed using 

synthetic seawater (SSW) as feed water, first without bromide ion added (steps #1-#5) 

and then with bromide ion added (steps #6-#10). The experimental chronology of 

membrane oxidation by chloramines under pressure is presented hereafter: 

#1 T=0h: start of the membrane compaction in the unit (30 bar, NaHCO3 0.2g/L) 
#2 T=8h: P=30bar, flush with SSW without Br-! P=55 bars 
#3 T=72h: Permeability test (P=55, 50, 45, 40, 35, 55 bars)  
#4 T=96-100h: Rejection test (P=55, 50, 45, 40, 35, 55 bars); sampling (25mL of each 
permeate) 
#5 T=143-1320h: repeated injection of NH2Cl ! [NH2Cl]i= 0.07mM (5ppm)  
#6 T=1320h: flush the tank with new SSW with Br-! [NH2Cl]= 0 mM  
#7 T=1340h-1345h: Permeability test  & Rejection test (P=55, 50, 45, 40, 35, 55 bars)  
#8 T=1345-2035h: repeated injection of NH2Cl ! [NH2Cl]i= 0.07mM (5ppm)  
#9 T=2035h: flush the tank with new SSW with Br- ! [NH2Cl]= 0 mM  
#10 T=2080-2085h: Permeability test  & Rejection test (P=55, 50, 45, 40, 35, 55 bars) 
 

II.3 CHLORAMINATION OF MODEL COMPOUNDS 

II.3.1 Materials 

Acetanilide and Benzanilide molecules were selected as model compounds for 

polyamide membrane (Glater et al., 1994)(Soice et al., 2003). Salts were purchased 

from Sigma Aldrich (Acetanilide, 397229-25G, Sigma Aldrich, >99.9%, Benzanilide, 
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108227-100G, Sigma Aldrich, 98%). Fresh stock solution of acetanilide and 

benzanilide were prepared in methanol at 10 g/L. 

15NH2Cl was prepared by reacting sodium hypochlorite with the isotopically labeled 

ammonium chloride (15NH4Cl, 98% from Sigma Aldrich) following the same method 

described in Part I.4. 

 

II.3.2 Experimental approach 

Model compounds were exposed to 14NH2Cl and 15NH2Cl with various contact times 

ranging from 24 h to 144 h under constant agitation. The initial concentration of 

chloramines was set to 25-28 mM equivalent to 1800-2000 ppm as Cl2 in the presence 

of 50 mM of phosphate buffer at an initial pH of 8.2. The initial concentrations of 

acetanilide and benzanilide were set at 1 ppm. 

 
II.3.3 Analytical methods 

Oxidation products formed by the reaction of 14NH2Cl and 15NH2Cl with model 

compounds were isolated by liquid liquid extraction. 5 mL of methylene chloride were 

added to 50 mL of sample in the presence of 10 mg of NaCl. Solutions were shaken 

for 2 min, then water and methylene chloride phases were allowed to separate for 5 

min. 1.5 mL of the methylene chloride phase were transferred to GC-MS vials for 

injection. Agilent 7890A series gas chromatograph system coupled with agilent 

5975C mass selective detector (MSD) in electron impact (EI) mode was used with a 

J&W DB-1701 column (30m x 250 µm x 0.25 µm). 1 µL of sample was injected at 

1.2 ml/min flow in pulsed splitless mode using helium as the carrier gas. The 

temperature of the injector was set at 270˚C. Oven temperature was programmed at 60 

˚C for 1min, ramping to 250 ˚C at 15 ˚C/min and holding for 10 min. Full scan mode 

analyses (40-250 m/z) were conducted to obtain the spectra of unknown oxidation 
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products. The NIST database was used to identify their structures. Retention times of 

acetanilide and benzanilide were 11.0 min and 15.2 min in the chromatographic 

conditions used, respectively. Their structures and fragment masses are provided in 

Table II.2. A calibration curve was made by extraction of five standards of each 

model compound.  

Table II. 2: Model molecule structures and characteristics. 

 

 
 
 

 

Name ACETAMIDE, N-PHENYL- BENZAMIDE, N-PHENYL- 

Formula C8H9NO C13H11NO 
MW (g/mol) 135 197 
largest peaks 

m/z 93 135 66 43 65 105 77 197 51 106 

abundance 999 309 134 124 90 999 459 389 90 80 
m/z 94 92 51 77 136 198 65 78 199  

abundance 
 72 48 28 28 27 60 40 40 5  

 

III. ANALYTICAL TECHNIQUES FOR LIQUID SAMPLES 

III.1 QUANTIFICATION OF OXIDANT CONCENTRATION/RESIDUAL 

Two methods were used to quantify oxidants (i.e., HOCl, HOBr, HOI, ClO2). Diluted 

solutions of free oxidant were titrated with N,N-diethylphenylene-1,4-diamine (DPD) 

according to the method 4500-Cl G (Eaton et al., 2005). This method is adapted to 

smaller volumes by reducing the quantity of reactive compounds and samples. 

Concentrated solutions of chlorine and bromine oxidant were quantified by direct 

spectrophotometric measurement using their corresponding absorbance. Total chlorine 

and total bromine concentrations were calculated based on hypochlorite and 
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hypobromite ion absorbances at 292 nm and 329nm, respectively (molar extinction 

coefficients of 362 M-1cm-1 and 332 M-1cm-1, respectively). 

Aqueous ozone concentration was determined by direct spectrophotometry 

measurements at 254 nm (! = 3024 M"1 cm"1) (Masschelein, 1991). 

 

III.2 QUANTIFICATION OF BROMOCHLORAMINE 

Both direct spectrophotometric determination and DPD method can be used for the 

determination of bromochloramine (NHBrCl) concentration. The DPD method was 

preferred due to its low detection limit. Moreover, the presence of high amounts of 

salt in water may interfere with direct spectrophotometric measurement. Finally, an 

unknown compound generated by the decomposition of monochloramine in water was 

found to exert a strong interference in the UV-absorbance spectrum of 

monochloramine (Valentine et al., 1986). 

Thus, bromochloramine was quantified according to a method implemented by 

Valentine in 1986. The method is based on the rate of DPD oxidation by chloramines 

(NH2Cl, NHBrCl). Unlike monochloramine, bromochloramine reacts instantly with 

DPD. Thus, bromochloramine concentration is calculated using the absorbance 

measured right after the DPD introduction into the sample. 

The rate of DPD oxidation can be expressed by Equation II.4 (Valentine, 1986): 

ln([DPD]#-[DPD]ox)-ln([DPD]#-[DPD]0) = k x t   (II.4) 

where [DPD]# is the maximum amount of DPD oxidized by all oxidants initially 

present, [DPD]0 is DPD oxidized by NHBrCl, [DPD]ox is the amount of DPD oxidized 

at t and k is the rate constant. 

To support the theory, Valentine et al. (1986) performed chloramination (0.2 mM 

NH2Cl) of a 4.0 mM bromide solution at pH 6.5 (10 mM phosphate buffer). This 
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experiment was replicated in this study. Figure II.5 shows the kinetics of DPD 

oxidation for several reaction times. Ainf is the absorbance used to calculate [DPD]!. 

 

Figure II. 5: Kinetics of DPD oxidation after various reaction times between monochloramine (0.2 mM) 
and bromide ion (4.0 mM). 

!
Ainf is determined after addition of KI crystals in the solution after 1 min. A0 is 

calculated with the y-intercept, which is equal to Ln(Ainf-A0). 

 

Figure II.6 represent results for monochloramine and bromochloramine obtained by 

Valentine et al. (1986) and in the present study after the determination of initial 

absorbance from kinetics experiment (Figure II.5). Both graph exhibited the same 

profile, confirming the method was correctly implemented. 
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a) b)  
Figure II. 6: DPD titrimetric analysis of a reacting mixture of NH2Cl and Br- as a function of time: 

mixture initially 0.20 mM NH2Cl and 4.0 mM Br-; pH 6.5 (0.2 M phosphate buffer). Reprinted with 
permission from (Valentine, 1986). Copyright (1986) American Chemical Society. a) Valentine, b) this 

study 
!
III.3 ION CHROMATOGRAPHY  

Cl-, SO4
2-, Br-, ClO2

- and ClO3
- were detected by ion chromatography using a Dionex® 

ICS-1600 ion chromatograph with conductimetric detection and a Dionex reagent-free 

controller with KOH. An AS15 column and AG-15 guard column (Dionex®) were 

used for the quantification of Cl-, SO4
2- and Br- with a 250 µL loop, a flow of 0.40 

mL/min, an initial and final concentration of the mobile phase of 30mM and 40 mM 

respectively, and a gradient time of 12 min. An AS18 column and AG-18 guard 

column (Dionex®) were used for the quantification of ClO2
- and ClO3

-. Samples were 

injected via a 25 µL loop, and eluted at a flow rate of 1 mL min–1 with a mobile phase 

concentration of 23 mM. 

 
III.4 ICP-MS/ICP-OES 

Boron element was quantified using an Agilent 7500 Inductively Coupled Plasma-

Mass Spectroscopy (ICP-MS). Samples were collected in plastic tubes to avoid any 

borosilicate leaching from the glassware. Beryllium (Be) was used as an internal 
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standard. Na+, K+, Mg2+ and Ca2+ were measured by an Optima 8300 (Perkin Elmer) 

Inductively Coupled Plasma-optical emission spectrometry (ICP–OES) on axial view. 

Analyses were conducted based on standard methods 3125B and 3120B((APHA), 

1998), respectively. 

 
IV. MEMBRANE AUTOPSY  

IV.1 ATR-FTIR ACQUISITION AND SPECTRA ANALYSES 

ATR-FTIR is often used to characterize changes in membrane structure after reaction 

with oxidants (Tang et al., 2007, 2009). The spectrum obtained for polyamide on top 

of a polysulfone layer is an overlap of several bands that can either be used directly or 

processed by deconvolution to access specific peaks. In the region of interest of the 

polymeric membrane (1350-1800 cm-1), three bands are characteristic of the 

polyamide layer. Figure II.7 gives ATR-FTIR spectra recorded from fives different 

spots within a 2.5 x 5 cm virgin membrane surface, and the ATR-FTIR spectrum of a 

polysulfone membrane.  

 
Figure II. 7: FTIR spectra of a reverse osmosis membrane in polysulfone toped with a polyamide layer 

at five different spots located in a virgin membrane coupon (2.5 x 5 cm) and FTIR spectra of a 
polysulfone membrane (dashed line). 
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Some variations between FTIR spectra of different spots taken from the same 

membrane are noticed, especially for the amide I band region (1660 cm-1). Table II.4 

regroups the peaks and their assignments for the region 1350 -1800 cm-1.  

!
Table II. 3: Peak assignments for FTIR spectra between 1350 and 1800 cm-1 

Wave number 
(cm-1) Assignment References 

1720 Carboxylic acids C=O stretching (Jin and Su, 2009; 
Socrates, 2001) 

!1660 Amide I band 

C=O stretching – dominant contributor,  
C–N stretching, and C–C–N deformation 

vibration in a secondary amide group 
 

hydrogen bonded C=O groups (i.e., 
C=O---H-N) in the disordered domain at 

around 1650 cm-1, hydrogen bonded 
C=O groups in the ordered domain at 

around 1640 cm-1 and non-associated or 
free C=O groups at around 1680 cm-1 

 

"-helix (1654 cm#1), 
$-sheet (1635 cm#1)  

random coil (1679 cm#1) conformation 

(Socrates, 2001) 
(Tang et al., 2009) 

 
 

 
 

(Skrovanek et al., 
1986) 

 
 
 

(Socrates, 2001) 
(Wang et al., 2012) 

1609 Aromatic amide N–H deformation vibration or C=C ring 
stretching vibration 

(Tang et al., 2009) 
(Socrates, 2001) 

 

!1587 Polysulfone aromatic in-plane ring bend stretching 
vibration 

(Socrates, 2001) 
(Tang et al., 2009) 

1540 Amide II band 

N–H in-plane bending and N–C 
stretching vibration of a –CO–NH– 

group 
 

"-helix (1545 cm#1) 
$-sheet (1522 cm#1)  

random coil (1535 cm#1) conformation 
 

(Socrates, 2001) 
(Tang et al., 2009) 

 
(Socrates, 2001) 

(Wang et al., 2012) 

1504 Polysulfone aromatic in-plane ring bend stretching 
vibration 

(Socrates, 2001) 
(Tang et al., 2009) 

1488 
1430-1450 Polysulfone aromatic in-plane ring bend stretching 

vibration 
(Socrates, 2001) 

(Tang et al., 2009) 
1440-1450 Polyamide N-H bending vibration (Socrates, 2001) 
1400-1420 Amide III band C-N stretching for primary amide  (Socrates, 2001) 

1365-1385 Polysulfone C-H symmetric deformation vibration of 
C(CH3)2 

(Tang et al., 2009) 

 

The amide I and amide II bands at 1663 cm-1 and 1541 cm-1 include 3 peaks, each of 

them corresponding to crystalline isomers "-form, $-form and %-form also reported as 

hydrogen bonded C=O groups in the disordered domain, hydrogen bonded C=O 

groups in the ordered domain and non-associated C=O groups, respectively (Wang et 
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al., 2012)(Skrovanek et al., 1986) (Socrates, 2001). One peak located at 1609 cm-1 is 

related to C=C stretching vibrations for meta-substituted aromatic cycles (MPD). 

Deconvolutions of FTIR spectra were achieved using the software Peakfit. The shapes 

of the bands were modeled by Gaussian distribution. The widths at mid height (W1/2) 

of the three peaks belonging to the amide I band were set according to Ettori et al., 

(2012). Remaining peaks were determined by deconvolution of a virgin membrane 

spectrum, and their number and wavelengths were kept fixed (±1.0 cm-1) for the other 

samples. Parameters used are provided in Table II.5. Figure II.8 plots a deconvolution 

of a virgin membrane FTIR spectrum between 1350 and 1800 cm-1. 

Table II. 4: Parameters used for FTIR spectra deconvolution. 
Wave number 

(cm-1) 1720 1689 1665 1633 1609 1584 1571 1545 1530 1517 

W1/2 (cm-1) 39 20 40 30 24 16 22 31 10 12 
Wave number 

(cm-1) 1503 1486 1470 1457 1446 1430 1413 1402 1386 1364 

W1/2 (cm-1) 12 12 20 10 17 13 16 13 12 9 
 

 
Figure II. 8: Deconvolution of a virgin membrane FTIR spectrum between 1350 and 1800 cm-1 

 

A PerkinElmer Spectrum 100 FT IR Spectrometer was used with a Universal ATR 

Sampling Accessory. A membrane coupon (2.5 x 5 cm) was pressed between the ATR 
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crystal and the plate after checking of the contamination environment and background 

analysis. Five different spots on each coupon were analyzed and 20 accumulations of 

the signal spectra were recorded. An average spectrum was calculated for each coupon 

from the 100 profile recorded. The resolution of each spectrum was 4 cm-1 from 1300 

cm-1 to 1800 cm-1. The baseline of the original signal was corrected and the signal was 

normalized (at 1.5 absorbance unit) to the peak at 1487 cm-1 related to the polysulfone 

layer that remains unchanged after oxidation (Cran et al., 2011). 

 
IV.2 STREAMING POTENTIAL 

Membrane streaming potential was measured by a SurPASS electrokinetic analyzer 

(Anton Paar, GambH, Graz, Austria), with gap cell adjusted at 100 ± 10 !m and using 

10 mM NaCl as electrolyte solution. The pH was automatically adjusted between 3 

and 9 using 0.1 M HCl and NaOH solution. The corresponding zeta potential was 

calculated using Helmholtz– Smoluchowski Equation. Figure II.9 provides the zeta 

potential of SW30HR membrane determined by the analyzer manufacturer, in a 

solution of KCl at 2 mM. 

 
Figure II. 9: Zeta potential as a function of solution pH for a SW30HR membrane (I = 2 mM KCl) 

measured by the analyzer manufacturer i.e., Anton Paar (Childress et al., 2012). 
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IV.3 RBS ANALYSIS 

Rutherford Backscattering Spectrometry (RBS) was used to probe membranes at a 

sample depth of 1-2 micrometers, and to determine the sample composition within its 

different layers. The profiling ability of RBS is useful because it enables to ascertain 

the composition of both the active and support layer of the membrane (Coronell et al., 

2008)(Mi et al., 2006). Previous research efforts successfully used RBS analysis 

without compromising the integrity of the membrane (Mi, et al., 2007). Accordingly, 

RBS can be used to determine the incorporation of halogen covalent bonding into the 

polymeric matrix of the RO membrane during the reaction with free oxidants, and to 

quantify functional groups (carboxylic and amine groups) in the modified active layer. 

RBS measurements, parameters settings and data analyses were conducted according 

to Mi et al., (2006, 2007) and Coronell et al. (2008, 2009). Same equipments and 

software than described in the literature were used. A schematic diagram of the RBS 

set-up is given in Figure II.10. 

 
Figure II. 10: Schematic diagram of RBS set-up. The membrane sample is placed in a vacuum chamber 

at room temperature for RBS analysis. The incident He+ beam is generated by a Van de Graaff 
accelerator. The RBS detector counts the backscattered He+ at different energy channels and generates 
RBS spectrum through a computer. Reprinted from (Mi et al., 2006) with permission from Elsevier. 
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Membrane coupons were attached to the sample stage using a double-sided thermally 

conductive adhesive tape (T410 material, Marian, Chicago, IL). A circular, 3-mm, 2-

MeV He+
 beam generated with a Van de Graff accelerator (High Voltage Engineering 

Corp., Burlington, MA) scanned back and forth over the surface of the membrane 

sample until the desired number of counts was reached. The incident, exit, and 

scattering angles of the He+
 beam were 22.5o, 52.5o

 and 150o, respectively. A detector 

measured the energy and counts of backscattered ions. The software SIMNRA® 

(Mayer, Duggan, & Morgan, 1998) was used for data analysis. Raw spectra were 

fitted to obtain the composition and atomic density (1015
 atoms/cm2) of the active and 

support layers. Using this information, the concentration of each element of interest in 

the active or support layer of the sample was calculated. Figure II.11 shows an 

example of membrane RBS spectra, with the location of element peaks regions and 

importance of roughness parameter. 

 
Figure II. 11: RBS differentiation between ESNA membrane active and support layers (red) and 

support layer alone (green). Nitrogen peak and receding of sulfur plateau signal are the main factors 
differentiating membrane active and support layers. The fitting line without considering roughness 
(blue) was also plotted in this figure to demonstrate the roughness effect on RBS spectra. Reprinted 

from (Mi et al., 2006) with permission from Elsevier. 
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IV.3.1 Simulation method used 

In order to obtain the composition and atomic density (1015 atoms/cm2) of the active 

and support layers, raw spectra were fitted using the same model. For all membrane 

coupons, simulations comprised two layers, a support layer (C, O, S, H) and a active 

layer (C, O, N, H, Cl, Br, I, Ag, W, Ca, (Fe, Ni)). A coating layer was not included in 

the simulations, since a larger membrane surface is needed to significantly detect by 

RBS the changes occurring in this top ultrathin layer.  

 

IV.3.2 Quantification of functional groups by RBS 

Functional groups of PA membrane coupons modified by different oxidant under 

specific experimental conditions were quantified using a method developed by 

Coronell et al., (2008)  

In order to investigate the break of the amide bond reported in recently proposed 

chlorination mechanisms (Do et al., 2012; Taniguchi, et al., 2001), carboxylic groups 

(R-COO-) and amine groups (R-NH3
+) were quantified using a technique based on the 

substitution of hydrogen from R-COOH and R-NH3
+ groups by silver (Ag) and 

tungsten (W) elements, respectively.   

 

IV.3.2.1 Ion probe solutions 

All chemicals used were A.C.S. grade (>99% purity). Silver nitrate (AgNO3), and 

sodium tungsten (Na2WO4) from Sigma-Aldrich were used as sources of Ag+, and 

WO4
2-. The concentrations of silver (1x10-6 - 2x10-4 M), and tungsten (1x10-6 - 2x10-4 

M) in solution were always below their solubility limit at the pH tested. All ion-probe 

solutions were prepared with deionized water. The pH of silver, and tungsten 

solutions was adjusted to the desired value by addition of HNO3 or NaOH. Silver 
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solutions were prepared and used under dark conditions to prevent photodegradation. 

 

IV.3.2.2 Sample preparation for ion probing with Ag+
 and WO4

2- 

Membrane coupons were soaked three times, each time for 10 min, in a 1x10-3 M or 

2x10-4 M solution of AgNO3 (or Na2WO4) at the target pH to saturate accessible R–

COO- groups with Ag+. Then, to reduce excess Ag+ (WO4
2-) not associated to R–COO- 

groups (R–NH3
+ groups), the samples underwent three consecutive immersions, each 

lasting 10 min, in a 10-6 M solution of AgNO3 (or Na2WO4) at the same pH used in the 

saturation step. Throughout each 10 min interval, the pH was monitored continuously 

and recorded at 3, 6, and 10 min. The averages of the recorded pH values throughout 

the entire saturation and subsequent reduction steps were calculated. Lastly, samples 

were air-dried at room temperature for >24 h. Prepared samples were analyzed by 

RBS. 

 

IV.3.2.3 Method description 

Coupons were soaked in solutions of AgNO3 and Na2WO4 at different pH leading to 

subsequent uptake of ion probes. R-COOH/ R-COO- and R-NH3
+/ R-NH2 undergo 

acid-base equilibrium as expressed by Equation II.5 and II.6: 

[R-COO-]=C T,R-COOH !(wi x Ka,i / ([H+]+Ka,i))   (II.5) 

[R-NH3+]=C T,R-NH3+ !(wi x [H+] / ([H+]+Ka,i))  (II.6) 

where CT,R-COOH and CT,R-NH2 are the total concentrations of carboxylic groups and 

amine groups in the PA active layer, respectively, pKai (i=1-n) are the acid 

dissociation constants of functional groups and wi are the fraction of functional groups 

with dissociation constant pKi. 
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Once Ag and W were incorporated in the membrane structure, their concentrations 

were quantified using RBS. 

 

This technique was well established using pristine membranes. In the present study, 

polyamide membranes structures were modified by the reaction with oxidant such as 

HOCl, HOBr, HOI, NH2Cl, ClO2 and O3. In addition, membrane coupons underwent a 

compaction phenomenon in the lab-scale Reverse Osmosis unit fed with synthetic 

seawater.  

 

IV.3.2.4 Method used to calculate the molar concentration of ionized functional 
groups in the active layers 
 
The method used by Coronell et al (2011) to calculate the molar concentration of 

ionized functional groups in active layers is reported below without modifications. 

“From the definitions, !PA = 1.24 g/cm3 = Dry mass density of PA, "i = elemental 

fraction including hydrogen of element i in the active layer, where “including 

hydrogen” means that the summation of the "i values of all elements in the sample 

including "H equals one and Mi = molar mass of element i, we have that the average 

mass of a mole of atoms in a fully protonated polyamide (PA) active layer is given by 

#("i x Mi)          (II.7) 

where i represents any of the elements in the PA film at complete protonation (i.e., C, 

O, N, Cl, H). The molar concentration of atoms in the fully protonated PA active layer 

is thus given by      

!PA / #("i x Mi)         (II.8) 

and the molar concentration of element j in the PA active layer by  

"j x !PA / #("i x Mi)        (II.9) 

Accordingly, the molar concentration of R-COO- in the active layers ([R-COO-]) can 
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be expressed as 

[R-COO-]=[Ag+]= !Ag x "PA / #(!i x Mi)     (II.10) 

 

where it is assumed that the increase in the volume of the fully-aromatic PA active 

layer because of hydration is negligible, i.e., <5%. Since the value of the PA density 

"PA = 1.24 g/cm3 was obtained with a PA active layer that did not contain heavy ions, 

then the denominator in Equation II.10 refers to a fully protonated active layer (i.e., in 

the denominator the silver content is assigned to hydrogen). In other words, Equation 

II.10 assumes that the active layer volume remains unchanged after the exchange of 

proton for Ag+ ions.” 

 

In the present study, the membrane structure was modified by incorporation of 

halogen atoms before titration by tungsten and silver. It is assumed that the addition of 

halogen in the structure does not significantly change the active layer density. 

Accordingly, the denominator in Equation II.10 refers to a fully halogenated 

protonated active layer (i.e., in the denominator, the halogen content is included and 

the silver content is assigned to hydrogen). 

 

V. DETERMINATION OF SALT PASSAGE MECHANISM WITH SPECIFIC 
ION REJECTION 
 
The performances of all membrane coupons oxidized by HOX, ClO2, O3 and NH2Cl 

were determined with the RO unit before and after exposure. In particular, specific 

rejections of chloride, sulfate, bromide and boron were measured at different applied 

pressures (i.e., 55, 50, 45, 40, 35 bars). Permeate fluxes were recorded as well. An 

extended solution-diffusion model incorporating Donan electrostatic exclusion of ions 

and unhindered advection was used to calculate the solutes (i.e., Cl-, SO4
2-, Br-, 
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B(OH)3) diffusive permeation coefficients B (m.d-1) and the transport coefficient ! 

related to the fraction of water that permeates by advection (Coronell et al., 2013). 

These authors reported that the solute passage Js (mol·m-2·d-1) at steady state can be 

expressed by: 

Js = Jv cp = B (cw – cp) + ! Jv cw     (II.11) 

with Jv (m3·m-2·d-1) the permeate water flux, and c (M) the concentrations in permeate 

(p) and in the feed side next to the membrane wall (w). Moreover, the concentration 

near the membrane cw can be expressed as a function of cp and cf by Equation II.11 

(Mariñas and Urama, 1996): 

(cw-cp) / (cf – cp) = exp (Jv / k)      (II.12) 

with cf the concentration in the feed, and k (m.d-1) the mass transfer coefficient of the 

solute in the concentration polarization film. Thus, the rejection of a solute (%R) can 

be expressed by: 

%R = 100 x (1- (cp / cf)        

=100 x [(1-!) Jv / ((B + ! Jv) exp(Jv/k) + (1-!) Jv)]   (II.13) 

 

The mass transfer coefficient for a solute can be calculated by (Mariñas and Urama, 

1996): 

Sh = k.h / D           

 = 0.235 Re1/2 Sc1/3       (II.14) 

with h the height of the feed water channel (i.e., 0.0014 m in this project), D (m2·s-1) 

the molar diffusion coefficient of the solute in the aqueous solution, Sh, Re and Sc the 

Sherwood, Reynolds (Equation II.14) and Schmidt (Equation II.15) numbers, 

respectively.  

Re = 2.h.Qf / ".Sf       (II.15) 
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Sc = ! / D        (II.16) 

with ! the viscosity of the feed solution (i.e., ! for synthetic seawater at 20 ˚C and a 

salinity of 38 g/L is about 1.10-6 m2·s-1 (Sharqawy et al., 2010)), Qf the flow rate of the 

feed (i.e., 0.028 m3·h-1 in this project), Sf the cross sectional area (i.e., 44.7 10-6 m2 in 

this project). 

In this project, mass transfer coefficient was calculated for Na2SO4. Then, the mass 

transfer coefficient for others element was calculated by: 

 kx = kNa2SO4 (Dx / DNa2SO4 )2/3      (II.17) 

with x representing other compound such as NaCl, NaBr and B(OH)3. Table II.6 

shows the molar diffusion coefficients for selected compounds (Cussler, 

2009)(Mackin, 1986) and calculated mass transfer coefficient in our conditions. 

Table II. 5: Molar diffusion coefficient and mass transfer coefficient for Na2SO4, NaCl, NaBr and 
B(OH)3 in the concentration polarization film in our hydrodynamic conditions. 

 Na2SO4 NaCl NaBr B(OH)3 
D (m2·s-1) X 10-9 0.9 1.48 1.52 1.11 

k (m·d-1) 2.98 3.78 3.80 3.45 
 

Rejections of each solute were plotted as a function of permeate fluxes and data was 

fitted according to Equation II.13 using Sigma plot regression tool. First, " coefficient 

was fixed by fitting SO4
2- rejection data. This coefficient is only dependent to 

membrane characteristics, and is the same for all solutes. For membranes exhibiting a 

low " coefficient, a limit was set at "=0.0001, because B coefficients remained 

constant for any " below this limit, with no significant changes in the Equation R2. 

Second, B coefficient for Cl-, Br- and B(OH)3 were obtained by fitting data with the " 

coefficient determined for SO4
2-.  
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CHAPTER III: IMPACT OF HYPOHALOGENOUS ACIDS ON POLYAMIDE 
REVERSE OSMOSIS MEMBRANE PERFORMANCES AND STRUCTURE 

 

This chapter reports the structural modifications and subsequent change in 

performances of a polyamide (PA) seawater reverse osmosis membrane after reaction 

with chlorine, bromine and iodine in pure water at pH 8.2 in batch mode (membrane 

coupons immersed in oxidant solution) and under pressurized mode. If the reaction 

between PA RO membrane and chlorine is well documented, little is known about the 

reactivity of HOBr and HOI with this type of membrane. It is important to note that 

HOBr and HOI can be formed during the chlorination or chloramination of seawater. 

HOI is rapidly oxidized by HOCl to IO3
- but remains in the solution during 

chloramination. Permeability and anions rejection were determined after reaction at 

different oxidant exposures. Membranes autopsies were conducted by Rutherford 

Backscattering Spectrometry (RBS) and Fourier Transform Infrared Spectroscopy 

(FTIR). Results showed that HOCl, HOBr and HOI react differently with PA 

membrane. Chlorine and bromine treatment enhanced water production but decreased 

ion rejection. The higher the oxidant exposure, the more halogen incorporated into the 

active layer, the higher loss of amide N-H groups. Carboxylic groups are likely to be 

formed during the reaction. However, iodinated membrane showed a significantly 

lower incorporation of halogen, with less N-H bonds cleavage, a decrease in 

permeability, and enhanced anions rejection for optimal conditions. 

I. INTRODUCTION 
 
This chapter aims to evaluate the impact of HOCl, HOBr and HOI on the membrane 

performances and structure of thin film composite polyamide membrane. RBS 

analysis, which provides more information than XPS about composition and structure 
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of membrane was applied to coupons subjected to strong oxidants (HOCl, HOBr, 

HOI). The comparison of these three oxidants includes the determination of the 

permeability of the membrane and its total and specific salt rejection for targeted 

anions (i.e., Cl-, SO4
2-, Br-, boron), the monitoring of the membrane structure evolution 

and the determination of its chemical composition by RBS and FTIR. 

 

II. SPECIFIC MATERIALS AND METHODS 
 
II.1 OXIDANT STABILITY 
 
HOCl and HOBr concentrations were more stable during the reaction compared to 

HOI, as described by oxidant decay curves in Figure III.1. Bichsel and von Gunten 

(2000) obtained a similar profile for the decay of HOI in presence of 25 mM borate 

buffer at pH8. The hypoiodous concentration decreased from 10 µM to 2 µM in 48 h. 

In addition, they reported instability of HOI in presence of buffer solution 

(bicarbonate, carbonate, borate). Phosphate buffer was not discussed in this study 

(Bichsel and von Gunten, 2000). Hence, HOI solution was renewed every 48 h as 

shown in Figure III.1c. 
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b)  
 
 

c)  
Figure III. 1: Total chlorine (a), total bromine (b) and total iodine (c) decay at pH 8.2 in phosphate 

buffered solution (10 mM).  
 
 

II.2 PH 
 
All experiments were realized at pH 8.2. This pH was chosen because it corresponds 

to the pH of the natural seawater. In addition, membrane performances improvements 

were often reported at basic pH (see Chapter I). It was also reported that degradation 

of polysulfone UF membrane by chlorine is maximal at pH 8 to 10 considering a 

reaction via radical formation ClO! and HO! ($%&''()%*+!(,!%-./!0##12. 
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II.3 CT PARAMETER 
 
In this chapter, three oxidants HOCl, HOBr and HOI were used. In order to compare 

each oxidant with others, concentration are expressed in mmol·L-1 (i.e., mM) and not 

in ppm (mg·L-1) as it is the case in the literature (see Chapter I).  

In addition, membrane age or CT exposure in mM·h was expressed as the 

concentration of hypohalogenous acid concentration time the exposure time. It was 

noted as CHOXT, otherwise noted CTT. The hypohalogenous acid concentration (CHOX) 

was chosen instead of the total oxidant concentration (CT) because of the stronger 

reactivity of HOX compared to OX- with membrane (Kwon et al., 2011)(Ettori et al., 

2011).  

 

III. IMPACT OF OXIDANT ON MEMBRANE COMPOSITION AND 
STRUCTURE 
 
III.1 HALOGEN INCORPORATION 
 
Elemental composition of each membrane modified by the reaction with strong 

halogenated disinfectant was monitored with RBS. Figure III.2 superposes three 

spectra of membranes treated with chlorine (blue), bromine (red) and iodine (green) at 

pH 8.2 for total oxidant exposures (CTT) of 20.40, 0.56 and 10.07 mM·h (3.39, 0.40, 

10.05 mM·h as CHOXT), respectively. Full composition of the membrane and oxidation 

conditions for these three membranes are available in Table III.1. The detection by 

RBS of halogen incorporated in polyamide membrane modified by reaction with 

hypohalogenous acids is reported for the first time.  
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Figure III. 2: RBS spectra of a SW30HR membrane after oxidation by Cl2 (blue), Br2 (red) and I2 

(green) at pH 8.2. Symbols represent data. Full lines represent the fits obtained using the SIMNRA 
software, simulating a membrane composed by 2 layers (active layer, support layer). 

 

Table III. 1: Elemental composition of chlorinated, brominated and iodinated membranes used in the fit 
of experimental data exposed in Figure III.1 

Oxidant used HOCl HOBr HOI 
CTT  (mM·h ) 20.40 0.56 10.07 
CHOXT (mM·h) 3.40 0.40 10.05 

Ci x t 0.422 mM x 48h 0.141 mM x 5h 0.141 mM x 48h x 4(*) 
Elemental 
fraction 

Active 
layer 

Support 
layer 

Active 
layer 

Support 
layer 

Active 
layer 

Support 
layer 

C 0.40 0.49 0.40 0.49 0.41 0.49 
O 0.097 0.070 0.095 0.070 0.095 0.069 
N 0.056 - 0.056 - 0.056 - 
S - 0.018 - 0.018 - 0.018 
H 0.4342 0.422 0.4369 0.422 0.4298 0.423 
Cl 0.011 - - - - - 
Br - - 0.0121 - - - 
I - - - - 0.0092 - 
(*): four successive injection steps 

Halogenated membrane coupons were selected at these specific CT in order to show a 

similar percentage of halogen incorporation in the active layer. Chloride, bromide and 

iodide peaks are present at energy of 1.30, 1.63 and 1.75 MeV, representing an atomic 

concentration of %halogen equal to 1.10%, 1.21% and 0.92% for Cl, Br and I, 

respectively. The heavier the element (i.e., molecular weight), the more intense the 

element peak at equivalent elemental concentration. Hence, the quantification of 
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atomic iodine is determined with a better precision than bromine and chlorine. The 

precision of the measurement was estimated to 0.10%, 0.02%, 0.01% for Cl, Br and I 

respectively. 

 

Halogen concentrations recorded by RBS were calculated by taking into account all 

elements in the active layer including hydrogen. In the literature, elemental 

concentrations are mainly quantified by X-ray Photoelectron Spectroscopy 

(XPS),(Ettori et al., 2011), (Kwon et al., 2011), (Kwon and Leckie, 2006). Hydrogen 

is not encompassed by this technique. The conversion of our results in elemental 

fraction excluding hydrogen is necessary (Coronell et al., 2011) in order to compare 

our results with previous studies. The elemental fraction excluding hydrogen for these 

three halogenated membranes reaches 1.94%, 2.14%, 1.61% for Cl, Br and I, 

respectively. 

 

Figure III.3 plots the atomic concentration (excluding hydrogen) expressed in percent 

of halogen (chlorine, bromine and iodine) detected in the PA active layer after 

oxidation by HOX. For a very short contact time, approximately 50% of the final 

detected halogen incorporation was analyzed i.e., 1.4%, 1.7% and 0.8% for 

chlorinated, brominated and iodinated membranes, respectively. A continuous slow 

incorporation followed this initial step for all oxidant before reaching a plateau at 10 

mM·h for both Cl and Br.  
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!
Figure III. 3: Elemental fraction excluding hydrogen of halogen atoms (Cl, Br, I) into the PA active 
layer in function of the applied CHOXT in mM·h. Symbols represent experimental data. Dashed lines 
represent the best fit of the data. Black squares and diamond represent data published by Ettori et al. 

(2011) looking at chlorination of SW30HR . 
 

The rapid uptake of halogen in the active layer for low CHOXT (i.e., CHOXT<1 mM·h) 

may be the result of the halogenation of free amine groups and a partial reaction with 

the amide nitrogen (nucleophilic substitution of H by X) of the PA layer. The 

following slower halogen uptake is assumed to be the result of a slower reaction 

between the hypohalogenous acid and the PA, such as Orton rearrangement or 

breakage of the amide bond and nucleophilic substitution of the new N-H group 

produced. No reference mentioning the rate of Orton rearrangement was found in the 

literature, however, it is favored in acidic media (Barassi and Borrmann, 2012). 

Moreover, it is assumed that it may occur slowly due to the complexity of the 

ramifications and hydrogen bonds into the polymer (Barassi and Borrmann, 2012). 

The trends for halogen uptake are consistent with previous studies using XPS (Do et 

al., 2012), (Ettori et al., 2011), (Glater et al., 1983), (Kwon et al., 2011), (Kwon and 

Leckie, 2006) where halogen content in the active layer increases with increasing 

exposure to oxidant.  
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In the study of membrane ageing by halogenated oxidants, three parameters appear to 

be very important: the technique used for elemental composition determination (RBS 

vs XPS)(Coronell et al., 2011), the membrane used (coated vs non-coated)(Kang et al, 

2007)(Coronell et al., 2008), and the mode of exposure (varying concentration or time 

to reach equivalent CT)(Do et al., 2012). 

 

Coronell et al. (2011) studied the depth heterogeneity of the PA active layer in several 

RO and NF membranes with RBS and XPS. XPS analyzes the surface of the 

membrane, while RBS provides a volume average analysis. It was shown that nitrogen 

element is usually less abundant at the immediate surface of the membrane, especially 

for membranes toped with a coating layer (e.g., FT 30, SW30HR, LFC1). Thus, the 

amount of halogen present in membranes after reaction with oxidants is expected to be 

smaller at the surface because of halogenation of nitrogen-containing groups, except if 

the reaction induces coating layer loss. Hence, XPS analyses should reveal a lower 

amount of chlorine uptake as what can be expected when using RBS.  

 

Figure III.3 shows that applying different initial concentration of oxidant (i.e., 

chlorine or bromine), 0.141, 0.244, and 0.705 mM of total oxidant, did not 

significantly influence the degree of incorporation of the halogen atoms into the 

membrane structure when considering CHOXT exposures. All points were fitted with 

the same trend line of halogen incorporation.  
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III.1.1 Chlorine incorporation 
 
Figure III.3 compares our results and data reported by Ettori et al. (2011) after 

chlorination of the same membrane. Despite the use of XPS that should reveal a lower 

amount of chlorine uptake, Ettori et al. (2011) reported a significantly higher amount 

of chlorine incorporated in the SW30HR active layer for high CHOXT values, as 

compared to our results or to other coated membranes (Kwon and Leckie, 2006)(Do et 

al., 2012). Halogen content reached a maximum of 6.5% for high initial chlorine 

concentrations from 40 to 4000 ppm at pH 6.9 and 8. The larger amount of halogen 

uptake with CT exposure obtained in Ettori and al’s oxidation conditions may be the 

consequence of the use of high chlorine concentrations (i.e., 1000-4000 ppm) to reach 

high CT exposure (i.e., CT > 5 mM·h). Do et al. (2012) reported different level of 

chlorine incorporation in NF90 membrane structure after chlorination at pH 5 for 

same CTs obtained with initial concentrations set from 1 to 1000 ppm. In the literature, 

Kwon and Leckie (2006) observed a chlorine concentration in LFC1 membrane of 

2.5% at pH 4 and 1.1% at pH 9 at 2000 ppm·h (i.e., 28.17 mM·h of HOCl at pH 4 and 

0.86 mM·h of HOCl at pH 9). These data are similar to our results despite the fact that 

high initial concentrations of chlorine, up to 2000ppm, were used to reach long CTT. 

Do et al (2012) obtained higher incorporation of 10.5% and 7.0% of chlorine after 

chlorination of NF90 membrane at pH 5 and pH 7 and a CT of 2000 ppm of active 

HOCl, respectively. Putting aside results obtained by Etorri et al. (2012), it seems that 

coated membranes (e.g., SW30HR, LFC1) exhibit lower chlorine uptake than 

uncoated membranes (e.g., NF90). However, variations in halogen uptake are 

expected between membranes manufactured by two different companies or made for 

different filtration objectives (i.e., Reverse Osmosis membrane SW30HR and LFC1 

versus Nano-Filtration membranes NF90) due to the membrane preparation. It is 
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important to highlight that Kwon and leckie (2006), like Do et al. (2012) (only for 

neutral and basic pH), found the same level of halogen incorporation into membranes 

oxidized at different pH but at identical CHOXT. It supports the concept of comparing 

results on a CHOXT basis at near neutral pH.  

 

III.1.2 Bromine and iodine incorporation 
 
Figure III.3 demonstrates that bromine incorporation into the membrane structure was 

slightly higher than chlorine, and two times higher than iodine. Kwon et al (2011) 

studied the chlorination and bromination of uncoated NF90 membrane at pH 4 and 9. 

They reported a chlorine and bromine concentration of 9.5% and 7.5% at CHOXT of 

2000 ppm·h (i.e., 28.2 mM·h) of Cl and Br, respectively. In parallel, they showed that 

bromine was preferably incorporated in the membrane structure when chlorine and 

bromine coexist in solution. In general, literature mention the stronger reactivity of 

bromine than chlorine with organic moieties in solution (Deborde and Von Gunten, 

2008)(Agus et al., 2009). The chlorination and bromination of organic compounds 

(e.g., phenols, natural organic matter) favor the formation of brominated disinfection 

by product in the same experimental conditions, especially at pH near 8.0 (Gallard et 

al., 2003)(Hua et al., 2006). 

 

In addition, Figure III.3 exposes the lower incorporation of iodine in the membrane 

structure. Studies on the iodine reactions with amide/amines are limited. According to 

rate constants for HOI with several classes of organic compounds, HOI only reacts 

with phenol-like moieties (102–106 M-1·s-1), all other compounds (such ascarbonyl 

compounds, allyl alcohol, glycine, toluene, and oxalate), are not reactive (Bichsel and 

Von Gunten, 2000). Moreover, iodine does not react with ammonia and glucosamine, 
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it is expected that iodine reaction with amine/amide is very slow. However, even if the 

rate constants are very low, incorporation of iodine into organic structure (e.g., iodo-

DBP formation) can occur (Bichsel and Von Gunten, 2000)(Hua et al., 2006).  

 

III.2 ATR-FTIR ANALYSIS 
 
In order to characterize the modifications occurring in the membrane structure during 

oxidation by hypohalogenous acids, ATR-FTIR spectra of each modified membrane 

were recorded. Figure III.4 depicts the evolution of the FTIR spectra after (a) 

chlorination, (b) bromination and (c) iodination of the polyamide membrane after high 

CHOXT exposure (i.e., 8.19, 26.26 and 10 mM·h for HOCl, HOBr and HOI, 

respectively) of the polyamide to oxidants. Figure SIII.1 in supplementary information 

provides all intermediary CT spectra for all three oxidants.  

(a)  
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(b)  

 
 

(c)  
Figure III. 4: FTIR spectra after (a) chlorination, (b) bromination and (c) iodination of the PA 

membrane at CHOXT of 8.19 mM·h, 26.26 mM·h of HOBr and 10 mM·h of HOI at pH 8.2. 
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Figure III.4 plots the spectrum between 1800 and 1350 cm-1 for each oxidant, and a 

first and second magnification of the spectral domain around the amide and carboxylic 

acids bands (1800-1520 cm-1 and 1800-1630 cm-1, respectively). The first 

magnification focus on amide I band located around 1663 cm-1, aromatic amide 

represented by the peak at 1609 cm-1 and amide II band around 1541 cm-1. The second 

zoom of the peak at 1720 cm-1 is assigned to C=O stretching of carboxylic acids (Jin 

and Su, 2009), (Socrates, 2001). Peaks located at 1488, 1504 and 1587 cm-1 are related 

to polysulfone (Socrates, 2001)(Tang et al., 2009). 

As reported in the literature, the intensity of the aromatic polyamide peak (1609 cm-1) 

and amide II band (1551 cm-1) was decreasing with increasing CT (Kwon et al., 

2008)(Ettori et al., 2012). In addition, the second magnification of the amide band 

area in Figure III.4 indicates a significant increase of the peak located at 1720 cm-1 for 

chlorinated and brominated membranes. No modification of this peak was noticed for 

iodinated membrane. These results suggest that carboxylic groups were formed during 

oxidation of the PA by chlorine and bromine. However, iodine did not induce such 

significant carboxyl group formation.  

 

A particular attention was brought to amide I band in Figure III.4. A significant 

decrease of the amide band intensity was noticed after all oxidant exposures. Most 

importantly, a shift of the amide I band from 1663 cm-1 to 1668 cm-1 was observed 

after chlorination, bromination and iodination of the membrane, as reported in 

previous studies on chlorinated and brominated membranes (Kwon and Leckie, 

2006)(Kwon et al., 2008)(Kwon et al., 2011). Even if the maximum of the amide band 

shifted to higher wave number, one can observe that the amide I band for virgin and 

iodinated membrane were superposed, unlike chlorinated and brominated membranes. 
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The shift of the band’s base was partially due to the increase of the peak at 1720 cm-1 

as shown in Figure III.5. However, some authors explained that the shift of the band 

located at 1640 -1680 cm-1 is related to the change of hydrogen bond density in the 

membrane.  

Three peaks form amide I band as explained in chapter II. Skrovanek et al., (1986) 

assigned each peak to different hydrogen bond behaviors i.e., hydrogen bonded C=O 

groups (i.e., C=O---H-N) in the disordered domain at around 1660 cm-1, hydrogen 

bonded C=O groups in the ordered domain at around 1635 cm-1 and non-associated or 

free C=O groups at around 1685 cm-1, respectively. Kwon et al (2008) explained that a 

combination of increase in intensity of hydrogen bonded C=O groups and decrease in 

intensity of free C=O groups is shifting amide I band at higher wave number after 

membrane oxidation. In 2011, Ettori et al., (2011) showed that the concentration of 

free C=O groups in chlorinated polyamide membrane increased with increasing 

exposure, with no significant increase in amide I band intensity, leading to a shift of 

the band at higher wave number. They interpreted this finding by the loss of hydrogen 

bonds in the chlorinated polymer structure. Deconvolutions of spectra included in 

Figure III.4 are provided in Figure III.5 and in Figure SIII.2 (see supplementary 

information for chlorinated membranes). It can be observed that the shift of the amide 

I band was partially due to the increase in intensity of the peak related to non-

associated C=O groups for brominated membrane. This peak enhancement was absent 

in iodinated membrane. 
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a)  

b)  

c)  
Figure III. 5:Deconvolution of FTIR spectra of a) virgin membrane and membrane oxidized by b) 

HOBr at CHOBrT of 26.26 mM·h and c) HOI at CHOIT =10 mM·h. 
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The variation in intensity of the amide II band (1541 cm-1) related to the C-N stretch 

of the amide bond can be used as a quantitative tool to detect the magnitude of the 

amide nitrogen halogenation occurring with different oxidants (Cran et al., 2011). 

However, this band quickly disappeared from the FTIR spectra due to overlapping 

with more intense peaks (see Figure SIII.4 in supplementary information). Using 

spectrum deconvolution approach, the absorbance at 1541 cm-1 was fully assigned to 

amide II band (Ettori et al., 2011) as shown in Figure III.5. Figure III.6 compares the 

intensity of the amide II peak after oxidation by chlorine, bromine and iodine. Results 

were normalized to intensity of the control (i.e., virgin membrane).  

 
Figure III. 6: Normalized intensity of FTIR amide II band as a function of CT for membranes exposed 

to 0.141-0.705 mM of chlorine (blue), bromine (red) and iodine (green) at pH 8.2. Dashed lines 
represent best fit of data. 

 

The intensity of the amide II band decreased for short CT (i.e., CT < 1 mM·h) and 

reached a steady state at long contact time. This evolution was more important for 

chlorinated (30%) and brominated (40%) membranes, exhibiting similar profile, than 

for the iodinated membrane (10%). The presence of a plateau may indicate that amide 

bonds present in the active layer were only partially affected by the reaction and the 
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rest was either immune or not accessible to the oxidant molecule. FTIR results were 

consistent with incorporation of halogens in the active layer. The more halogen 

incorporated in the active layer, the less intense the amide II peak. Halogenation of the 

amide nitrogen led to a decrease of the amide II bond intensity. 

 
Thus, results demonstrated that iodine reacted significantly less than chlorine or 

bromine with polyamide. This is consistent with the lower elemental fractions 

obtained by RBS in Figure III.3 of iodine compared to chlorine and bromine, and with 

the low reactivity of iodine with amine and amide indicated in the literature (Bichsel 

and Von Gunten, 2000). Results suggest that the reaction between HOI and PA does 

not induce the same changes in membrane structure as observed during chlorination or 

bromination. HOBr reacts like HOCl and leads to a decrease in hydrogen bond 

concentration and an increase in carboxylic groups content. With HOI, amide bands 

shift and decrease in intensity were minor and no carboxylic groups were formed 

during iodination of the membrane. 

 

III.3 QUANTIFICATION OF FUNCTIONAL GROUPS 
 
In order to investigate the increase in carboxylic groups suggested by FTIR results and 

the break of the amide bond reported in latest proposed chlorination mechanisms (Do 

et al., 2012), (Taniguchi et al., 2001), carboxylic groups (R-COO-) and amine groups 

(R-NH3
+) were quantified according to a complementary method implemented by 

Coronell et al., (2008). This technique involves the substitution of hydrogen from R-

COOH and R-NH3
+ groups by Ag and W, respectively. Coupons were soaked in 

solutions of AgNO3 and Na2WO4 at different pH leading to subsequent uptake of ion 

probes. R-COOH/ R-COO- and R-NH3
+/ R-NH2 undergo acid-base equilibrium as 

explained in Chapter II. 
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Figure III.7 and III.8 plot the concentration of carboxylic groups and amine groups as 

a function of pH, respectively. Sample analyzed were virgin membrane (blank) and 

membrane oxidized by chlorine, bromine and iodine. The three conditions selected 

(Cl2-4.14 mM·h, Br2-6.42 mM·h and I2-1.19 mM·h) represent specific phases of the 

reaction. At a CHOClT of 4.14 mM·h and a CHOBrT of 6.42 mM·h, halogen incorporation 

reached the plateau as indicated in Figure III.2. Thus, it was assumed that most 

changes in the membrane structure occurred and that the concentrations of functional 

groups approached their final values. A 1.19 mM·h of HOI was chosen because the 

membrane rejection was slightly improved at this CHOIT value (Figure III.12). 

Variations in functional groups concentration could be a reason for this improvement. 

 

The concentration of R-COOH groups increased after oxidation by chlorine (+184%) 

and bromine (+46%) with a stronger impact of chlorine (Figure III.7). However, 

carboxyl groups content remained unchanged for iodinated membranes at these 

specific conditions. Unlike chlorine and bromine, results suggest that no breakage of 

the amide bond occurred resulting in formation of carboxylic groups with iodine. This 

observation is consistent with changes noticed in FTIR spectra after oxidation. In 

addition, parameters used for simulations of R-COOH groups are provided in Table 

III.2. Results showed identical shift of pKa for chlorinated, brominated and iodinated 

membrane. Coronell et al., (2008) noted that a diacid behavior of carboxylic groups is 

related to a bimodal distribution of the pores into the polymer structure (Kim et al., 

2005). The RCOOH group with lower pKa (i.e. pKa1) is located in big pores (called 

“aggregate pores”) and the rest (i.e., pKa2) is located in small pores (called “network 

pores”). A higher pKa for carboxylic groups refer to smaller pore size.  
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Figure III. 7: Concentration of carboxylic groups as a function of pH in the polyamide active layer of 

SW30HR RO membrane. [Ag+] is assumed to correspond to the concentration of deprotonated 
carboxylic groups (R-COO-). Sample are blank experiment (blue), chlorinated membrane (red) (4.14 

mM·h of HOCl), brominated membrane (orange) (6.42 mM of HOBr) and iodinated membrane (green) 
(1.19 mM·h of HOI) as described previously (Coronell et al., 2008). Lines represent the model fitting 

for the concentration of functional groups following Equation II.5. Bars represent error bars. 
 

Thus, shift in pKa, associated with changes in w1 and w2 values could correspond to a 

slight change in pore size distribution. Oxidation led to bigger aggregate pores (i.e., 

decrease of pKa1) and smaller network pores (i.e., increase of pKa2). It is worth noting 

that the method accuracy with silver probe for intermediate pHs was lower than the 

accuracy at high pH as expressed by error bars on Figure III.7. The decrease of 

network pore size could be explained by halogen addition to the amide nitrogen or/and 

the MPD aromatic ring (ring attached to the nitrogen) and the amide bond breakage 

can explain an increase of the aggregate pore size.  Because Ag+ might not be able to 

reach all functional groups, one should consider that the true functional group contents 

might be higher than the obtained values. Pore constriction due to Cl addition may 

increase the amount of un-titrated carboxyl or amine groups. 

 

 

!"!!#

!"!$#

!"%!#

!"%$#

!"&!#

!"&$#

!"'!#

!"'$#

!"(!#

'# (# $# )# *# +# ,# %!# %%#

!"
#$
%&'

()
!*
+,

,
-
$%

.-%

-./01# 2.&# 34&# 5&#



!

!

""#!

 
Figure III. 8: Concentration of amine groups as a function of pH in the polyamide active layer of 

SW30HR RO membrane. [WO4
2-] is assumed to correspond to the concentration of protonated amine 

groups (R-NH3
+). Sample are blank experiment (blue) , chlorinated membrane (red) (4.14 mM·h of 

HOCl), brominated membrane (orange) (6.42 mM of HOBr) and iodinated membrane (green) (1.19 
mM·h of HOI) as described previously (Coronell et al., 2008). Lines represent the model fitting for the 

concentration of functional groups following Equation II.6. Bars represent error bars. 
 

Figure III.8 highlights that the abundance of R-NH3
+ groups decreased significantly 

after oxidation to 19-35 % of the nominal value, but did not disappear completely. It 

means that free amine groups may not all be accessible for reactive oxidants such as 

HOCl. The total concentration of amine groups is lower after bromination compared 

to chlorination and iodination for our oxidation conditions. Long contact time may 

explain the decrease of amine groups upon iodination. Plots are suggesting that the 

amine groups of the halogenated polyamide membranes exert a diacid profile. Two 

pKa values were used in Equation II.6 to fit the experimental data. Fitting parameters 

obtained are listed in Table III.2.  

 

The simulation of R-NH2 groups of oxidized membranes using two pKa suggests that 

the pore size distribution was modified upon oxidation/halogenation. Coronell et al. 

(2008) reported that a lower pKa for amine groups refer to smaller pore size. Since 

near 60% of the amine groups were associated with pKa1 and 40% with pKa2, which 
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were respectively lower and higher than the pKa of amine groups in virgin membrane, 

the size of the pore seemed to decrease in majority. 

Table III. 2: Fitting parameters used to simulate RBS WO4
2- (i.e., R-NH3

+) and Ag+ (i.e., R-COO-) 
incorporation as a function of pH following acid-base equilibrium approach described in previous work 

(Coronell et al., 2008). 

 CT,R-NH2 
(M) w1 pKa1 w2 pKa2 

C T,R-COOH 
(M) w1 pKa1 w2 pKa2 

Blank 0.215 1.0 4.1   0.130 0.50 6.5 0.50 8.7 

Cl2 0.074 0.60 3.5 0.40 5.7 0.370 0.80 5.8 0.20 8.8 

Br2 0.040 0.65 2.5 0.35 5.7 0.190 0.80 6.0 0.20 9.0 
I2 0.074 0.6 3.5 0.4 5.0 0.123 0.70 5.5 0.30 9.0 

 

Moreover, carboxylic groups increase due to amide bond break should lead to the 

formation of free amine groups as follow: 

NH2Cl + R-C(O)-N(H)-R’ + H2O ! R-C(O)-OH + N(H2)-R’ + P  (III.1) 

where P represent one or several products formed during the reaction. 

Despite the fact that amine groups were formed, the final concentration remained 

lower than initial value after oxidation. The demand in oxidant of amine groups after 

reaction with oxidant may be expressed by comparing the ratio R of the concentration 

of amine groups oxidized over the initial concentration (CT,R-NH2 in blank) for all the 

oxidant. It was assumed that experiments are reproducible and HOX oxidized each 

accessible amine. Results are shown in Table III.3. 

Table III. 3: Calculation of parameter R representing oxidant demand by amine groups.  
CT,R-NH2 in virgin membrane is CT,R-NH2

blank = 0.215 M 

C in M CT,R-NH2 
Ox memb 

CT,R-NH2 
formed 

CT,R-NH2 
oxidized R 

Cl2 0.074 0.240 0.381 1.77 
Br2 0.040 0.060 0.235 1.09 
I2 0.074 0 0.141 0.66 

 

where CT,R-NH2
ox memb is the final concentration in oxidized membrane, CT,R-NH2

formed is the 

concentration of amine groups formed equivalent to the concentration of carboxylic 

groups generated (i.e. CT,R-COOH 
ox memb), CT,R-NH2

oxidized is the concentration of amine 
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groups present before and formed during the reaction minus those which react with 

the oxidant (i.e., CT,R-NH2
blank + CT,R-NH2

formed - CT,R-NH2
ox memb ). The ratio R defined by the 

following equation: 

Amine oxidant demand = CT,R-NH2
oxidized/  CT,R-NH2 blank    (III.2) 

can be used to assess the oxidant demand by amine after oxidation. Table III.3 

indicates that the Cl2 demand was higher than Br2 and I2 demands with R = 1.77, 1.09 

and 0.66, respectively. A R = 1 means that each amine groups present in the 

membrane after oxidation are oxidized, resulting in the incorporation of minimum one 

halogen atom attached to this amine group. In another hand, the concentration of 

bromine incorporated in the membrane structure for the chosen CT was higher for 

brominated membrane than chlorinated membrane with concentration of 2.5 and 2.0% 

respectively. These results suggest that a higher proportion of chlorine atoms were 

bounded to amine groups and a higher amount of bromine atoms were bounded to 

other moieties. The inexistence of amide bond break for iodinated membrane (i.e., no 

additional oxidant demand) and the comparable level of amine groups’ halogenation 

compared to chlorine and bromine were in accordance with the lower concentration of 

iodine bounded to the membrane compared to chlorine and bromine. 

 

In conclusion, the reduction of amine groups concentration (decrease of CT,R-NH3+) and 

formation of carboxylic groups (increase of CT,R-COOH) confirm the chlorine and 

bromine reaction with free amines, and the attack of amide bond leading to amine and 

carboxylic group formation with possible atomic chlorine and bromine addition on the 

N atom. More focused experiments on the variation of w and pKa parameters by 

studying more pHs close to pKa value and minimizing error bars may improve the 

understanding of the impact of oxidant on polyamide membrane structure. However, 
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iodine did not induce break of amide bond, but reacted with amine groups even if the 

reaction is slow (Bichsel and Von Gunten, 2000). 

 
III.4 STREAMING POTENTIAL MEASUREMENTS 
 
Zeta potential of membrane obtained by streaming potential measurement provides 

the charges at the surface of the membrane (Childress et al., 2012), (Childress and 

Elimelech, 1996). At low pH, the zeta potential of a PA membrane is generally 

positive, due to the protonation of the amine groups, and negative a high pH due to 

deprotonation of carboxylic groups (Childress and Elimelech, 1996). Tang et al.  

(2007) reported a lower variation of the zeta potential for coated membrane between 

pH 3 and 9 with a potential ranging from 10mV to -10mV, instead of 20 mV to -30 

mV for uncoated membranes. Recently, this method was used to detect changes in 

surface charges after chlorination of PA membrane (Zhai et al., 2011)(Do et al., 2012). 

Zeta potential of chlorinated membrane at pH 9 (Zhai et al., 2011) and pH 5 (Do et al., 

2012) appeared to be more negative than virgin membrane for pH 3-9. Zhai et al., 

(2011) proposed that the chlorination of terminal amino groups led to a decrease of 

positive charges (Zhai et al., 2011). Do et al. (2012) reported that this shift of zeta 

potential to more negative values for chlorinated membrane was not constant over the 

pH range 3-9. The zeta potential of chlorinated membrane became more negative due 

to chlorination of amine groups at low pH and to the increase of carboxylic groups 

due to amide bond hydrolysis at high pH. 

 

 



!

!

"#"!

a)  

 

b)  

Figure III. 9: Zeta potential of membrane after chlorination a) and iodination b). Anton Paar series 
represent reference for virgin SW30HR membrane provided by the streaming potential analyzer 

manufacturer (Childress et al., 2012). 
 

Figure III.9 compares the zeta potential values (pH range 3 to 10) obtained for 

membrane after chlorination and iodination for different oxidant exposure. A 

reference is provided by the manufacturer of the streaming potential analyzer (i.e., 

Anton paar) on the SW30HR membrane at similar ionic strength. Zeta potential of 

chlorinated membrane was almost unchanged at low pH and high pH. For pH 5-7, the 
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decrease was enhanced, the more oxidized the membrane, the stronger the decrease in 

zeta potential. This observation is in accordance with the literature (Zhai et al., 

2011)(Do et al., 2012). Decrease in zeta potential at low pH can be explained by the 

lower concentration of amine groups and at high pH to the formation of carboxylic 

groups confirmed by RBS measurements (see Figure III.6 and III.7). The 

enhancement of the zeta potential decrease is in accordance with the deprotonation of 

carboxylic groups. Figure III.9a shows that the zeta potential exerted a stronger 

decrease near pH 5.5, which correspond to the first pKa of carboxylic acids 

determined by RBS in Figure III.7. 

On the contrary, zeta potential for iodinated membrane was slightly higher than virgin 

membrane, especially at high pH. It confirms the fact that no carboxylic groups were 

formed by iodination of the PA membrane. However, despite the fact that amine 

groups were iodinated (see Figure III.8), the zeta potential slightly increased. The 

reaction of iodine with PA membrane either generated positive charges or prevented 

the accessibility of Ag+ to negative charges at the extreme surface. 

 

IV. IMPACT OF OXIDANT ON MEMBRANE PERFORMANCES 
 
IV. 1 PERMEABILITY MEASUREMENT 
 
The permeability of membranes subjected to the different oxidants was measured 

(Figure III.10).  
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Figure III. 10: Normalized permeability of chlorinated, brominated and iodinated membrane in function 
of applied CT at pH 8.2. Symbol represents data. Dashed lines represent best fit of data. Black square 
and diamond represent normalized pure water permeability of chlorinated membranes published by 

Ettori et al. (2011). 
 

The normalized permeability of the membrane after oxidation increased significantly 

for both HOCl and HOBr, with a stronger impact of HOCl. For small CHOXTs (< 3 

mM·h), the permeability of chlorinated and brominated membrane quickly increased 

(50% of the final value at 3 mM·h). Then (> 3 mM·h), the permeability increased 

slowly and stabilized for higher CHOXTs at 120% and 45 % increases for chlorinated 

and brominated membranes, respectively. Permeability of iodinated membranes 

decreased rapidly to 60% of the nominal value and stay unchanged for CT higher than 

1 mM·h. 

Three different initial concentrations of total oxidants were studied for chlorination 

and bromination. The initial concentration did not affect significantly the results in our 

experimental conditions (Figure III.10). Oxidation of the membrane at similar CT 

obtained with different combinations of concentration and time showed similar 

modifications in membrane performances and structure for initial concentrations 

ranging from 0.141 to 0.704 mM. 
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Ettori et al. (2011) also studied the chlorination of SW30HR membrane. Their results 

are plotted in Figure III.10. They showed that chlorination of the PA membrane 

enhanced the permeate flux (+50%) for short contact times to finally decrease after 

400 ppm·h (5.6 mM·h) and reached -60% of the nominal permeate flux for high CT 

values. The significant difference in permeability evolution with applied CT might be 

due to the different conditions used for permeability measurement or to the method 

used to reach high CT exposure. Ettori et al. (2011) recorded pure water permeability 

while we determined permeability with synthetic seawater requiring higher feed 

pressure and cross flow velocity inducing strong membrane compression. Moreover, 

Ettori and al. exposed the membrane to very chlorine concentrations (i.e., 1000-4000 

ppm) to reach high CT exposure (i.e., CT ! 5 mM·h). 

 

Kwon et al., (2011)  reported a stronger decrease for pH " 8 and lower increase for pH 

> 8 of normalized permeability for brominated membrane compared to chlorinated 

membrane. Shemer and Semiat (2010) reported a stronger reduction of permeability at 

pH 8 per unit of CTT for a mixture of chlorine and bromine than chlorine alone (i.e., 

normalized permeability= 0.93 at 275 and 400 ppm·h, respectively). However, the loss 

of permeability was stronger for chlorine alone based on CHOXT (i.e., normalized 

permeability= 0.93 at 148 and 66 ppm·h of HOX, respectively). 

 

Permeate flux of chlorinated and brominated membranes, unlike iodinated membranes, 

changed with increasing filtration time as noticed by Kwon and Leckie after 

chlorination (2006). Figure III.11 compares the normalized flux as a function of time 

for four membranes oxidized by chlorine, bromine and iodine.  
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Figure III. 11: Variation of normalized permeate flux as a function of filtration time at 55 bars for four 

oxidized membrane. 
 

Table III.4 gives the equilibrium time and the normalized permeate flux at initial and 

equilibrium time for membrane coupons chlorinated with different CT combinations.  

Table III. 4: Equilibrium time and normalized permeate flux of chlorinated membranes at initial time 
(t0) and equilibrium time (teq) for different CT combinations. 

C (mM) Contact time (h) CTT CHOXT Equilibrium time  
(teq) in h 

Normalized flux 
at t0 

Normalized flux 
at teq 

0.141 24 3.05 0.51 4 1.37 1.47 
0.422 24 10.44 1.73 4 1.39 1.64 
0.141 48 5.78 0.96 4 1.68 1.73 
0.422 48 20.39 3.39 7 1.67 1.83 
0.141 72 9.01 1.50 8 1.40 1.55 
0.422 72 30.10 5.00 9 1.42 1.90 
0.704 24 16.97 2.82 10 1.48 1.71 
0.704 48 33.10 5.49 7 1.48 2.01 
0.704 72 49.22 8.17 15 1.53 1.83 
0.704 96 66.80 11.09 15 1.40 1.77 

 

Membranes grouped by pairs had permeability determined at the same time (i.e., 

loaded together in the RO unit). The more concentrated the oxidant solution, the larger 

the increase in permeate flux between initial and equilibrium time. The normalized 

flux at initial time seemed to be independent of the oxidant concentration or the 

exposure time. In general, the time to reach equilibrium was higher for larger CT.  
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This variation of permeate flux with time was attributed to the decrease of hydrogen 

bonds in the chlorinated membrane leading to an increase of the rotational freedom of 

the polymer chains (Kwon and Leckie, 2006). However, Figure III.11 shows that 

membrane subjected to HOI reaction did not show such evolution of the permeate flux. 

Accordingly, the incorporation of iodine into the membrane structure did not induce 

significant structural changes impacting the flux. This finding agreed with FTIR 

spectrum where amide I peak of iodinated membrane did not exert a shift of the total 

amide band at higher wave numbers as observed for chlorinated and brominated 

membranes. This shift being also attributed to the loss of hydrogen bonds into the 

polymer structure.  

Because amide bond were broken during chlorination and bromination of PA 

membrane unlike iodination, an additional increase of the rotational freedom of the 

polymer chains can be expected. Thus, this evolution of flux for oxidized membrane 

was not only induced by loss of hydrogen bonds, but also by the rupture of amide 

bonds. 

 
IV.2 SALT REJECTION 
 
The evolution of the normalized total salt rejection at pH 8.2 with increasing contact 

time is reported in Figure III.12. The decrease of total salt rejection was more 

important for chlorinated membranes as compared to brominated and iodinated 

membranes indicated by the slope of the linear regressions. For chlorine doses higher 

than 10 mM·h, the rejection of the aged membrane dropped down more significantly 

as indicated by a much steeper slope that diverged from the initial linear profile.  
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Figure III. 12: Evolution of total salt rejection at pH 8.2 with applied CT after halogenation. Symbols 

represent data. Lines are linear regressions. A zoom of short CTs is represented.  
 

Ettori et al. (2012) reported a lower rejection decrease in their conditions (SW30HR, 

filtration of [NaCl] = 0.55 M, pH 8, see Chapter I for oxidation conditions) with a 

slope of -0.001 %/(mM·h) compared to our -0.0023 %/(mM·h). Do et al. (2012b) 

recorded an increase of rejection of NF90 membrane at low CHOClT, and a strong 

decrease at high CT (-37 % at 1000 ppm x 100h) in their conditions (see Table I.7). 

 

Assuming that chlorine and bromine react with the membrane through the same 

mechanism, the observed difference between HOCl and HOBr may be attributed to 

steric effects. Bromine being a bigger element than chlorine may induce the formation 

of a denser halogenated polyamide matrix. In the case of iodinated membrane, total 

rejection consistently slightly increased for small CT values (< 3-3.5 mM.h), then 

tends to decrease. In addition of permeability evolutions, Shemer and Semiat (2010) 

also showed a stronger reduction of rejection at pH 8 per unit of CTT for a mixture of 

chlorine and bromine than chlorine alone based on CTT (i.e., normalized rejec 

0.98.925 at 275 ppm·h, respectively). No comparison can be made based on CHOXT 
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since the authors reported only one CTT, but normalized rejection reached 0.98 at 45 

ppm·h of HOCl and 0.925 at 148 ppm·h of HOX. No others study comparing rejection 

after chlorination and bromination of PA membrane were found. 

 

Figure III.13 compares specific rejection of Cl-, SO4
2-, Br- and elemental Boron (i.e., 

B(OH)3 + B(OH)4
-) after oxidation of membrane by chlorine (a), bromine (b) and 

iodine (c).  

(a)  

 

(b)  
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(c)  
Figure III. 13: Specific rejection for (a) chlorinated, (b) brominated and (c) iodinated membranes 

  

Different trends strongly related to the charge/size of the element were observed. The 

decrease in rejection for monovalent ions Cl- and Br- was more important after 

chlorination (i.e., 99.5 % to 98 % at CHOClT= 3.98 mM·h) than after bromination (i.e., 

99 % to 98.5 % at CHOBrT= 9.63 mM·h) in accordance with total rejection (Figure 

III.12). Divalent ion (SO4
2-) rejection was not impacted by the oxidation of the 

membrane for our experimental conditions. In addition, boron rejection strongly 

decreased with oxidant exposure from 93 % to 65 % at CHOClT equal to 3.98 mM·h and 

92% to 77% for CHOBrT of 9.63 mM·h. On the contrary, Cl-, Br- and SO4
2- rejections 

remained unchanged after oxidation by iodine but boron rejection was significantly 

increased from 93% to 98 % at intermediate CT exposure (i.e., CHOIT = 0.14-0.56 

mM·h), and returned to original value for higher CT exposure (i.e., CHOIT = 3 mM·h). 

 

In order to better understand these results, the rejection of Cl-, SO4
2-, Br- and B(OH)3) 

was examined following an approach based on an extended solution-diffusion model 

described by (Coronell et al., 2013). Anion rejection was analyzed by ion 
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chromatography for five different permeate fluxes and experimental data were fitted 

according to Equation III.3 (see Chapter II): 

%R = 100 x  (1-!) Jv / ((B + ! Jv) x exp (Jv / k) + (1-!) Jv)   (III.3) 

where R is the anion rejection, Jv is the permeate water flux, B is the solute diffusive 

permeation coefficient, ! is a transport coefficient related to the fraction of water that 

permeates by advection and k is the mass transfer coefficient of the solute in the 

concentration polarization film. 

The advection transport coefficient (!) and the solute diffusive permeation 

coefficients (B) were obtained by fitting the experimental data for chlorinated, 

brominated and iodinated membranes after specific CT exposure (Figure III.14 and 

supplementary information) and are given in Table III.5. 

 
Figure III. 14: Chloride, sulfate and bromide rejection as a function of flux for virgin membrane (m1), 

and chlorinated membrane m2 at CHOClT=1.64 mM·h (700 ppm·h as Cl2), m3 at CHOClT=3.98 mM·h 
(1700 ppm,h as Cl2) 
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Table III. 5: Diffusion (m/d) and advection coefficient obtained for virgin (blank) and oxidized 
membranes. 

 CHOXT 
mM·h  

B (Cl-) 
(x10-2) 

B (SO4
2-) 

(x10-2) 
B (Br-) 
(x10-2) 

B (B(OH)3) 
 

! 

Blank 0.18  0.03 0.22 0.038 0.0003 
1.64 0.67  $%$" 0.82 0.242 0.0005 

HOCl 

3.98 1.42 0.05 1.61 0.380 0.0004 
Blank 0.39 0.08 0.45 0.045 0.0015 
6.42  0.76 $%"# 0.93 0.199 <0.0001 

HOBr 

9.63 0.91 0.15 1.14 0.241 <0.0001 
Blank 0.15 0.03 0.18 0.0413 0.0002 
0.14 0.13 0.04 0.14 0.0099 0.0009 
0.56 0.12 0.04 0.13 0.0099 0.0001 
1.19 0.06 0.02 0.07 0.0147 <0.0001 

HOI 

3.02 0.12 0.05 0.14 0.0137 0.0002 
 
For chlorine and bromine, two CTs (medium and high CT) were studied in addition to 

a non-oxidized membrane; four CTs were investigated with iodine. B and ! 

coefficients determined for blank experiments (no oxidation) were similar to results 

reported in the literature (Mariñas and Urama, 1996)(Coronell et al., 2013). Small 

variations were observed between “blanks” probably due to non-homogeneity of the 

PA RO membranes. Thus, each oxidized membranes were compared with their 

respective blank. 

For chlorinated and brominated membranes, B coefficient for monovalent ion and 

boron significantly increased. The B coefficient for divalent ions (i.e, SO4
2-) remained 

stable. The modifications of B parameters were more important for chlorinated than 

brominated membranes. Membranes modified by HOI showed significant decrease for 

B parameter of boron in addition to the increase in total rejection. Diffusion 

coefficient parameter for monovalent ions exerted a slight decrease. Moreover, the 

advection transport coefficient (!) remained stable for chlorinated membrane but 

seemed to decrease slightly for brominated and iodinated membrane. Table III.5 
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demonstrated that the enhancement of rejection was not only induced by a decrease of 

the permeability but also by a reduction of diffusion coefficient.  

An increase of B coefficients was noticed for membranes exerting a reduction in 

hydrogen bond density and a diminution of the degree of polymer cross-linking due to 

the breakdown of amide bonds after chlorination and bromination. Amide bond 

rupture opens the membrane structure, and facilitates the passage of ions by reducing 

steric hindrance. However, this phenomenon was not significant since advection 

coefficient remained relatively stable. Moreover, the break of amide bonds generated 

additional negative charges (RCOO-) that affected the diffusion of ions. On the 

contrary, a decrease in diffusion coefficient noticed after iodination happened after 

minor halogen addition in the membrane structure, loss of positive charge (RNH3
+) 

with unchanged negative charges (RCOO-) content and no breakage of the polymeric 

structure. 

 

V. POLYAMIDE MEMBRANE EXPOSED TO HOI UNDER PRESSURE 
 
Chemical treatment of polyamide membrane with iodine increased the rejection of 

boron for low applied CTs under batch condition. In order to simulate more realistic 

experimental conditions, additional experiments were performed under pressure.  

Figure III.15 plots the evolution of permeate flow rate as a function of time during 

two successive phases of iodine exposure for three membrane coupons placed in the 

RO unit. Synthetic seawater was doped with iodine at 0.014 mM (1 ppm as Cl2) 

during RO filtration at 55 bars after 198h and 292h of membrane stabilization and 

performances test as described in Chapter II. Feed water was replaced by fresh 

synthetic seawater without oxidant at T 199.5 and 294h. 
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Figure III. 15: Online determination of permeate flow rate as a function of time for the three reverse 

osmosis membrane coupons during first a) and second b) oxidation by iodine. 
 

The permeate flow rate was instantly impacted by the reaction of iodine with the 

membrane. The first phase was stopped after 90 min of reaction since permeate flow 

rate seemed to stabilize. In the meantime, the iodine concentration in feed solution 

decreased by 36%. The second treatment with iodine led to a smaller decrease of the 

permeate flow rate with iodine exposure. Residual oxidant monitoring indicated that 

iodine did not permeate through the membrane, unlike what Gu et al. (2012) reported 

with chlorine with NF90 membrane . 

 

Figure III.16 shows that the permeability of the membrane decreased to 30% (at 0.013 

mM·h) and 40% (at 0.032 mM·h) as observed for membrane aged in batch reactors 

where 30% reduction was recorded at 0.5 mM·h and 40% at CHOIT higher than 1 

mM·h. The reaction of iodine with the membrane in pressurized system occurred 

relatively faster than in batch reactor.  
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Figure III. 16: Average normalized permeability of membrane 1, 2 and 3 as a function of oxidant 

exposure. Bars represent maximum and minimum of the series. 
 

Figure III.17 compares the average specific rejection for the three membranes before 

reaction and after the two successive iodination step. The rejection of Cl-, SO4
2- and 

Br- seemed to remain unchanged after oxidant exposure. 

  
Figure III. 17:Average anion rejection for m1, m2 and m3. Bars represent maximum and minimum of 

the series 
 

Figure III.18 compares boron and cations average specific rejection of membranes as 

a function of oxidant exposure. The chemical treatment had no impact on cation 

rejection. However, as we observed under batch conditions, boron rejection was 
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increased from 91.8 % up to 98.5 % at 0.032 mM·h of HOI. As a comparison, boron 

rejection increased from 92.4 % up to 97.6 % at a CHOIT of 0.56 mM·h. 

 

 
Figure III. 18: Boron and cation average rejection for m1, m2 and m3 as a function of oxidant exposure. 

Labels represent boron rejection. Bars represent maximum and minimum of the series 
 

The oxidation of polyamide membrane seemed to happen faster under pressure than in 

batch reactor in conditions studied. Permeability of treated membrane decreased by 30 

to 40% and no significant changes in rejection were noticed for anions and cations. 

However, boron rejection was significantly increased in the same order than results 

obtained in batch reactor. 

 

VI. CONCLUSION 
 
This chapter aimed to assess the impact of hypohalogenous acids on PA membrane 

performances and structure at pH 8.2 in pure water. Results suggest that, in the 

specific ageing conditions employed, chlorine and bromine, unlike iodine, react 

similarly with the polyamide active layer. Results showed: 

• Chlorine, bromine and iodine were rapidly incorporated into the membrane 

structure during oxidation by HOX. At long oxidant exposure, halogen content into 
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the PA layer reached a maximum of 2.8, 3.0 and 1.5 % (excluding hydrogen) for Cl, 

Br and I, respectively. 

• Oxidized membranes exhibited different FTIR spectra modification. Only 

chlorinated and brominated membranes coupons exerted an increase of carboxylic 

groups and an increase of amide I peak assigned to non-hydrogen bonded amide 

moieties. Moreover, all oxidized membrane showed decrease in amide bands 

following the order Br2> Cl2> I2. 

• Functional group titration using RBS confirmed the increase in carboxylic 

groups (i.e., break of amide bond) for chlorinated and brominated membrane, no 

changed was observed for iodinated membranes. In addition, chlorine seemed to be 

more reactive toward amine groups than bromine. However, bromine was more 

incorporated in the membrane structure, suggesting a preferential addition to aromatic 

rings. 

• Streaming potential measurements confirmed the increase of negative charges 

at the membrane surface for chlorinated membrane unlike iodinated membranes that 

exhibited a slight decrease. 

• Membrane permeability increased and rejection decreased after chlorine and 

bromine oxidation. However, membrane permeability decreased and rejection was 

slightly enhanced then attenuated after oxidation by iodine. Permeability reached 200, 

140 and 60 % of the nominal value at 10 mM·h, respectively. Rejection decay rates 

were 3 x10-3 and 3 x 10-4 %/(mM·h) for chlorine and bromine, respectively. 

• Chlorinated and brominated membranes coupons exhibited a “compaction” 

phenomenon after oxidation, unlike iodinated membranes. 

• The impact of oxidation process on solute rejection was not only the 

consequence of the modification of the membrane water flux but also the result of the 
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change of solute diffusion coefficient through the membrane. Boron diffusion was 

more impacted than monovalent ions. Divalent ions diffusion coefficients remained 

stable. Boron rejection was significantly enhanced after iodination at short CT 

exposure. 

• Oxidation under pressure seemed to accelerate membrane performances and 

structure modification. 

 

In our oxidation conditions, chlorine and bromine seemed to break amide bonds 

leading to an increase in carboxyl groups and the incorporation of halogen in the 

membrane structure. On the contrary, iodination of the membrane occurred through a 

different mechanism, showing low diminution of hydrogen bonds concentration in the 

structure and no change of the carboxylic groups concentration (no reaction with 

amide bond). A direct aromatic ring iodination and reaction with amine groups as a 

preferred iodination mechanism is proposed. A combination of chlorine and iodine as 

a pretreatment in the right conditions may improve both initial permeability and 

rejection of membranes. 
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CHAPTER IV: IMPACT OF CHLORINE DIOXIDE AND OZONE ON 

POLYAMIDE REVERSE OSMOSIS MEMBRANE PERFORMANCES AND 
STRUCTURE 

 
I. INTRODUCTION 
 
Chlorine dioxide and ozone are oxidants often used in water treatment as a 

pretreatment or for intermediate disinfection/oxidation steps. Both oxidants can 

potentially be in contact with a polymeric membrane RO train. They are both strong 

oxidizing agents and are known to form less halogenated disinfection by-products 

than chlorine (i.e., ozone can react with bromine to produce HOBr), and thus react 

through different mechanisms with organic moieties. Few studies showed that 

chlorine dioxide and ozone are strongly reactive towards polyamide membranes 

(Glater et al., 1981, 1983)(Adam, 1990).  

The objective of this chapter is to study the impact of chlorine dioxide (ClO2) and 

ozone (O3) on polyamide membrane performances and structure, considering that 

these two oxidizing agents would react with membranes through a different 

mechanism than hypohalogenous acids. Permeability and rejection were determined 

after reaction at different oxidant exposures during batch experiments. Membranes 

autopsies were conducted using Rutherford backscattering spectrometry (RBS) and 

Fourier transform infrared spectroscopy (FTIR).  

 

II. MATERIAL AND METHODS 

II.1 GENERAL 

Oxidation of membranes by dissolved chlorine dioxide and ozone were performed in 

sealed amber glass bottle at an initial concentration of 0.14 mM for ClO2 and 0.7-0.8 

mM for O3. Membrane coupons dimensions were 23.5 cm x 6 cm. pH of experiments 

was set to 8.2 (Phosphate buffer 10 mM) in the presence of chlorine dioxide. No 
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buffer was used for ozone reaction, reactions were performed at the pH of MilliQ 

water (i.e., 5<pH<6) in order to promote the reaction with molecular ozone O3 and 

minimize the formation of hydroxyl radical HO!.  

RO membrane coupons were oxidized by ozone at four different CT exposures. Two 

membrane coupons underwent short exposures at 0.7 mM during 30 seconds 

(CT=0.0021 mM·h) and 5 minutes (CT=0.0211 mM·h). The two remaining coupons 

were oxidized at initial concentration of 0.7 mM for 2.5h (Ct=0.6mM·h) and 2 times 

20h (CT=1.5-2.5mM·h). Ozone residual was only 0.05 mM after 2.5h (Figure IV.2) 

and 0.005 mM after 20h. 

 

Determination of chlorite and chlorate rejections were performed by addition of 250 

mg/L of sodium chlorite and sodium chlorate (Sigma Aldrich, > 98%) to the synthetic 

seawater during determination of membrane performances, before and after oxidation 

of the membrane. 

 

II.2 OXIDANT DECAY 

Figure IV.1 and IV.2 plot the decay curve of ClO2 and O3 in the absence and presence 

of membranes. ClO2 concentration remained relatively stable over time in the absence 

of membrane, decreasing slightly from 0.14 mM (i.e., 10 ppm as Cl2) to 0.13 mM 

after 150-200 h. Unlike observations made with hypohalogenous acids, Figure IV.1 

reports a significant drop of chlorine dioxide concentration in the presence of a 141 

cm2 of PA membrane, with a decrease from 0.14 mM to 0.10 mM after 150 hours of 

reaction. A concentration of 0.03 mM (2 ppm as Cl2) was consumed due to the 

reaction of chlorine dioxide with the membrane. On the contrary and as expected, 

ozone was less stable in water. Figure IV.2 shows a fast decay from 0.7 mM (i.e., 35 



!

!

"#$!
ppm as O3) to 0.1 mM in 2.5 hours. No additional ozone demand could be noticed in 

the presence of a polyamide membrane. 

 

 
Figure IV. 1: ClO2 decay in the absence or presence of a membrane at pH 8.2 

 

 
Figure IV. 2: O3 decay in the absence or presence of membrane at 5 < pH < 6. 
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III. IMPACT OF ClO2 AND O3 ON POLYAMIDE MEMBRANE STRUCTURE 

III.1 ATR-FTIR ANALYSES 

ATR-FTIR spectra of each membrane coupon oxidized by ClO2 and O3 were recorded 

in order to characterize the modifications occurring in the membrane structure. Figure 

IV.3 compares the FTIR spectra of the PA membranes recorded before and after 

chlorine dioxide exposure at CClO2T = 19 mM·h. Magnifications of the spectral zones 

around amide I band (1800- 1630 cm-1) and carboxylic peak (1720 cm-1) are provided.  

 

Figure IV. 3: RO membrane FTIR spectra before and after oxidation by ClO2 at 19 mM·h. The full 
recorded FTIR spectra and two magnifications of amide bands and carboxylic groups peak are 

represented. Bars show maximum and minimum among replicates 

 

The three peaks related to polyamide at 1663, 1609 and 1541 cm-1 were impacted by 

ClO2 oxidation. No modification was observed for the polysulfone peaks. The 

intensity of the aromatic polyamide peak (1609 cm-1) and amide II band (1541 cm-1) 

decreased after reaction with ClO2. However, this decrease was less important than the 

one observed with chlorine and bromine (Chapter III). Figure IV.4 compares the 
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normalized intensities of the amide II peak obtained for membranes oxidized by 

chlorine dioxide, chlorine, bromine and iodine, as a function of the applied CT. A 

maximum decrease of 20% of the nominal value was reached after a CT value of 3 

mM·h for chlorine dioxide. At a higher CT, the peak intensity remained unchanged. 

The trend was similar to observations made for membranes oxidized by 

hypohalogenous acids. The decrease in peak intensity (20%) was higher than using 

iodine (10%) but lower than chlorine (30%) and bromine (40%).  

 
Figure IV. 4: Normalized intensity of FTIR amide II band as a function of CT for membranes exposed 

to 0.141-0.705 mM of chlorine dioxide (orange) and HOX (blue, red and green). Dashed lines represent 
best fit of data. 

 

In addition, the amide I band area exhibited a significant increase at 1720 cm-1 (Figure 

IV.3). This result suggests that the reaction of chlorine dioxide on PA generated 

carboxylic groups in the structure, reaction associated with a decrease of amide bond. 

Thus, the decrease in amide II band intensity can partially be attributed to the break of 

amide bonds. The slight increase in intensity of amide I band was probably due to the 

variability of the polymeric structure. Moreover, the amide band I slightly shifted to 

higher wave numbers. Deconvolution of FTIR spectra of oxidized membranes is 

provided in Figure IV.5. An increase in intensity of the peak located at 1680 cm-1 was 
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observed. This peak is assigned to the vibration of C=O moieties of the amide bond 

that are not associated with hydrogen bonds.  

 
 

Figure IV. 5: Deconvolution of RO membrane FTIR spectra before (bottom right corner) and after (top 
left corner) oxidation by ClO2 at 19 mM·h.  

 

Figure IV.6 presents FTIR spectra and their associated deconvolution for a virgin 

membrane and a membrane oxidized by ozone at 2.36 mM·h. FTIR profile after the 

reaction with ozone was significantly modified. The intensity of aromatic amide (i.e., 

1609 cm-1), amide I (i.e., 1663 cm-1) and amide II (i.e., 1541 cm-1) bands decreased 

strongly compared to observations made with HOX and ClO2. The peak assigned to 

carboxylic groups (i.e., 1720 cm-1) and non-associated C=O groups (i.e., 1680 cm-1) 

slightly increased, but not as much as expected considering the strong decrease of 

amide bands. Moreover, the intensity of the region located between 1400 and 1470 

cm-1 decreased after oxidation by ozone. Primary and secondary amides are known to 

absorb around 1410 and 1445 cm-1, respectively (Socrates, 2001). However, the FTIR 

spectrum of polysulfone (Chapter II) also exhibited a signal in this region. 

Considering the insignificant evolution of major peaks related to polysulfone (i.e., 
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1587, 1504 and 1488 cm-1), the decrease in intensity between 1400 and 1470 cm-1 was 

assigned to the reaction of ozone with polyamide.  

a)  

b)  
Figure IV. 6: RO membrane FTIR spectra before and after oxidation by O3 at 2.36 mM·h. a) full FTIR 
spectra and magnification of carboxylic groups peak. Bars represent maximum and minimum among 
replicates. b) deconvolution of FTIR spectra for the virgin membrane (bottom right corner) and the 

oxidized membrane (top left corner). 

 

Lee and Gunten, (2010) looked at the oxidation of micropollutants by chlorine dioxide 

and reported a low reactivity of primary amides Carbamazepine and Atenolol with 
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chlorine dioxide. Imamura et al., (1982) looked at the oxidation of various amides as a 

model reaction of polyamide by ozone. Secondary (10-20 %) and tertiary (40 %) 

amides were found to be more reactive than primary amide (<3 %) with the conditions 

employed (reactive concentration = 40 g of molecule containing amide group, ozone 

concentration = 3 vol%, contact time = 4 h). As a first step, they suggested that ozone 

preferentially attacks N-R moieties, R being methyl groups in their study. However, 

Pryor et al.,(1984), showed that the amides N-acetylglycine, N,N-dimethylacetamide, 

and N-methylacetamide exhibited very low reactivity towards ozone, especially at low 

pH (k=0.05-0.7 M-1s-1). Little is known about the reactivity of ozone with polysulfone. 

Obvintseva et al., (2010) showed a strong degradation of polysulfone (i.e., (1,4-

phenoxy-1,4-phenyleneisopro-pylidene-1,4-phenoxyphenylene sulfone) micro fibers 

membranes by ozone, with the formation of a spongy structure replacing fiber 

structure. In that case, ether bonds were the most vulnerable to ozone. 

Gaudichetmaurin and Thominette, (2006) proposed that the reaction of hydroxyl 

radicals with polysulfone leads to the formation of alcohols and alkenes, eventually 

accompanied by a chain scission  

 

In this study, ozone strongly reacted with PA RO membranes, and polysulfone 

seemed relatively stable in our experiemental conditions. Amide band strongly 

decreased after oxidation potentially due to break of amide bonds. However, 

carboxylic acids peak did not increased as much as we expected considering amide 

bands decreases. Soice et al. (2004) proposed that polyamide membranes chlorinated 

at high CT at constant pH underwent physical separation of the active layer from the 

support layer. Thus, ozonation of PA membrane led to a rapid and strong 



!

!

"#$!
depolymerization or loss of the polyamide layer (i.e., intensity of amide band < 50% 

of nominal value for CT < 3 mM·h). 

In addition, ClO2 did not react as strongly as ozone. FTIR spectra modifications were 

more similar than chlorinated membranes. Decrease in amide bands and increase in 

COOH peak intensity resulted in amide bond rupture. 

 

III.2 RUTHERFORD BACKSCATTERING SPECTROMETRY ANALYSIS 

Figure IV.7 compares RBS spectra of membranes before and after treatment with 

chlorine dioxide (graph a) and ozone (graph b). Figure IV.7a shows that the 

membrane composition remained the same after oxidation by chlorine dioxide at the 

highest exposure studied. As expected no halogen incorporation was observed on the 

membrane structure as opposed to HOX oxidants. It may explain the lower reduction 

of amide II band intensity in FTIR spectra of membrane oxidized by ClO2 compared 

to HOCl, since amide groups were not be halogenated. 
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b)  
Figure IV. 7: RBS spectra of blank membrane (blue), and membrane exposed to a) chlorine dioxide at 

19 mM·h and b) ozone at 0.021 mM·h (red) and 0.60 mM·h (green), respectively. 

 
Regarding Figure IV.7b, two magnifications focus on nitrogen and oxygen peaks 

(0.55-0.8 MeV) and the end of sulfur plateau (1.1-1.3 MeV). These two 

magnifications highlight the change that occurred in the membrane structure after 

ozonation. At short CT exposures, the elemental composition of the membrane was 

not impacted. However, the RBS spectrum of the membrane oxidized by ozone at a 

high CT exposure was significantly modified. The nitrogen peak (0.65 MeV) and the 

oxygen peak (0.75 MeV) decreased in intensity and the sulfur plateau ended at higher 

energy (1.22-1.28 MeV instead of 1.16-1.26 MeV). Both observations indicate a 

decrease of the active layer thickness of about 60% and a smoother surface. The 

exposure of polyamide RO membranes to strong oxidants like ozone in extreme 

conditions (high CT) might lead to a breakdown of the polymer and result in a 

decrease of the active layer thickness (i.e., removal of the active layer). Once again, it 

was in accordance with the literature and, since the physical separation of the active 
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layer from the support layer after high chlorination exposure was proposed (Soice et 

al., 2004). 

 

III.3 QUANTIFICATION OF FUNCTIONAL GROUPS BY RBS 

Figure IV.8 plots the concentrations of tungsten (equal to the concentration of amine 

groups) and silver (equal to the concentration of carboxylic groups) in a membrane 

oxidized by ozone at 0.021 mM·h in function of pH. No determination of functional 

groups in membranes modified by chlorine dioxide was performed due to limited 

access to the RBS equipment. Results are compared with the average blank profile 

(dashed line on Figure IV.6) (Chapter III). Parameters (i.e., w and pKa) values used to 

fit the experimental data with Equation II.4 and II.5 (Chapter II) are shown in Table 

IV.1. 

 
Figure IV. 8: Concentration of functional groups as a function of pH after ozonation of PA membrane 

coupons at 0.021 mM·h. Dash line represents a fit for virgin membrane experimental data. 

 
Table IV. 1: Parameters used to fit experimental data obtained for virgin membrane and ozonated 

membrane 
 C T,R-NH3+ w1 (w2) pKa1 pKa2 C T,R-COOH w1 (w2) pKa1 pKa2 

Blank 0.215 1.0 4.1  0.113 0.130 0.50 6.5 
O3 0.058 0.9 (0.1) 4.0 6.0 0.274 0.8 (0.2) 5.0 8.2 
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Figure IV.8 and Table IV.1 confirmed the decrease in amine groups and an increase in 

carboxylic groups in the membrane oxidized by ozone. This observation was similar 

to results observed for chlorinated membrane. However, direct RBS analysis of the 

membrane showed no incorporation of external elements in the membrane structure 

(Figure IV.7). Hence, the decrease in amine groups (i.e., decrease in W probe 

concentration) and increase in carboxylic groups (i.e., increase of Ag probe 

concentration) is not due to halogenation and rupture of amide bonds, but can be 

explained by the breakdown of PA layer and subsequent depolymerization of 

polyamide by ozone, as suggested in Section III.2.  

 

IV. IMPACT OF CLO2 AND O3 ON POLYAMIDE MEMBRANES 
PERFORMANCES 

IV.1 IMPACT OF CHLORINE DIOXIDE 

Figure IV.9 presents the normalized permeability and the normalized rejection of 

membrane coupons oxidized by ClO2 as a function of oxidant exposure.  

 
Figure IV. 9: Normalized permeability and normalized rejection of membranes oxidized by chlorine 

dioxide in function of applied CT at pH 8.2. Symbol represents data. Dashed lines represent best fit of 
data. 
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The permeability of membranes after reaction with ClO2 followed a similar trend as 

compared to chlorine, increasing by 100-120% at CT exposures of 10-15 mM·h. 

Moreover, the total salts rejection (i.e., measurement of conductivity) decreased 

linearly at a rate of -0.0021% as compared to -0.0029 %/(mM·h) for chlorine, 

respectively. 

 
The specific rejections of Cl-, SO4

2-, Br- and boron were also analyzed in function of 

oxidant exposure. Figure IV.10 confirms that results were very similar to results 

obtained with chlorine. A slight decrease of Cl- and Br- rejection and a stronger 

decrease of boron rejection were noticed. No change occurred for divalent ion SO4
2-. 

 

 
Figure IV. 10: Specific rejection for Cl-, SO4

2-, Br- and boron in function of oxidant exposure after 
oxidation of membrane by ClO2 

 

The use of chlorine dioxide leads to the formation of chlorites (ClO2
-) and chlorates 

(ClO3
-). These disinfection by-products are generated during the decomposition of 

ClO2. The change of ClO2
- and ClO3

- rejection was followed in function of oxidant 

exposure by addition of sodium chlorite and sodium chlorate in the feed water.  
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Figure IV. 11: Specific rejection for ClO2

- and ClO3
- in function of oxidant exposure after oxidation of 

membrane by ClO2 

 

Figure IV.11 demonstrates that both ClO2
- and ClO3

- rejections were impacted. The 

virgin membrane rejected chlorite and chlorate at the same level (R = 99.59%). A 

decrease of rejections was observed with increasing oxidant exposure. Anions (ClO2
-, 

ClO3
-, Cl-, Br-) rejections decreased to the same extent. For the highest CT (18.7 

mM·h), chlorite and chlorate rejections (97% and 96.4%, respectively) were slightly 

higher than chloride and bromide ions rejections (96% and 95.3%, respectively). It 

may be due to steric effect, chlorite and chlorate being larger ions than chloride and 

bromide. 

 
 
IV.2 IMPACT OF OZONE 

The normalized permeability and the normalized rejection of modified membrane 

coupons oxidized at low CTs were plotted in function of oxidant exposure in Figure 

IV.12. The permeability increased and the rejection decreased strongly. At CT 0.015-

0.02 mM·h, permeability and rejection reached identical values than observed for 

!"#

!$#

!%#

!&#

!!#

'((#

(# ')'# ")*# '+)"# '&)%#

!"
#"
$%
&'

()*
+(

,-()./01+(

,-.*/#

,-.0/#



!

!

"#$!
chlorinated membrane at CT 15-20 mM·h. After oxidation at higher CT (> 0.6 mM·h, 

data not shown), the membrane exhibited no more rejection.  

 
Figure IV. 12: Normalized permeability and normalized total salt rejection of membrane oxidized by 

ozone in function of applied CT at 5<pH<6. Symbol represents data. Dashed lines represent possible fit 
for normalized permeability data. 

 
 

Figure IV.13 shows the permeate flow rate in function of pressure for a membrane 

exposed to high CT ozone exposures.  

 
Figure IV. 13: Flow rate of blank membrane, and membrane after reaction with ozone at long CT 

exposure as a function of pressure. 
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This chart was used to determine the permeability of the RO membrane, as described 

in Chapter II and shown in Equation IV.1.  

Jv= Lp x (!P-")    (IV.1) 

where Jv is the permeate flux, Lp is the membrane permeability, !P is the 

transmembrane pressure varying from 30 bars to 55 bars and " is the osmotic 

pressure. The y-intercept is directly related to the osmotic pressure by the following 

equation: 

b= -" x Lp      (IV.2) 

where b is the y-intersept, Lp is the membrane permeability and the slope and " is the 

osmotic pressure. Figure IV.13 shows that the y-intercept for high CT exposures (>0.6 

mM·h) is positive, as opposed to the blank or other oxidants used. A positive y-

intercept means that the osmotic pressure becomes negative. Thus, a membrane with 

no salt rejection and negative osmotic pressure is not in accordance with the definition 

of a RO membrane anymore. The active layer of the RO membrane was strongly 

affected by the reaction with ozone, leading to the break of polymer and pore opening 

or a detachment of the active layer from the support layer as suggested by Soice et al., 

(2004).  

 

V. CONCLUSION 

This chapter aimed to assess the impact of chlorine dioxide and ozone on PA 

membrane performances and structure. Results suggest that, in the specific ageing 

conditions used, chlorine dioxide and ozone react strongly with PA membrane. 

Results showed: 

• No halogen incorporation into the PA layer during oxidation by ClO2 and O3. 
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• Membranes oxidized by ClO2 exhibited an increase in carboxylic groups and a 

slight increase in amide I peak, assigned to non-hydrogen bonded amide moieties. 

Moreover, all amide bands intensities slightly decreased. Membranes oxidized by O3 

also exhibited an increase in carboxylic groups peaks (not as much as expected), and 

all peaks assigned to amide group strongly decreased. Ozone reacts strongly with PA 

membrane compared to chlorine dioxide, broking the polymer. 

• RBS spectra of ozonated membranes were strongly impacted, suggesting a loss 

of the PA layer. 

• Amine groups and carboxylic groups concentrations were lower and higher 

after oxidation by ozone, respectively, affecting the membrane charges field. It also 

confirmed the break of amide bond. 

• Chlorine dioxide enhanced the membrane permeability, reaching 220% of the 

nominal value at high CT exposures. It also decreased the total rejection at a rate of 

0.0021 %/(mM·h). Boron rejection was more impacted than monovalent anion (i.e., 

Cl-, Br-, ClO2
-, ClO3

-) rejection. Divalent anions (SO4
2-) rejections remained stable. 

• Permeability and rejection of membranes oxidized by O3 were strongly 

modified. The permeability of membranes oxidized at high CT could not be 

calculated. The rejection decreased at a rate of 2.99 %/(mM·h). 

 

The impact of chlorine dioxide on PA membranes was similar to results observed for 

chlorine. However, no halogen incorporation occurred, suggesting a different 

oxidation mechanism. On the contrary, ozone seemed to remove polyamide active 

layer from the polysulfone support layer. 

!
!



!

!

"##!
CHAPTER V: IMPACT OF CHLORAMINES ON POLYAMIDE REVERSE 
OSMOSIS MEMBRANE PERFORMANCES AND STRUCTURE IN PURE 

WATER, SYNTHETIC AND NATURAL SEAWATER!
!
I. INTRODUCTION 
 
Monochloramine is used in drinking water distribution system, where free chlorine 

residual is difficult to maintain (e.g. long residence time system) or lead to the 

formation of large quantity of disinfection byproducts (DBP). It is known that chlorine 

reacts with polyamide to alter membrane properties. Monochloramine, with its lower 

oxidizing power, could be used to replace chlorine to control biofouling development 

at the surface of RO membranes during seawater desalination, as it is already used in 

reclaim wastewater treatment (Bartels et al., 2005). However, little is known about the 

impact of monochloramine on PA reverse osmosis membrane. In addition, 

chloramines decomposition model shows that hypochlorous acid (HOCl) and its 

associate base (ClO-) can be reformed in the system during the decomposition of 

chloramines. Bromide and iodine based oxidant such as HOX/BrX- (X= Br, I) or 

NHBrCl can also be formed during chloramination of seawater (Shemer and Semiat, 

2010), (Bousher, 1989), (Gazda and Margerum, 1994), (Trofe et al., 1980). Under the 

pH conditions of seawater (pH= 8-8.2), bromochloramine (NHBrCl) formation is very 

slow and its stability is low in water (Luh, 2012). 

The first objective of this chapter was to study the impact of monochloramine in pure 

water on PA RO membrane. Second and third parts aimed to assess the impact of 

monochloramine in synthetic and natural seawater at atmospheric and high pressure, 

to determine the role of secondary oxidizing agents, such as bromochloramine and 

hypohalous acids, in the evolution of membrane performances and structure. In the 

last part, the reaction of monochloramine on model compounds was followed to 

improve the understanding of the oxidant behavior toward PA membrane. 
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II. SPECIFIC MATERIALS AND METHODS 

In this chapter, different kind of reactor and initial concentrations in oxidant were 

used as compared to the other chapters. The same materials and methods than Chapter 

III were used in the first part related to the impact of monochloramine in pure water in 

batch reactor. The only exception was the initial concentration in monochloramine 

that was adjusted to 7 mM and 0.28 mM (500 and 20 ppm as Cl2, respectively). The 

pH of a monochloramine solution at initial concentration of 7 mM varied from 8.2 to 

7.2 after 70 h of reaction ([phosphate buffer]= 10 mM). Membrane coupons were first 

soaked in pure water, and loaded in the RO unit for the determination of 

performances. Then, membranes were rinsed and oxidized in batch reactors. Finally, 

coupons were reloaded in the RO unit for performances determination. 

In the second part related to the impact of monochloramine in synthetic and natural 

seawater, unpressurized membrane cells with masterflex® pumps connected to 

ceramic heads in semi continuous mode were used to put in contact PA RO 

membranes (8 x 26.6 cm) and chloraminated feed water. In these conditions, the 

initial concentration of monochloramine was decreased to 0.28 mM (20 ppm as Cl2). 

Contact time went up to 1300 hours to reach the highest CT of 140 mM!h. At this 

initial concentration, monochloramine concentration was less stable in seawater than 

in pure water. Solutions were renews every 48 hours. Membranes were directly 

oxidized in unpressurized cells without predetermination of performances due to 

different membrane size with the RO unit (the size of the coupon inserted in un-

pressurized cell was voluntarily readjusted to fit the pressure cell). Coupons were 

rinsed with pure water, cut to fit the RO unit cells size, and loaded in the pressurized 

unit for performances determination. In this case, modified membranes performances 

were compared to permeability and rejection of a virgin coupon cut in the larger 
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membrane roll at near location. 

In the third part, chloramination in reverse osmosis pressurized desalination unit, the 

initial concentration of monochloramine was fixed at 0.07 mM (5 ppm as Cl2) in order 

to minimize potential corrosion issues to the RO unit. Contact time went up to 1900 h 

to reach a CT of 65 mM!h. 

The last part of this chapter focused on the reaction of monochloramine with model 

compounds acetanilide and benzanilide. All materials and methods used in the fourth 

part were described in Chapter II.  

 

III. IMPACT OF CHLORAMINES ON POLYAMIDE RO MEMBRANES IN 
PURE WATER 
 
The decomposition of monochloramine in water were well studied as shown in 

chapter I. Based on the decomposition model of chloramines published by Jafvert and 

valentine (1992) (see Chapter I), a commercial software (Copasi), was used to predict 

chloramines decomposition according to experimental conditions such as pH, buffer 

concentration and N/Cl ratio (Cimetiere, 2009). Figure V.1 compares the measured 

decomposition of monochloramine as a function of time in the absence or presence of 

a membrane coupon and the simulated decomposition at initial pH 8.2, [phosphate 

buffer]= 10 mM and N/Cl= 1.2. The prediction of monochloramine decay and the 

experimental data are relatively similar at short reaction times. It confirms that there 

was no consumption due to the glassware, and that monochloramine decay was due to 

its autodecomposition. In addition, there was no significant consumption of 

monochloramine due to the reaction with the membrane in these conditions 

([NH2Cl]i= 7.04 mM = 500 ppm as Cl2, N/Cl= 1.2 mol/mol, [phosphate buffer] = 10 

mM, membrane coupon area = 212 cm2). However, the decomposition rate of 

monochloramine was higher at a higher initial concentration. For an initial 
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concentration of 7.0 mM, it decreased to 1 mM after 70 h of reaction time. For a lower 

initial concentration of 0.7 mM, the concentration remained stable (pH= 7.5 - 8.2). 

Because of the low stability of monochloramine at high concentrations, 

monochloramine solutions were changed every 3 to 4 days in order to reach high CT 

values, as shown in Figure V.2.  

 
Figure V. 1: Monochloramine decay, measured in batch reactor in the absence or presence of 

membrane coupons, and simulated with the software copasi at high and low concentration.  Initial pH 
was set at 8.2. 

 

 
Figure V. 2: Evolution of monochloramine concentration in batch reactor in the presence of PA 

membrane coupons. 
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Two membrane coupons were soaked in the batch reactor. The monochloramine 

concentration was systematically measured in order to determine the correct CT 

exposure. The CT exposure was calculated based on the area under the curve with the 

trapezoidal rule. After 250 h of reaction representing a CT of 750 mM!h, (see Figure 

V.2) one membrane coupon was collected and rinsed. After 370 h of reaction 

representing 1190 mM!h, the experiment was stopped and the second membrane 

coupon was collected.  

 

III. 1 IMPACT OF MONOCHLORAMINE ON MEMBRANE COMPOSITION AND STRUCTURE 
 
III.1.1 ATR-FTIR analyses 
 
Figure V.3 gives full-recorded FTIR spectra (between 1800 and 1350 cm-1) of 

chloraminated membranes at various CT exposures, as well as a first magnification of 

the spectral area around the amide I and II bands (1800 - 1530 cm-1) and a second 

zoom focused on the region around the peak assigned to carboxylic groups (1800 - 

1630 cm-1).   

A particular attention was brought to the RCOOH peak (1720 cm-1) and three amide 

bands at 1663, 1609 and 1541 cm-1. The intensity of the peak located at 1720 cm-1 

significantly increased with CT exposure, suggesting the generation of carboxylic 

groups in the modified membrane structure. Amide II band (1541 cm-1) and aromatic 

amide (1609 cm-1) intensities exhibited a slight decrease for all CT represented (i.e., 

close to variation observed for several virgin membranes). Significant peak decreases 

were observed at the highest CT (2378 mM!h). On the other hand, the decrease in 

amide bonds could explain the increase in carboxylic groups observed in the polymer. 

As a consequence, amide bands should slightly decrease in intensity. Only one study 

investigating the abundance of amide II band after chloramination was found in the 
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available literature (Cran et al., 2011). In this study, BW30 polyamide membrane was 

oxidized by 25 ppm of NH2Cl during 18 h. The authors reported a constant decrease in 

amide II band with increasing time exposure until reaching a reduction of 25% after 

18 h.  

 
 

Figure V. 3: FTIR spectra of polyamide membranes after reaction with chloramines for specific CT 
exposure. Dashed line represent the average signal of 6 virgin membranes. Bars represent errors on the 

measurement of amide bands and RCOOH related peak intensity. 

In addition, the variation of amide I band intensity (1663 cm-1) did not follow any 

particular trend, however its intensity was almost systematically more important after 

than before chloramination but close to the domain of variation for virgin membrane 

coupons. However, intramolecularly hydrogen bonded induced by carboxylic acids 

may enhance the amide I band to some extent (Socrates, 2001). Figure V.4 compares 

the deconvolution of virgin membrane and oxidized membrane (at 2378 mM!h) FTIR 

spectra. The shift of the amide I band was observed in chloraminated membranes 
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samples as observed for chlorinated sample. The amide I peak assigned to non-

associated C=O groups located at 1689 cm-1 was enhanced after oxidation, resulting in 

the loss of hydrogen bonds. Another explaination would be the generation of amide 

groups (or N containing functional groups) non-hydrogen bonded. 

 

 
Figure V. 4: Deconvolution of FTIR spectra of virgin membrane (bottom right corner) and membrane 

oxidized by monochloramine at 2379 mM!h (top left corner) 
 

III.1.2 Halogen incorporation 

Polyamide membranes were exposed to an initial concentration of 7 mM of 

monochloramine during different time exposure. For each applied CT, membrane 

coupons were autopsied by RBS to determine the quantity of halogen atoms 

incorporated in the modified membrane. Figure V.5 plots the atomic concentration of 

chlorine in the membrane structure after reaction with monochloramine. Results are 

expressed in atomic concentration of chlorine in the polymer including or not the 

hydrogen content. A rapid chlorine incorporation in the membrane structure is noticed 

(Figure V.5), reaching 60% of the highest value observed for CT< 500 mM!h. It is 

followed by a second phase where chlorine concentration increases slowly between 
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500 and 2500 mM!h to reach a final plateau at 2.8% (excluding hydrogen). The 

incorporation of halogen with increasing CT exposure was relatively similar to what 

was observed for free chlorine (see Chapter III). However, the halogen incorporation 

occurred two orders of magnitude slower in the presence of chloramines than during 

chlorination. To the best of our knowledge, no studies mentioned any incorporation of 

chlorine in the membrane structure after chloramination until now. 

 

HOCl could be formed during the decomposition of NH2Cl and could further lead to 

the incorporation of atomic chlorine in the membrane structure. Chlorine 

concentration generated during the decomposition of monochloramine was simulated 

using the Jafvert and Valentine model and Copasi software (Figure V.6). The 

concentration of HOCl generated was 7 orders of magnitude lower than the 

concentration of monochloramine. For a 75 hours contact time, a CT of 197 mM!h of 

NH2Cl was reached, while the CHOClT was only 26 nM!h. 3% of chlorine (without H) 

was incorporated in the membrane structure for a chloramine CT of 1500 mM!h 

(Figure V.5), corresponding to a generated chlorine CHOClT of 198 nM!h. Figure III.2 

showed that only 1.5% of chlorine (without H) was incorporated in the membrane 

structure for the smallest CT applied of 0.5 mM!h. These results suggested that the 

majority of chlorine incorporation in the membrane was not induced by the potential 

reaction of generated free chlorine with polyamide, but from the monochloramine 

molecule itself. 
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Figure V. 5: Atomic concentration of chlorine in the membrane structure after chloramination for 

different CT exposures. Results are expressed including H elemental fraction (RBS determination-like) 
and excluding H elemental fraction (XPS determination-like) from the polymeric structure 

 

 
Figure V. 6: Simulated decomposition of monochloramine and formation of free chlorine (Copasi). 
[NH2Cl]i=7.04 mM = 500 ppm as Cl2, N/Cl=1.2 mol/mol, [phosphate buffer] = 10 mM, pHi= 8.2, 

duration= 75 h, interval= 5 h 
 
III.1.3 Quantification of functional groups 

In addition to the direct determination of elemental composition of membranes, 

functional groups R-NH3
+ and R-COOH were quantified for one CT exposure. The 

membrane chloraminated at a CT of 845 mM!h (60 000 ppm!h as Cl2) was chosen for 

its intermediate CT exposure, located after the first phase of fast chlorine 
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incorporation, and relatively early in the second phase of slow incorporation (Figure 

V.5). Parameters used to fit experimental data are listed in Table V.1. 

Table V. 1: Fitting parameters used to simulate RBS WO4
2- (i.e., R-NH3

+) and Ag+ (i.e., R-COO-) 
incorporation as a function of pH following acid-base equilibrium approach. 

 CT,R-NH2 
(M) w1 pKa1 w2 pKa2 

C T,R-COOH 
(M) w1 pKa1 w2 pKa2 

Blank 0.215 1.0 4.4   0.104 0.90 6.3 0.10 8.3 

NH2Cl 0.149 0.60 2.8 0.40 4.9 0.226 0.40 5.8 0.60 8.2 
 

Figure V.7 compares the concentration of amine and carboxylic groups at different pH 

in the polyamide active layer of a virgin and chloraminated membrane.  

 
Figure V. 7: Concentration of amine and carboxylic groups in function of pH in the polyamide active 

layer of SW30HR RO membrane. [WO4
2-], [Ag+] is assumed to correspond to the concentration of 

protonated amine groups R-NH3
+, deprotonated carboxylic groups R-COO-, respectively. Samples are 

blank experiment (blue), chloraminated membrane (red) (845 mM!h). Lines represent the model fitting 
for the concentration of functional groups following Equation II.4 and II.5. 

!
As observed for chlorinated membranes (see Chapter III), the concentration of 

carboxylic groups increased to 117% of the nominal value. It confirmed the 

observation made with FTIR analyses showing increase of RCOOH groups. 

Moreover, the concentration of amine groups in the modified membrane decreased to 

65% of the nominal value and exhibited a diacid profile. The loss of amine groups 

(i.e., 35%) was less important as compared to the reaction with hypohalogenous acids 
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(i.e., 65 – 80%). Thus, the reaction of chloramines on free amine groups seems less 

intense. Accordingly, the parameter set in Chapter III assessing the oxidant demand 

by amine after oxidation was calculated (Table V.2) and compared to chlorine. 

Table V. 2: Calculation of parameter representing oxidant demand by amine groups.  
CT,R-NH2 in virgin membrane is CT,R-NH2

blank = 0.215 M 

C in M CT,R-NH2 
Ox memb 

CT,R-NH2 
formed 

CT,R-NH2 
oxidized Ratio 

NH2Cl 0.149 0.122 0.188 0.87 
Cl2 0.074 0.240 0.381 1.77 

 

The calculated ratio for chloraminated membrane was two times lower than the one 

observed for chlorinated membrane in these specific conditions of CT. 

Monochloramine reacted with the amine bond but not as strongly as chlorine. It may 

be the cause of the lower incorporation of chlorine during chloramination compared to 

chlorination. 

 

III.2 IMPACT OF CHLORAMINES ON MEMBRANE PERFORMANCES 
 
III.2.1 Influence on membrane permeability 

Each membrane exposed to chloramines in unpressurized batch reactor was tested 

afterwards in the RO unit. Figure V.8 plots the normalized permeability and the 

normalized rejection of chloraminated membranes as a function of CT exposure. For 

low CT, an initial concentration of 0.28 mM (20 ppm as Cl2) was used for reasons 

explained later (experiment in synthetic and natural seawater). As observed for 

chlorinated and brominated membranes, the permeability of chloraminated 

membranes increased rapidly for low CT values and reached a plateau (relative 

increase around 1.6) at higher CT values starting from 200 mM!h. It is important to 

note that this CT value is one order of magnitude higher than the CHOXT inducing the 

same change (Figure III.8). In addition, this 60% increase in permeability was lower 
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than the 120% observed for chlorine but higher than the 45% obtained for brominated 

membranes. Incorporation of Cl in the membrane has a stronger impact on its 

permeability than Br incorporation. 

 
Figure V. 8: Normalized permeability and normalized rejection of membrane oxidized by chloramines 

in function of applied CT at pH 8.2. Symbol represents data. Dashed lines represent best fit of data. 
 

III.2.2 Influence on membrane rejection 

Figure V.8 also indicates that the rejection decreased slowly with increasing CT 

exposure. The slope of normalized rejection versus CT was 4 x 10-6, three and two 

order of magnitude lower than the slope obtained for chlorinated membranes (3 x 10-3) 

and brominated membranes (3 x 10-4), respectively. Similar trends with different 

amplitude were found by Dasilva et al., (2006), studying the impact of 

monochloramine on polymeric membranes (i.e., ACM1-TSA, fully aromatic 

polyamide) at a transmembrane pressure of 7.84 bars. They reported an increase of 

163% in permeate flow rate (i.e. normalized permeability = 2.63) and an increase of 

15% in total rejection (after 6 h), followed by a decrease of 10% after chloramination 

in NaCl at 500 ppm during 40 h. Cran et al. (2011) studied the modification of BW30 

membrane performances after chloramination at 100 ppm NH2Cl during 36 h. They 
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reported an increase of 200% in the permeate flux and a decrease of 50% of the 

permeate conductivity after 18 h of exposure.  

 

Permeate flux was monitored to assess the behavior of the modified membrane under 

pressure during the first hours of filtration. As observed for the iodinated membranes 

but unlike chlorinated ones, the permeate flux of chloraminated membranes remained 

unchanged with filtration time (Figure V.9) The increase in permeate flux during the 

first hours of filtration after chlorination of the PA membrane was attributed to the 

break of hydrogen bonds in the polymeric structure during reaction with the oxidant, 

followed by a rearrangement of the polymer during filtration under pressure (Kwon 

and Leckie, 2006). Since no variations in permeate flux for chloraminated membrane 

was noticed, the amount of hydrogen bond was supposed to remain unchanged. Thus, 

chlorine and monochloramine react through different mechanisms with PA 

membranes, or the degradation by monochloramine was not as advanced. 

 
Figure V. 9: Evolution of permeate flux in function of filtration time at 55 bars for two chlorinated and 

two chloraminated membranes at various CT. 
 

!"#$

!"!$

!"%$

!"&$

!"'$

!"($

!")$

!"*$

!"+$

!",$

%"#$

#-##-##$ )-##-##$ !%-##-##$ !+-##-##$ %'-##-##$

!
"#
$
%&
'(
)*

+,
-.
+

/&0#%1"2+1$)+345$'26+

./%01$*)#$23"4$

./%01$!%%($23"4$
/501$#"!'23$*%4$6!"($23"47$
/501$#"'%23$*%4$6("(!$23"47$



!

!

"#$!
IV. CHLORAMINATION OF PA MEMBRANE IN SYNTHETIC AND 
NATURAL SEAWATER 
 
IV.1 NH2CL STABILITY IN DIFFERENT MATRIX 
 
IV.1.1 Chloramines decay 

For these experiments, reactions were operated under semi-continuous mode with 

synthetic (SSW) and natural seawater (Red Sea water: RSW). Buffered pure water 

was also studied for comparison. The chloraminated solution was recirculated using 

unpressurized cells, without permeation. Unlike the previous static (batch) mode, it 

was expected that only the surface in direct contact with the solution is subjected to 

the oxidant. With the objective of being as close as possible to the normal treatment 

conditions but remaining in accelerated ageing conditions, a concentration of 0.28 

mM (20 ppm as Cl2) of monochloramine was used. Figure V.10 compares the 

concentration of monochloramine in buffered pure water, synthetic and natural 

seawater as a function of time of operation. Monochloramine was less stable in the 

presence of bromide (i.e., with SSW or RSW), but significant additional chloramines 

demand was noticed in the presence of marine organic matter. Thus, a fresh solution 

of monochloramine in synthetic and natural seawater was prepared every 48 hours to 

reach a desired CT. Changing the entire chloraminated seawater was preferred than 

reinjecting monochloramine in the old seawater solution because of the potential 

interferences that could occur with monochloramine decomposition products such as 

nitrite or some unidentified compounds (Valentine et al., 1986). 
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Figure V. 10: Chloramines decay in pure water, synthetic and natural seawaters. Experiments are 

stopped after reaching 35 mM!h (2500 ppmh)  
 

Targeted CTs for the recirculation mode experiment were 35, 85 and 140 mM!h 

(2500, 6000 and 10 000 ppm!h as Cl2), the highest CT representing 52 days of 

operation. Three months were necessary to obtain three CT values per water matrix. 

Thus, no replicates were made considering the very long experiment duration. 

Chloramines decay was measured during all experiments to determine the true applied 

CT.  

 

IV.1.2 Quantification of bromochloramine 

The concentration of bromochloramine (NHBrCl) formed during the reaction with 

monochloramine and bromide ions was studied during 24h. Two methods were used 

to quantify NHBrCl. The first one refers to reaction kinetic of haloamines with DPD 

(Valentine, 1986) and the second is based on the analysis of bromide content after 

addition of a reducing agent in permeate solution sampled during chloramination 

under pressure of synthetic seawater (see Part V). Previous results indicated (not 
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presented) that monochloramine permeates (100%) through the PA membrane at pH 

8.2. It is assumed that bromochloramine exerts the same feature. 

The second approach was run on permeate samples (SSW with bromide, [NH2Cl]= 0.7 

mM, pH 8.2, 55 bars) and kinetic approach was run on samples prepared in batch 

reactor (i.e., brown bottle with the same conditions than in the pressurized RO unit) 

(Figure V.11a). DPD results are provided in supplementary information (Figure SV.1 

and SV.2). The concentration of bromide ion in the membrane permeate was analyzed 

by ion chromatography before and after reduction of residual oxidant with sodium 

thiosufate. Similarly to NH2Cl (results not showed), it was assumed that NHBrCl was 

not rejected by the membrane. The reduction of one mole of NHBrCl releases one 

mole of bromide into the solution, the bromide content analyzed before and after 

reduction was assigned to NHBrCl. Figure V.11 confirms the formation of NHBrCl at 

pH 8 during the chloramination at 0.07 mM (5 ppm as Cl2) of synthetic seawater. 

Batch and permeate samples exhibited similar profiles i.e., Figure V.11.a and Figure 

V.11.b, respectively an increase in NHBrCl content during the first phase of the 

reaction followed a decrease in concentration after reaching a maximum after 4-7 h of 

reaction. However, Valentine’s method led to a higher maximum concentration (i.e., 

3.5 !M) compared to the other method (i.e., 2.3 !M).  
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b)  
Figure V. 11: NHBrCl and NH2Cl concentrations during the reaction of NH2Cl with synthetic seawater 

in batch reactor a) and b) under pressure  
 

The integration of both monochloramine and bromochloramine formation/decay 

curves led to a calculated CT of 0.634 and 0.031 mM!h (method by quantification of 

bromide in permeate), and 0.793 and 0.036 mM!h (Valentine’s method), respectively. 

For each approximately 21.2 +/- 0.8 unit of CT exerted by monochloramine, 1 unit of 

CT was exerted by bromochloramine, in these conditions. However, from a practical 

point of view, the bromide quantification method was easier to use because the 

analyses can be all performed at the same time after the experiment, while Valentine’s 

method required on-the-fly UV data acquisition. 

 

IV.2 MODIFICATION OF RO MEMBRANE COMPOSITION AND STRUCTURE 
 
IV.2.1ATR-FTIR analysis 

Figure V.12 compares FTIR spectra of a virgin membrane and a membrane oxidized 

at 140 mM!h in different water matrices at atmospheric pressure. Two magnifications 

of the regions near amide peaks and RCOOH peak (1720 cm-1) are also represented. 

Membranes modified in pure water and synthetic seawater exhibited similar profiles. 

A slight decrease in amide II (1541 cm-1) band and aromatic amide (1609 cm-1) was 
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noticed. The amide I band maxima was slightly shifted from 1663 to 1665 cm-1 and 

the peak located at 1720 cm-1 (attributed to carboxylic groups) significantly increased 

by a factor of three. Same conclusions as previously addressed can be made i.e., 

increase in carboxylic groups and loss of hydrogen bonds or generation of amide 

groups non hydrogen-bonded. FTIR spectra of membrane coupons in contact with 

chloraminated Red Sea water were significantly different, most probably because of 

the accumulation of inorganic/organic substances. SEM images of modified 

membrane surfaces after chloramination in synthetic and Red sea water at 140 mM!h 

supports this hypothesis (Figure SV.3).  

 

Figure V. 12: FTIR spectra of virgin membrane (blank) and membrane oxidized by NH2Cl in pure 
water, synthetic seawater (SSW) and natural seawater (RSW) at 140 mM!h. Error bars represent 

maximum and minimum obtained at amide peaks and RCOOH peak. 
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IV.2.2 RBS analysis 

The modification of elemental composition and structure of membranes after 

chloramination in pure water, synthetic water and Red Sea water at 35, 85 and 140 

mM!h was evaluated by RBS (Figure V.13). Graph a) shows 0.6% incorporation of 

chlorine at 1.30 MeV (including hydrogen) in the membrane structure after oxidation 

in pure water. It is in agreement with results obtained in batch reactor (Figure V.3). 
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c)  
Figure V. 13: RBS spectra of membrane oxidized by NH2Cl in a) pure water (i.e., MQ), b) synthetic 

seawater (SSW) and c) natural seawater (i.e., RSW) at 35, 85 and 140 mM!h. Percentages are expressed 
as atomic percentage including hydrogen. 

 

The incorporation of chlorine in the membrane modified by chloramination in 

synthetic seawater (Figure V.13.b) was lower than in pure water. It reached 0.25 -0.50  

± 0.01 % atomic chlorine, which represents about 64% of the concentration obtained 

in pure water. Bromine and iodine are also present with chlorine in the RBS spectra as 

a result of chloramine decomposition and reactivity with bromide and iodide to 

produced competing oxidants. These three elements were clearly identified in the 

membrane structure after oxidation performed with synthetic water, and only atomic 

chlorine at 1.3 MeV and bromine at 1.63 MeV were identified after oxidation in 

natural seawater (Figures V.13b and c). The concentrations of atomic bromine and 

iodine for CT ranging from 35 to 140 mM!h reached 0.27-0.48 ± 0.01% and 0.05-0.22 

± 0.01%, respectively. No clear trends were noticed with increasing CT exposure. 

Thus, the variation of halogen incorporation after chloramination in seawater from 35 

to 140 mM!h was not significant as compared to the increase in halogen concentration 

in the membrane after oxidation by hypohalogenous acids (see Chapter III). The 

maximum halogen incorporation in the membrane structure for chlorine, bromine and 
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iodine was 1.6%, 2.2% and 1.0% (including hydrogen in the membrane structure), 

respectively (see Chapter III). Accordingly, the concentration of halogens in the 

membranes modified during chloramination in synthetic seawater reached 15-31%, 

12-21% and 5-22% of the maximum content observed for chlorine, bromine and 

iodine at pH 8.2 in pure water, respectively. With our experimental conditions, atomic 

chlorine addition was slightly favored compared to atomic bromine or iodine. 

Figure V.13.c shows RBS spectra of membranes chloraminated in the presence of Red 

Sea water at 35, 85 and 140 mM!h. RBS profiles were unusual and no simulation 

successfully fitted the original data. The determination of the elemental composition 

of the membrane was impossible. The adsorption of organic matter at the membrane 

surface may explain this unusual profile. Inorganic substances such as iron (Fe), 

nickel (Ni) or zinc (Zn) are probably responsible for the peak located at 1.5 MeV, 

coming either from the Red Sea water or from the RO desalination unit (i.e., corrosion 

product formation induced by oxidants). The peak located at 1.63 MeV corresponds to 

atomic bromine, as detected with synthetic seawater. However, no incorporation of 

iodine was noticed at 1.75 MeV in the case of chloraminated natural seawater. It is 

assumed that at trace level, the iodine-based oxidant reacts with organic matter before 

any reaction with the polyamide membrane active layer can occur. 

 
IV.3 MODIFICATION OF MEMBRANE PERFORMANCES AFTER CHLORAMINATION IN 
DIFFERENT MATRICES 
 
IV.3.1 Permeability measurements 

Membrane permeability, total rejection and specific rejection were determined for 

each modified membrane. Figure V.14 compares the normalized permeability of 

membranes chloraminated in pure water, synthetic and natural seawater. Membrane 

permeability rapidly increased at 150 - 160% of the nominal value and stabilized in 
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the case of chloramination in pure water (see also Figure V.3). For CT > 50 mM!h, the 

permeability of membranes chloraminated in synthetic and natural seawater seemed to 

increase beyond the plateau observed for chloramination experiments in pure water 

(plateau similar for HOCl), to finally reach 210% of the nominal value at the highest 

CT applied. The presence of bromide in seawater leading to the formation of 

brominated secondary oxidants (e.g, bromochloramine) may be responsible for this 

additional increase in membrane permeability.  

On the contrary, Shemer and Semiat (2011) reported a stronger degradation of PA 

membranes “GE Septa CF” by NH2Cl than HOCl, with a 13% decrease in membrane 

permeability after 360 ppm!h ([NH2Cl]i= 107.5 mg/L as Cl2 in synthetic seawater 

without bromide ion). 

 
Figure V. 14: Normalized permeability of membranes chloraminated in pure “MilliQ” water, synthetic 
and natural seawater in function of applied CT. Secondary axis represents time that membrane spent in 

contact with synthetic and natural seawater. Dashed lines represent best fit of data. 
 

IV.3.2 Ion rejection measurements 

Figure V.15 plots the evolution of the normalized total rejection of membranes 

exposed to chloraminated pure water, synthetic and natural seawater. 
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Figure V. 15: Normalized rejection of membranes chloraminated in pure water, synthetic and natural 

seawater in function of applied CT. Secondary axis represent time that membrane spent in contact with 
synthetic and natural seawater. 

 
Three distinct trends were observed. The total rejection decreased at a rate of 5 x10-5 

%/(mM!h) for membrane coupons in contact with chloraminated pure water, it was 

increased to 7 x 10-5 and 1 x 10-4,%/mM!h for chloraminated synthetic and natural 

seawater, respectively.  

These results suggest that in synthetic seawater the production of brominated and 

iodinated secondary oxidizing agents did not significantly enhance the loss of total 

rejection in our experimental conditions. On the contrary, the total rejection of the 

membrane was more severely impacted in the presence of natural seawater. The 

presence of metals at trace levels or organic matters may favor the production of 

additional reactive species (i.e., radical entities, organic oxidants). As observed for 

membranes subjected to chlorination, the rejection of divalent SO4
2- ion was not 

impacted by the modification of the membrane, but a decrease of Cl- and Br- and 

boron rejection with increasing CT exposure was noticed (Figure V.16). In particular, 

the rejection of monovalent ions seemed to decrease faster in natural seawater than in 

pure or synthetic seawater, supporting the trends observed in total rejection. Boron 
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rejection was the most influenced by the water matrix, it appears as a good surrogate 

to investigate changes in membrane performance. A stronger decrease was found in 

the presence of natural seawater as compared to synthetic seawater or pure water. The 

more complex inorganic/organic composition of natural seawater i.e., more reactive 

matrix as compared to synthetic seawater, is probably responsible for a more severe 

impact of chloramines on PA layer.  
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c)  
Figure V. 16: Specific rejection at 55 bars after chloramination of PA membranes in pure water (a), 

synthetic seawater (b) and natural seawater (c) 
 

Specific rejections were plotted as a function of permeates fluxes to determine the 

solute diffusive permeation coefficients (B) in virgin and modified membrane as well 

as the corresponding advection transport coefficient (!) of the membrane. Figure V.17 

presents data points and simulation curves for virgin membrane and membrane 

oxidized by chloramines in synthetic and natural seawater at a CT of 85 mM!h. 

Figures SV.4 and SV.9 in supplementary information provide the results for the other 

CTs. 

 
Figure V. 17: Chloride, sulfate and bromide rejection as a function of flux for virgin membrane (m1), 
and membrane chloraminated in synthetic seawater (m2) and natural seawater (m3) at CT = 85 mM h. 
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Table V. 3: Diffusion (m/d) and advection coefficient obtained for oxidized membranes in pure (MQ) 

water, synthetic (SSW) and natural (RSW) seawater. 
 CHOXT 

mM h  
B (Cl-) 
(x10-2) 

B (SO4
2-) 

(x10-2) 
B (Br-) 
(x10-2) 

B (B(OH)3) 
 

! 

Blank 0.18 0.01 0.23 0.0715 0.0001 
35 0.39 $%$# 0.29 - 0.0003 
106 0.68 0.05 1.05 0.2915 <0.0001 

MQ 

158 0.93 0.05 1.42 0.3503 <0.0001 
Blank 0.12 0.01 0.16 0.0616 0.0002 

42  0.26 $%$" 0.43 0.1672 <0.0001 
SSW 

85 0.77 0.05 1.05 0.2373 <0.0001 
Blank 0.15 0.01 0.20 0.0637 0.0003 

42 0.52 0.02 0.66 0.3266 0.0004 
RSW 

85 1.52 0.19 2.32 0.3803 <0.0001 
 

Table V.3 regroups ! and B coefficients obtained for each membrane after oxidation 

and compares results to virgin membrane parameters. Chloramination of PA 

membrane resulted in significant increase of diffusive permeation coefficients for 

monovalent ions and boron for all water matrices. Boron diffusion was the most 

impacted, while sulfate diffusion remained stable with the exception of the significant 

increase obtained with natural seawater at CT= 85 mM!h. In agreement with total 

rejection, higher impact was noticed when membrane coupons were oxidized in the 

presence of natural seawater. 

 
 

V. IMPACT OF NH2CL ON POLYAMIDE MEMBRANE IN PRESSURIZED 
RO UNIT 
 
Previous studies (Gu et al., 2012) and results in Chapter III demonstrated that pressure 

is accelerating membrane ageing when subjected to oxidants. To assess the impact of 

pressure on the reactivity of monochloramine and secondary oxidants (e.g., 

bromochloramine) produced in the presence of bromide ions with PA membrane, 

chloraminated synthetic seawaters prepared with and without addition of bromide (60 

mg/L Br-) were filtered on the RO unit.  
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Figure V.18 tracks the evolution of permeate flow rate during the different phases of 

pressurized chloramination ([NH2Cl]= 0.07 mM) of synthetic seawater in the RO 

system. Data in blue and red represents the reaction in the absence and presence of 

bromide, respectively. Data in green represents the permeation of synthetic seawater 

without any oxidants.  

 
Figure V. 18: Online determination of permeate flow rate as a function of time during pressurized 

chloramination in synthetic seawater without and with Br- (65 mg/L). 
!
The permeate flow rate rapidly increased with increasing operation time and stabilized 

after 500 h. In the presence of bromide ion, the permeate flow rate remained 

unchanged during the first 200 h of operation, and then increased continuously until 

the end of the experiment. It is interesting to note that at the time the feed water was 

flushed and changed (See Chapter II, Part II.2.2; #6 t= 1320 h #9 t= 2035 h), the 

permeate flow rate increased slightly (from 27 to 30 and 32 to 34 LMH, respectively) 

despite the fact that feed synthetic seawater had the same composition except for the 

small addition of bromide ions, that did not impact significantly the feed water 

conductivity. Autopsy of the membrane coupons and spacers showed rust deposits 

probably resulting from corrosion phenomena of small parts (connections) of the 
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reverse osmosis unit. The replacement of feed water may have flushed a part of the 

rust deposited and potentially modified/increased the membrane permeability.  

Figure V.19 compares the normalized permeability and the normalized rejection of 

membranes oxidized by monochloramine under pressure, in the absence (CT ! 

50mM·h) or presence (CT > 50 mM·h) of bromide in synthetic seawater (blue). For 

comparison, Figure V.19 also depicts results obtained in the unpressurized 

recirculated cell reactor. !

 
Figure V. 19: Normalized permeability (squares) and normalized rejection (diamonds) of membrane 

chloraminated in pressurized RO unit (blue) and in recirculated cells reactor in pure water (green), and 
synthetic seawater (red) as a function of applied CT. Pressurized experiments were run in SSW without 

bromide for CT! 50 mM·h and with bromide for higher CT. Dashed line represent best fit for data. 
!
The permeability increased after pressurized oxidation, however, this improvement 

was less significant than the one observed in unpressurized cells. Gu et al., (2012) 

proposed that a swelling phenomenon occurred at high pH during the chlorination of 

PA membranes under atmospheric conditions, but not in pressurized condition. The 

absence of this phenomenon caused declined flux and increased salt rejection. In our 

conditions, it led to a less intense increase in permeability and slight increase in total 

salt rejection. Compaction occurring during permeation may also inhibit the reactivity 
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of oxidants with membrane reactive sites minimizing their impact on water 

permeability and salt rejection. 

 
Figure V. 20: Specific rejection at 55 bars after chloramination of membranes in pressurized renewed 

SSW without (CT1) and with (CT2) bromide ion. 
 

In addition, total rejection (Figure V.19) and specific rejection (Figure V.20) slightly 

increased after chloramination in pressurized SSW without Br-, but decreased after the 

addition of bromide ions. The increase in membrane permeability and the decrease in 

rejection in the presence of bromide ion followed the same trends than observed in 

batch reactor. Brominated oxidant (e.g., NHBrCl) appears again more reactive than 

monochloramine towards the membrane. The lower decrease in membrane 

permeability and lower total rejection can be explained by a change in membrane 

behavior under pressure.  

No replicates were run to confirm these trends. However, Da silva et al., (2006) 

explored the impact of monochloramine in NaCl on polymeric ACM membranes 

(fully aromatic polyamide) under pressure. They first observed an increase of 15% in 

total salt rejection, followed by a decrease of 10% after chloramination at 500 ppm 

during 40 h (see Chapter I, Table I.5).  
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VI. REACTIVITY OF MONOCHLORAMINE WITH MODEL COMPOUNDS 
CONTAINING AMIDE GROUP 
 
In order to improve the understanding of the impact of chloramines on polyamide 

membranes, oxidation experiments were performed on acetanilide and benzanilide 

compounds, chosen as model molecules to represent polyamide (Glater et al., 

1994)(Soice et al., 2003). Acetanilide and benzanilide oxidation by 14NH2Cl and its 

isotope 15NH2Cl was performed in conditions described in Chapter II. 

 
Figure V. 21: NH2Cl decay at pH 8.2 (50 mM phosphate buffer), in the presence and absence of 

acetanilide and benzanilide (1 mg/L). 
!

Figure V.21 compares the concentration of monochloramine as a function of time in 

pure water and in the presence of acetanilide (Ci= 1 ppm) or benzanilide (Ci= 1 ppm). 

No additional monochloramine demand was noticed in the presence of acetanilide or 

benzanilide in these conditions.  

 

Liquid-liquid extraction of the oxidized samples were performed with methylene 

chloride after 30% of acetanilide decomposition and >75% decomposition for 

benzanilide.  
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Figures V.22, V.23 and V.24 show GC-MS chromatograms obtained for blank sample 

(acetanilide or benzanilide without oxidation) and solutions after reaction with 

monochloramine.  

 
Figure V. 22: Chromatogram of major ion of Acetanilide peak (RT= 11.0 min) and acetanilide 2-nitro 

(RT=11.4 min) in blank sample and sample after reaction with NH2Cl. 
 

 
Figure V. 23: Chromatogram of major ion of Benzanilide peak (RT= 15.2 min), benzanilide 2-nitro 

(RT=16.45 min) and N-(2-Chloro-phenyl)-benzamide (RT= 18.0 min) in blank sample and sample after 
reaction with NH2Cl. 
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Figure V. 24: Chromatogram of major ion of azidobenzene peak (RT= 4.87 min) in blank sample and 

sample after reaction of acetanilide and benzanilide with NH2Cl. 
 

Table V.4 depicts the structures of oxidation products identified by GC-MS for the 

reaction of monochloramine with acetanilide and benzanilide. These oxidation 

products were not present in blank solutions. Main peaks observed in the 

chromatograms of oxidized samples of acetanilide and benzanilide were identified as 

the products of a nitrosation occurring on the aromatic ring, i.e., N-(2nitrophenyl)-

acetamide (or 2'-nitro-acetanilide),  and N-(2-nitrophenyl)-Benzamide (or 2’-nitro-

benzanilide) (Figure V.22 and Figure V.23). N-(2(or 4)-Chloro-phenyl)-benzamide 

was detected after oxidation of benzanilide at 18 min of retention time (RT), most 

probably through chlorination of amide nitrogen followed by Orton rearrangement as 

proposed for the chlorination of benzanilide (Soice et al., 2003). The last product 

identified was azidobenzene, formed from both acetanilide and benzanilide (Figure 

V.24). The formation of this product involves the break of the amide bond and further 

reaction with monochloramine or its decomposition product (e.g., N2, NO3
-…). 
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Table V. 4: Oxidation products of acetanilide and benzanilide identified by GC-MS. 

Name Retention 
times 

Main 
ion 

(m/z) 

Probability 
(%) Molecular structure Products of 

acetanilide 
Products of 
benzanilide 

N-(2-
nitrophenyl)-

acetamide!
""%&! "'#! $&!

!

(! !

N-(2-
nitrophenyl)-
benzamide 

16.4 105 34 

 

! x 

N-(2-Chloro-
phenyl)-

benzamide!
"#%)! ")*! &)!

!

! (!

Azidobenzene 4.9 +"! +"!

 

x x 

 

Figures V.25, V.26, V.27 and V.28 compare the mass spectra obtained for each 

identified compound with the mass spectra available in the NIST library for the 

proposed compounds.  

For chlorophenylbenzamide, only the 10 main ions were available in the NIST library, 

thus reducing the calculated similarity with the spectra obtained for our peak (40% 

matching). However, the high similarities observed between the main ions (Figure 

V.25) confirmed the identified structure. 

Moreover, background noise was high for some of the detected compounds (i.e., nitro-

benzanilide, Figure V.27) because of the low response of these compounds (low 

abundance of the peaks), which also led to a lower similarity with the database and 

reduced the probability of identification. However, the main ions were abundant 
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enough to confirm that the structures proposed by the NIST library were the most 

probable compounds detected in our samples. 

The matching score provided by NIST is not only based on the similarities between 

spectra but also on the set of constraints applied by the user. Since it was only 

expected to get the incorporation of nitrogen, chlorine or oxygen into the molecules, 

all the other elements were set to zero in the software.  

 
Figure V. 25: N-(4-chloro-phenyl)- benzamide mass spectrum 

 
Figure V. 26: Acetanilide N’ – nitro mass spectrum with 14N 
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In a second set of experiments, 15NH2Cl was used to confirm the incorporation of 

nitrogen from monochloramine into the detected oxidation products of acetanilide 

(i.e., nitro-acetanilide). Figure V.27b shows the formation of 15-N’-nitro-benzanilide 

since the use of 15NH2Cl shifted the total mass of the product by 1 Da. The same 

observation was made in Figure V.28 for 15N-azidobenzene, with a mass shift from 

119 to 121. The shift of 2 Da indicates that two nitrogen atoms of azidobenzene come 

from monochloramine. The third nitrogen atom closer to the benzene moiety is 

already present in acetanilide and benzanilide (see Table II.3). 

a)  

b)  
Figure V. 27: Benzanilide N’ – nitro mass spectrum with 14N a) and 15N b)  
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a)  

b)  
Figure V. 28: Azidobenzene mass spectrum with 14N a) and 15N b) 

 

In conclusion, the results demonstrated that the reaction of chloramines with 

acetanilide and benzanilide used as model compounds for polyamide membrane, led 

to the addition of chlorine and nitrogen into the structure of the model compounds. To 

the best of our knowledge, this is the first time than the addition of nitrogen on 

polyamide membrane model compounds is reported after chloramination. The 

formation of nitroanilides probably occurred through addition of the NH2 group from 

monochloramine to the amide ring and its further oxidation to NO2. 
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As proposed by Soice et al., (2003), the oxidation of a functional group attached to a 

benzene ring into electron-withdrawing groups (e.g., NO2) can inhibit ring 

chlorination of the membrane by deactivating the aromatic ring. Thus, the formation 

of nitro-anilides may inhibit the chlorination of polyamide membranes. 

In addition, NO2 groups may form extra intermolecular hydrogen bonds in the 

polyamide structure. These modifications might inhibit “compaction” phenomenon 

(i.e., variation of permeate flux the first hours of filtration under pressure) observed 

for chlorinated membranes (see Chapter III).  

Hence, these results could explain the different behaviors of the membrane 

permeability observed between chloramination and chlorination (see Chapter III). 

It is important to note that pH has an important role in the formation of oxidation 

products (Soice et al., 2003). The experiments discussed in this section were 

conducted at pH 7-8. Additional experiments (the influence of pH, monochloramine, 

model compound and bromide concentrations) are needed to fully evaluate the impact 

of chloramination on polyamide membranes. Other extraction methods could also lead 

to the identification of a wider range of oxidation products formed (e.g., liquid-liquid 

extraction at acidic pH, solid phase extraction). 

 

VII. CONCLUSION 

This chapter aimed to assess the impact of monochloramine on PA membrane 

performances and structure at pH 7-8.2 in pure, synthetic and natural seawater. 

Results in pure water showed: 

• Chlorine was incorporated in the membrane structure. It was mainly due to 

chloramines and not due to chlorine generated during chloramines decomposition. 



!

!

"#$!
• Oxidized membranes exhibit modified FTIR spectra, especially increase in 

carboxylic groups peak intensity and slight increase of amide I peak assigned to non-

hydrogen bonded amide groups with no significant evolution of amide peaks 

intensities. 

• Oxidation of PA by monochloramine led to a break of amide bonds and 

subsequent generation of carboxylic groups. 

• Chloramine slightly oxidized amine groups present in PA. 

• Permeability and rejection of chloraminated membrane increased and 

decreased at a rate of 4x10-6 %/(mM!h) with increasing CT exposure, respectively. 

Moreover, the permeability increase was limited to +60% for CT > 250 mM!h. 

• Chloraminated membrane did not exert “compaction” phenomena after 

oxidation 

 

Comparison of membrane performances and structure after chloramination in pure 

water, synthetic (SSW) and natural (RSW) seawater showed: 

• Organic matter was absorbed on PA membrane after chloramination of RSW 

• Chloramination in SSW led to chlorine, bromine and iodine incorporation into 

the PA layer. However, chloramination of RSW did not exhibit iodine incorporation. 

• Chloramination in SSW or RSW enhanced increased in membrane 

permeability up to + 110% for long CT exposure and decreased in rejection up to -7 x 

10-6 and -10 x10-6 %/(mM!h), respectively. 

• Boron rejection is the more impacted by chloramination in seawaters followed 

by monovalent ions rejections. Divalent ions rejections remained stable. 

• Chloramination of seawater led to the formation of bromochloramine at pH8.2. 
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• Chloramination under pressure led to slower evolution of membrane 

permeability and rejection with increasing oxidant exposure. 

 

Chloramination of model compounds confirmed the incorporation of chlorine in 

membrane structure. Moreover, it showed incorporation of nitrogen, coming from the 

monochloramine molecule, into the membrane structure. 
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CHAPTER VI: CONCLUSION: COMPARISON OF THE IMPACT OF 

COMMON DRINKING WATER DISINFECTANTS ON THE 
PERFORMANCE AND STRUCTURE OF PA RO MEMBRANES 

 
The aim of this work was to investigate the impact of common disinfectants used in 

water treatment, e.g. chlorine (HOCl), bromine (HOBr), iodine (HOI), 

monochloramine (NH2Cl), chlorine dioxide (ClO2), and ozone (O3), on the 

physicochemical integrity and performance of polyamide reverse osmosis (PA RO) 

membranes used for seawater desalination. Especially, the major objectives were to a) 

compare the impact of chloramines and secondary oxidizing agents (NHBrCl, Cl2, Br2, 

I2) that can potentially be formed under drinking water conditions, and to b) 

investigate the mechanisms of oxidant reactions with PA RO membranes. Additional 

experiments were conducted with oxidants (ClO2 and O3) that do not lead to the 

formation of halogenated by-products in pure water.  

 

The SW30HR (Dow FilmTec Co., USA) thin film composite RO membrane with a 

polyamide active layer and a polysulfone support layer was used in this study. 

Membrane coupons were oxidized using different approaches:  

• Membranes coupons were immersed (batch reactor) in oxidant solution 

prepared in buffered pure water (10 mM phosphate buffer, pH 8.2,) at a final 

concentration ranging from 0.141 to 0.704 mM (10-50 ppm as Cl2) and 7.04 mM 

(NH2Cl only). 

• Only the PA surface was exposed to chloramine in semi continuous membrane 

cell (unpressurized, no permeate production) in buffered pure water, synthetic 

seawater, and natural seawater (Red Sea water) at a final concentration of 0.28 mM 

(20 ppm as Cl2). 
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• Membranes were loaded into a lab-scale RO unit (55 bars) and oxidized in 

synthetic seawater with 0.014 mM of iodine (1 ppm as Cl2), and in synthetic 

seawater (in the absence and presence of bromide ions) with 0.070 mM of NH2Cl 

(5 ppm as Cl2). 

 

All membrane coupons (before and after oxidation) were characterized as follows: 

• Permeability, total and specific rejection including boron (performed with 

synthetic seawater) were conducted using a lab scale RO desalination filtration unit 

allowing continuous monitoring of flow rate, pressure, pH, and conductivity.  

• Membrane characterization was performed by ATR-FTIR, Zeta potential, and 

Rutherford Backscattering Spectrometry (RBS) (elemental composition and 

functional groups titration). 

 

I. OXIDATION OF PA RO MEMBRANE IN PURE WATER 
 
Each oxidant was studied independently in pure water. Experiments were conducted 

in batch reactor in the dark at pH 8.2 (pure water was buffered to reach the pH of 

natural or synthetic seawater), and at ambient temperature. For strong oxidants, 

experiments were conducted at concentrations ranging from 10 to 50 mg/L as Cl2. 

Hypohalogenous acids were considered the reactive oxidant species, and oxidant 

exposures were expressed as CHOXT.  Moreover, FTIR and RBS were used to monitor 

the evolution of membrane composition and structure. Table VI.1 shows the changes 

observed in membrane structure and performance after exposure to the all oxidants 

studied in pure water. 
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Table VI. 1: Comparison of the impact on PA membrane structure and performances of oxidant in pure 

water at pH 8.2. 
 Oxidant HOCl HOBr HOI NH2Cl ClO2 O3 

Halogen 
incorporation 

% excluding Ha 
at highest CT 2.8 3.0 1.5 2.8 0 0 

Amide II band !!! !!! ! ! !! !!!! FTIR 
intensity RCOOH peak " " # " " " 

[Amine groups] !! !! !! ! NAb !! [Functional 
groups] 

(M) 
[Carboxylic 

groups] """ " # "" NAb " 

Oxidant demand of functional 
groups ++ + -- - NAb NAb 

“Compaction” phenomenon 
after oxidation d + + - - + + 

Trend "" " ! " "" "" 

Permeability Value at highest 
CT 

+120% 
(20 

mM·h) 

+45% 
(20 

mM·h) 

-40% 
(10 

mM·h) 

+ 60% 
(1300 
mM·h) 

+120% 
(20 

mM·h) 

NP c 

(<1mM·h) 

Trend !! ! "! ! ! !!! 

Rejection eRate %/(mM$h) -0.003 -0.0003 

+0.005%  
at 1 

mM$h 
-0.005%  

at 10 
mM$h 

-4$10-6 -0.002 NP c 

Diffusive 
coefficient B (m/d) " " ! " NAb NAb 

a: % excluding hydrogen is the elemental fraction of the atom in the membrane where H atoms are not 
taken into account 
bNA: Not Analyzed 
cNP: Membrane failed to perform 
d: “Compaction” phenomenon refers to the rearrangement of the polymer structure during the first hours 
of filtration after oxidation at atmospheric pressure. 
e: Rate is the slope of the decrease in rejection as a function of oxidant exposure 
 
I.1 COMPARISON OF STRUCTURAL EVOLUTION 
 
Halogen atoms were detected by RBS in all membranes tested after reaction with 

chlorine, bromine, iodine, and chloramines at pH 8.2. The maximum amount of 

halogen atoms incorporated in the membrane structure was similar for chlorine-based 

oxidants (HOCl, NH2Cl) and bromine (i.e., 2.8 to 3%), while it was lower for iodine 

(i.e., 1.5%). No halogen incorporation was identified after oxidation of PA by ClO2 
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and O3, as expected, since experiments were performed in pure water (no formation of 

secondary oxidizing agents). 

Carboxylic groups, amide bond abundance, and hydrogen bond density were 

monitored by FTIR. The strongest modification of amide groups in membrane 

structure was detected after exposure to bromine and chlorine. It followed the order 

of: (O3 >>) HOBr ! HOCl > ClO2 > NH2Cl > HOI. Ozone was a particular case since 

it led to the failure of the RO membrane. An increase in carboxylic groups was 

detected by FTIR in all oxidized membranes except in iodinated membranes. This 

result was confirmed by titration of RCOOH groups by silver and further detection by 

RBS. Do et al., (2012) reported a rupture of the amide bond after chlorination at high 

pH. Under our experimental conditions, all oxidants except iodine led to the 

breakdown of amide bond and subsequent formation of carboxylic and supposedly 

amine groups. Despite the production of amine groups, the final concentration 

detected after oxidation was lower than in the virgin membrane. Under the conditions 

of oxidant exposure studied, the halogen demand of amine groups was highest for 

chlorine, and followed the order HOCl > HOBr > NH2Cl > HOI. Besides, bromine 

was slightly more incorporated in the membrane structure than chlorine. This finding 

suggests that bromine might also be present on the amide nitrogen or aromatic rings 

attached to amide nitrogen. FTIR deconvoluted spectra showed an increase in amide 

groups non-associated by hydrogen bond after oxidation by HOCl, HOBr, or NH2Cl, 

due to halogenation of amide nitrogen or aromatic ring. However, this increase was 

less significant for chloraminated membranes. At the same time, a decrease in the 

amide I band intensity was detected for all oxidants except chloramines. Similar 

modifications were observed for membranes oxidized by ClO2 and O3. However, 
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reactions mechanisms remain uncertain (i.e., possibility of rupture of the polymer 

between amide groups and aromatic ring that would generate primary amide). 

 
I.2 COMPARISON OF PERFORMANCES 
 
The oxidation of membranes generally enhanced membrane permeability. The largest 

increase in permeability was observed for chlorine and followed the order: HOCl ! 

ClO2 > NH2Cl > HOBr. The permeability of iodinated membranes decreased and 

ozonated membranes failed to perform at high CT (i.e., no rejection and negative 

osmotic pressure) because their structure was too compromised. In the case of 

membranes exhibiting an increase in permeability, the salt rejection decreased (HOCl 

! ClO2  > HOBr > NH2Cl). Total salt rejection of iodinated membranes increased after 

1 mM!h and decreased for higher CT. At low CT, boron rejection was increased from 

an initial 90% to a 95% after oxidation. Increase in membrane rejections were 

explained by the decrease of a specific solute diffusive coefficient. In particular, boron 

(i.e., B(OH)3) diffusive coefficient was the most impacted as compared to monovalent 

anions (e.g., Cl-, Br-). SO4
2- diffusive coefficient remained stable.  Chloraminated and 

iodinated membranes did not exhibit any compaction phenomenon during the first 

hours of filtration after oxidation as compared to membranes treated with HOCl, 

HOBr, ClO2, and O3. Probably, the polymer chain was not significantly impacted by 

iodine and chloramines to induce such compaction phenomenon. 

 

In conclusion, under our oxidation conditions, different mechanisms were involved in 

the oxidation of PA membranes by HOI, NH2Cl, HOCl and HOBr, ClO2 and O3. As a 

summary, the following mechanisms were proposed at pH 8.2 and at low initial 

oxidant concentrations: 
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• HOCl and HOBr: the halogenation of PA membranes probably occurs on the 

amide nitrogen, on aromatic rings attached to an amide nitrogen, and on an amine 

nitrogen resulting from a break/ hydrolysis of an amide bond. 

• ClO2: break/ hydrolysis of an amide bond without halogenation. 

• O3: break/hydrolysis of an amide bond without halogenation and subsequent 

/parallel depolymerization or detachment of the PA active layer from the support 

layer. O3 can also potentially react with aromatic rings.  

• HOI: the halogenation of PA membranes would occur on the amide nitrogen, 

on aromatic rings attached to an amide nitrogen, and on amine nitrogen initially 

present in the structure. No break/hydrolysis of the amide bond was observed. 

• NH2Cl: the halogenation of PA membranes would occur on the amide nitrogen, 

on aromatic rings attached to an amide nitrogen, and on amine nitrogen, with 

break/hydrolysis of the amide bond and a potential nitrogen addition. 

The mechanism occurring during chloramination of PA was unclear. Halogenation of 

the PA and break of the amide bond was observed, but to a lower extent than during 

chlorination. However, the rigidity of the polymer remained stable as shown by the 

absence of post oxidation “compaction” phenomenon. To better understand the 

oxidation mechanisms of PA in the presence of monochloramine, chloramination of 

model compounds (anilides) was performed. Results confirmed the addition of 

chlorine atoms in the structure of anilides, and showed the incorporation of nitrogen 

as nitroso (NH2 groups being oxidized to NO2) and azido groups. This incorporation 

of nitrogen could not be observed in PA chloraminated membranes by RBS. However, 

the addition of nitrogen into the membrane structure may explain the observed 

behavior (reinforced polymer rigidity), e.g. formation of hydrogen bonds, and the 
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variation in intensity observed for amide I band in chloraminated membranes coupons 

by ATR-FTIR. 

 

II. CHLORAMINATION OF PA RO MEMBRANE IN PURE WATER, 
SYNTHETIC AND NATURAL SEAWATER 
 
The second step was to perform chloramination of PA membranes in other water 

matrices, e.g., synthetic and natural seawater. Table VI.2 shows the evolution in 

membrane structure and performance observed after exposure to chloramines in pure 

water, synthetic seawater (SSW), and natural seawater (RSW). 

Table VI. 2: Comparison of the impact on PA membrane structure and performances after exposure to 
chloramines in different water matrices 

 NH2Cl Pure 
water SSW RSW 

Cl ! ! ! 
Br " ! ! Halogen incorporation 
I " ! " 

Amide bands ! ! """ FTIR intensity RCOOH peak " " "" 
Trend " "" "" 

Permeability Value at highest 
CT (1300 mM·h) + 60% +120% +120% 

Trend # # ### Rejection aRate %/(mM$h) -5$10-5 -7$10-5 -1$10-4 
Diffusive coefficient B (m/d) " " "" 

a: Rate is the slope of the decrease in rejection as a function of oxidant exposure 
 

Chloraminated membranes in synthetic and natural seawater exhibited an additional 

increase in permeability and a decrease in salt rejection (increase in solute diffusion 

coefficient) as compared to membranes chloraminated in pure water. Chloramination 

of seawater produced bromochloramine, which exerted an additional oxidation power. 

However, salt rejections, as well as FTIR and RBS spectra, were also more impacted 

in the presence of natural seawater because of the absorption of natural organic matter 

(NOM) at the surface of the membrane. Moreover, the chloramination of PA in 

synthetic seawater led to the incorporation of iodine into the membrane structure. This 
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was not observed with natural seawater, probably because of the fast reaction between 

HOI and NOM that decreased the amount of HOI reaching the membrane surface. 

Thus, the absence of iodine in contact with the membrane surface and the presence of 

NOM adsorbed in the active layer may explain the differences observed during the 

chloramination of seawater in the presence or absence of NOM. 

 

FINAL REMARKS 
 
The use of RBS and FTIR, coupled with the determination of membrane permeability 

and modeling of membrane specific rejection, successfully described the evolution of 

the membrane structure and performances upon oxidation by HOCl, HOBr, HOI, 

NH2Cl, ClO2, and O3.  

In this work, the next techniques were used for the first time to assess the modification 

that occurred in the membrane structure after oxidation: 

• RBS with both direct determination of elemental composition of the 

membrane and indirect quantification of functional groups. 

• The evolution of carboxylic groups from FTIR profile at 1720 cm-1, 

confirming the break of the amide bond for HOCl, HOBr, NH2Cl, ClO2, and O3. 

Deconvolution of amide bands was extremely helpful to examine changes in 

intensity of Amide I and II bands, aromatic amide and non hydrogen-bonded amide 

bonds, and the shift of Amide I band at higher wavenumber. 

• The modeling of membrane specific rejection by a model involving a solution 

diffusion model incorporating both, diffusion and advection transport phenomena, 

relating the increase or loss of rejection with a decrease or increase in solute 

diffusion coefficient in the membrane, respectively. 
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Our results confirmed that it is not recommended to use chlorine in continuous 

injection without a reducing agent prior PA membrane in seawater RO desalination 

process to avoid the degradation of the PA layer due to the break of amide and 

hydrogen bonds, and halogen incorporation occurring at pH 8.2. This degradation led 

to a significant increase in the permeability and to a decrease in membrane rejection. 

The use of ClO2 and O3 is also not recommended because these oxidants also degrade 

the PA membrane performance. 

The use of iodine appears as a promising option. The halogenation of the PA (without 

break of the PA structure) reduces the membrane external porosity that leads to an 

increase in membrane rejection, especially for boron. In counterpart, there is also a 

decrease in permeability. A short presoaking of SWRO PA membrane in an optimized 

chlorine concentration solution might be an interesting option to enhance the 

permeability without heavily affecting the rejection. The same approach could be 

proposed with iodine when higher boron rejection is targeted, however, loss in 

permeability would be observed. A combination of the two oxidants used in series 

should be explored with the objective to synthesize more efficient RO membranes. 

 

Finally, monochloramine appears to be a mitigated alternative to chlorine as a 

disinfectant in water treatment plants using PA RO membranes in term of membrane 

ageing. Even if the increase in permeability still slowly occurs, the decrease in 

rejection remains significant, especially for boron. Moreover, enhanced 

chloramination impacts on PA membrane ageing were observed in seawater 

(permeability increase and rejection decrease) probably because of the presence of 

marine NOM and bromide ion that generates bromochloramine. Nevertheless, more 

work should be conducted at pilot scale under more realistic operation conditions 
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(hydraulic conditions, variation of feed water composition and temperature, injection 

or not as a pretreatment of anti scaling agent at lower pH) to investigate the impact of 

lower monochloramine doses sufficient enough to inhibit biofilm growth on SWRO 

PA membranes.  
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SUPPLEMENTARY INFORMATION 

a)  

b)  

c)  
Figure SIII. 1: FTIR spectrum of membrane oxidized by chlorine (a), bromine (b) and iodine (c) at 

different CT. 
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a)  

b)  
 

Figure SIII. 2: Deconvoluted FTIR spectra of a) virgin membrane and b) membrane oxidized by HOCl 
at CHOClT of 8.19 mM·h. 
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Figure SIII. 3: Chloride, sulfate and bromide rejection as a function of flux for virgin membrane (1), 
and chlorinated membrane (2) at CHOClT=1.64 mM·h (700 ppm·h as Cl2), (3) at CHOClT=3.98 mM·h 

(1700 ppm,h as Cl2) 
 
 
 

 
Figure SIII. 4: Boron rejection as a function of flux for virgin membrane (1), and chlorinated membrane 

(2) at CHOClT=1.64 mM·h (700ppmh as Cl2), and (3) at CHOClT=3.98 mM·h (1700 ppmh as Cl2) 
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Figure SIII. 5: Chloride, sulfate and bromide rejection as a function of flux for virgin membrane (1), 

and brominated membrane (2) at CHOBrT=6.42 mM·h (600ppmh as Cl2), and (3) at CHOBrT= 9.63 mM·h 
(900 ppmh as Cl2) 

 

 
Figure SIII. 6  Boron rejection as a function of flux for virgin membrane (1), and brominated membrane 

(2) at CHOBrT= 6.42 mM·h (600 ppm·h as Cl2), and (3) at CHOBrT = 9.63 mM·h (900 ppm·h as Cl2) 
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Figure SIII. 7: Chloride, sulfate and bromide rejection as a function of flux for virgin membrane (1), 

and iodinated membrane (2) at CHOBrT=0.14 mM·h (10ppmh as Cl2), and (3) at CHOBrT= 0.56 mM·h (40 
ppmh as Cl2) 

 
 

 
Figure SIII. 8: Boron rejection as a function of flux for virgin membrane (1), and iodinated membrane 

(2) at CHOBrT=0.14 mM·h (10ppmh as Cl2), and (3) at CHOBrT= 0.56 mM·h (40 ppmh as Cl2) 
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Figure SIII. 9: Chloride, sulfate and bromide rejection as a function of flux for virgin membrane (1), 
and iodinated membrane (2) at CHOBrT=1.19 mM·h (85 ppmh as Cl2), and (3) at CHOBrT= 3.02 mM·h 

(215 ppmh as Cl2) 
 

 
Figure SIII. 10: Boron rejection as a function of flux for virgin membrane (1), and iodinated membrane, 

(2) at CHOBrT=1.19 mM·h (85 ppmh as Cl2), and (3) at CHOBrT= 3.02 mM·h (215 ppmh as Cl2) 
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Figure SV. 1: Kinetic of reaction of monochloramine in synthetic seawater and DPD. Valentine’s 
method for the determination of bromochloramine concentration. 

 

Figure SV. 2:Determination of absorbance due to the presence of bromochloramine. Valentine’s 
method for the determination of bromochloramine concentration. 
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a)  

b)  
Figure SV. 3: SEM images of modified membrane surfaces after chloramination in a) SSW and b) 

RSW at 140 mM·h 
 

Figure SV.3 shows SEM images of modified membrane surfaces after chloramination 

in synthetic and Red sea water at 140 mM·h. It confirms the presence of new material 

at the surface of the membrane. The density is higher for membrane oxidized by 

NH2Cl in red sea water (graph b) than in synthetic seawater (graph a), where the new 

material in almost inexistent. An EDX (Energy Dispersive X-ray spectroscopy) 

analysis of elements present at the surface of membrane for RSW samples shows that 

aggregates are mainly composed by carbon (30-40%wt), oxygen (34-40%wt) and 

silicium (7-16%wt), and with a minor proportion of nitrogen (3-4%wt), sulfur (2-

6%wt) and magnesium (1-9%wt). Thus, this material may alter RBS signal related to 

the membrane and FTIR signal in Figure V.8. It may also alter membrane 

performances. 
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Figure SV. 4: Chloride, sulfate and bromide rejection as a function of flux for virgin membrane (1), and 

membrane chloraminated in pure seawater (2) at CT = 35 mM·h. 
!

 
Figure SV. 5: Chloride, sulfate and bromide rejection as a function of flux for virgin membrane (1), and 

membrane chloraminated in pure seawater (2) at CT = 106 mM·h and (3) at 158 mM·h. 
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Figure SV. 6: Boron rejection as a function of flux for virgin membrane (1), and membrane 

chloraminated in pure seawater (2) at CT = 106 mM·h (m2) and (3) at 158 mM·h. 
 

 
Figure SV. 7: Chloride, sulfate and bromide rejection as a function of flux for virgin membrane (1), and 

membrane chloraminated in synthetic seawater (2) and natural seawater (3) at CT = 42 mM·h. 
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Figure SV. 8: Boron rejection as a function of flux for virgin membrane (1), and membrane 

chloraminated in synthetic seawater (2) and natural seawater (3) at CT= 42 mM·h. 
 
 

 
Figure SV. 9: Boron rejection as a function of flux for virgin membrane (1), and membrane 

chloraminated in synthetic seawater (2) and natural seawater (3) at CT = 85 mM·h. 
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