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ABSTRACT

Chlorine dioxide has been used as a water disinfectant in water reclamation plants prior to
the emergence of RO membrane process. However, the effects of chlorine dioxide on the integrity
of RO membranes have yet to be fully understood. In this study, the influence of chlorine dioxide
on RO membranes was investigated by observing chlorine dioxide reactions in the presence of
iodide and bromide, structural changes of the RO membrane active layer polyamide and evolution
in RO membrane assesses a solute passage (Rhodamine WT) and water flux. Batch experiments
were performed to assess the reaction of chlorine dioxide, bromide and iodide in a potassium
phosphate (10mM) buffered solution (pH=7.5). lodide was found to react with chlorine dioxide
over time while bromide did not under condition relevant to water treatment. On the other hand,
chlorine dioxide oxidized bromide when the bromide concentration exceeded that of chlorine
dioxide. Investigation of the influence of these compounds on the RO membrane polyamide using
Rutherford back-scattering spectrometry (RBS) revealed that polyamide was underwent
bromination but was more resistant to chlorination and iodination. These results suggest that
chlorine dioxide oxidizes bromide although the reaction is slow, and it leads to polyamide
bromination. Furthermore, RO membranes exposed to chlorine dioxide and bromide had
significantly decreased the solutes rejection and water flux, while exposure to chlorine dioxide
alone had no measureable influence. Therefore, we found that chlorine dioxide oxidation of

bromide specifically leads to polyamide bromination and RO membrane deterioration.
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CHAPTER 1

INTRODUCTION

Producing safe drinking water is essential because water scarcity is a universal issue,
especially in developing countries. Membrane separation systems allow removal of various
chemicals such as salts, metals and organic compounds in the feed water, whereby improving water
quality. Reverse osmosis (RO) membranes, which have a high selectivity and durability, are
implemented in desalinization plants and discharged wastewater purification plants to produce safe
water.

There are several types of RO membranes, such as thin film composite, asymmetric
cellulose triacetate, hollow fiber membranes and ceramic membranes. Thin film composite (TFC)
RO membranes consist of an active layer (around 200 nm), support layer (up to 50um) and
polyester fabric (Figure 1). Membranes are folded with permeate carrier inside, and the resulting
sheets are rolled around a permeation collection tube. The active layer is made of fully aromatic
polyamide (PA, C3sH24NsOs) which function is to remove salts and organic compounds. The
support layer is made of polysulfone (PS, C27H2606S). The active layer is formed by interfacial
polymerization on the surface of the support layer. The polyester fabric supports these two layers
with the necessary mechanical properties (Coronell et al., 2008, Petersen 1993).

TFC RO membranes are commonly used because of their higher permeability and ability
to select against a variety of contaminants. However, they cannot be used semi-permanently due
to vulnerability to fouling caused by accumulation of undesirable materials on the membrane
surface. This clogs the membrane pores and reduces permeate flux. Such fouling includes

formation of cake layer, biofouling, organic fouling and inorganic fouling (Meng et al., 2009).



Biofouling or cake layer formation is caused by the deposition, growth and metabolism of
bacteria cells or flocs on the membranes (Pang et al., 2005). In general, it is prevented by feed
water disinfection. Although oxidizing agents are usually used as disinfectants to the feed water of
RO membranes, some disinfection by-products (DBPs) are not only harmful to human health, but
they can also damage the RO membrane. For example, Antony et al. (2010) indicated that
oxidation of polyamide on the RO membrane with free chlorine results in the degradation of salt
rejection and membrane permeability in some cases. Furthermore, Silva et al. (2006) concluded
that the degradation of polyamide with monochloramine would have a similar effect as free
chlorine, albeit to a lesser extent.

Several mechanisms that result in morphological and chemical changes have been studied
(Glater et al., 1983, Singh 1994 and Kang et al., 2007). A study by Kang et al (2007) characterized
a two-stage mechanism for chlorine-mediated polyamide degradation in which hypochlorite
chlorinates the polyamide N and the unstable N-chlorinated amides undergo an irreversible Orton
Rearrangement (Kang et al., 2007) that results in polyamide deterioration and decrease in RO

membrane integrity (Figure 2). Gabelich (2005) indicated that the formation of CI( I ) is the

primary driver in polyamide membrane chlorination reactions. Due to the similarity in properties
and behavior, it is reasonable to assume that bromine or iodine in the +1 oxidation state also drive
bromination and iodination reactions of the polyamide membrane. In fact, polyamide type

membranes are sensitive to chlorine significantly (Glater, 1981).
CHLORINE DIOXIDE

Chlorine dioxide is also an oxidizing agent used as a water disinfectant prior to RO
membrane filtration units in some drinking water treatment processes (Junli et al., 1997). Typically,

chlorine dioxide is applied to reach 0.1 — 5.0 mg/L in drinking water treatment (Tzanavaras et al.,



2007). Although the handling is difficult due to the high Henry’s constant and vulnerability to UV-
mediated degradation, chlorine dioxide has a higher oxidation potential than chlorine but it
generates a less number of DBPs (Agus et al., 2009, Aieta, 1986, Rav-Acha, 1985, Richardson et
al., 2000). Therefore, chlorine dioxide can be used as a water disinfectant with shorter contact time
and lower DBPs production than chlorine. Heijne (1973) indicated that the C1O> decomposition
rate is quite slow in neutral aqueous solutions. Bray (1906) proposed chlorine dioxide

decomposition in basic condition as follows;

2Cl0, 4+ 20H™ - ClO5 + ClO3 + H,0 (1)
— 2222 = k[OHT[CL0,)? 2)

where, the rate constant k is 15.3 M2 S™!. In addition, Odeh et al. (2002) proposed three concurrent
chlorine dioxide decay pathways showing that, at low ClO; concentrations, ClO;" yield is greater
than that of C105".

Iodide and bromide reactions with chlorine dioxide has been studied by many researchers
(Odeh, et al., 2002, Fabian, 1997, Fukutomi, 1967, Hoigne and Bader, 1994, Lengyel et al., 1996).
Féabian (1997) and Fukutomi (1967) indicated that, under near neutral pH conditions, the iodide-
mediate reaction proceeds as follows;

2Cl0, + 217 - 2ClO5 + I, 3)

where, the rate constant k of intermediate [ClO, - I7] is (1.8740.02)x10° M s! (Fabian, 1997)

and 2.95 X 10° M!'s! (Fukutomi, 1967) at 25°C, respectively. In addition, Hoigne and Bader (1994)
observed that iodide is easily oxidized by chlorine dioxide (the rate constant k = 1.4 X 10° M!s1)

although the product has not been clearly identified. On the other hand, there are some studies that
hypoiodite is produced after the iodine production (Eigen, 1961 and Bichsel, 2000).Therefore, the

1odide reaction with chlorine dioxide remains unclear.



As for bromide, most researchers argued that chlorine dioxide does not oxidize bromide
(Agus, 2009, Belluati et al., 2007, and Hoigne, 1994). However, Agus (2009) suggested that further
investigation should be conducted in order to figure out the bromide reaction with chlorine dioxide.

In terms of the polyamide degradation with chlorine dioxide, Glater (1983) concluded that
polyamide membranes are not damaged by chlorine dioxide at near neutral pH since halogen
uptake was not observed. Furthermore, using X-ray photoelectron spectroscopy (XPS), Sandin et
al (2013) compared the extent of polyamide membranes chlorination when exposed to
hypochlorite and chlorine dioxide. As a result, they observed that exposure to chlorine dioxide led
to one third chlorination less than hypochlorite, demonstrating that chlorine dioxide leads to less
halogenation than chlorine. However, as XPS can analyze down to 5 nm depth below the
membrane surface, Bartels (1989) indicated that the elemental compostion of active layer could
vary with depth. Therefore, these data only represent the surface of membrane active layer.

Kwon et al. (2011) and Sandin et al. (2013) indicated that the membrane exposure to
chlorine dioxide and bromide preferrentially led to polyamide bromination rather than chlorination.
This evidences that hypobromite is produced in the presence of chlorine dioxide and bromide.
However, it is contradictory to the above that chlorine dioxide does not oxidize bromide (Agus,

2009, Belluati et al., 2007, and Hoigne, 1994).

RUTHERFORD BACKSCATTERING SPECTROMETRY

Rutherford Backscattering Spectrometry (RBS) is an analytical technique that can be used
to assay the elemental composition of membrane layers. While XPS can only measure down to 5
nm in depth from the membrane surface, RBS can analyze approximately 2 um; thus, RBS can
measure the chemical composition of both the active layer and support layer of RO membranes.

In fact, there are several studies using RBS for the analysis of membrane layers. Mi et al. (2007)



applied RBS to characterize the partitioning of arsenic (III) from aqueous phase into the active

layer of NF/RO membranes. They concluded that RBS analysis provides accurate information on
the elemental composition of the active layer and support layer of RO membranes. Coronell et al.
(2008) used RBS to quantify the ion probes in the RO membrane’s active layer. Saenz de Jubera
et al. (2012) quantified the concentration of carboxylate groups associated with polyamide cross-
linking in the NF membranes’ active layer. Therefore, RBS is a useful instrument to analyze the

elemental composition of RO membranes.
OBJECTIVES

The main objective of this study is to clarify how chlorine dioxide disinfection affects RO
membrane integrity. First, the chlorine dioxide reactions with iodide and bromide were
investigated with UV-VIS spectrophotometer (UV). Second, the changes in elemental
compositions of RO membranes that were exposed to chlorine dioxide, iodide and bromide
solutions, were analyzed by RBS. Third, solute rejection and water flux were evaluated through
testing the permeability of disinfectant-exposed RO membranes. Finally, the structural effects of
RO membranes were evaluated based on the solute transport model used by Saenz de Jubera et al.

(2012).



CHAPTER 2

MATERIALS AND METHODS

CHLORINE DIOXIDE

Chlorine dioxide was produced by the method reported by Vicuna et al. (2008). In this
method, chlorine dioxide can be produced from chlorine gas and solid sodium chlorite as follows;

2NaCl0, + Cl, = 2Cl0, + 2NaCl %)
The gas/solid reaction took place in a bench scale generator system (CDG Technology, Bethlehem,

PA). In this system, pure chlorine gas (40,000 ppmv) is injected into a cartridge and containing

sodium chlorite where it reacts. All tubes are made of Teflon® to prevent side reactions. A leak

test was conducted every time by nitrogen gas before using the system. Then, chlorine gas was
injected with an inlet pressure of approximately 10 psig. Since the chlorine dioxide gas at a
concentration of approximately 77,000 ppmv was generated as gaseous matter, the gas was
bubbled through a diffuser into a 120 mL amber bottle with Nanopure water. Approximately, 25
mM CIlO: solution was produced after 2-3 minutes bubbling. After finishing the chlorine dioxide
gas production, the system was purged by nitrogen gas for 15 minutes. Chlorine dioxide solution

was prepared fresh and stored in a dark room at 4°C before each experiment as it is sensitive to

temperature and light.
CHLORINE DIOXIDE REACTION WITH IODIDE AND BROMIDE

The reactions of chlorine dioxide with iodide and bromide were investigated using 120 ml
amber bottles as reactors. The following conditions were tested;
(1) 20 mg/L (0.30 mM) CIO>
(2) 20 mg/L (0.30 mM) ClO; and 0.50 mg/L (3.9x103 mM) I

(3) 20 mg/L (0.30 mM) CIO2 and 20 mg/L (0.25 mM) Br



(4) 20 mg/L (0.30 mM) ClO2, 0.50 mg/L (3.9x10 mM) I and 20 mg/L (0.25 mM) Br
(5) 2 mg/L (0.030 mM) CIO;
(6) 2 mg/L (0.030 mM) CIO; and 0.050 mg/L (3.9x10* mM) I
(7) 2 mg/L (0.030 mM) CIO> and 2.0 mg/L (0.025 mM) Br
(8) 2 mg/L (0.030 mM) ClO, 0.050 mg/L (3.9x10* mM) I and 2.0 mg/L (0.025 mM) Br
Iodide and bromide solutions were prepared with potassium iodide (KI) and potassium bromide
(KBr), both buffered at pH 7.5 with potassium phosphate buffer solution. Batch experiment
solutions (1) to (8) were sampled every 24 hours for 10 days. For each sample, chlorine dioxide
concentration was measured with a UV-Visible spectrophotometer (UV-2610 Shimadzu, JAPAN)
using a 1 cm quartz cell. The concentration was calculated using the following absorbance-
concentration conversion equation:
C= w x 1073 (6)

Where A is the absorbance, MW is the molecular weight of chlorine dioxide (67.45 g/mole). And
[ is the light path length (1 cm). According to Furman (1998), the molar absorptivity (¢) of chlorine
dioxide is 1230 L M™! cm™! at 359 nm. For samples with absorbance exceeding 1.0, samples were
diluted to prevent deviation from Beer’s law.

In addition, chlorine dioxide reaction with different bromide concentrations were observed
by setting up batch experiments with constant chlorine dioxide concentrations (20 mg/L or 0.296
mM) and varied bromide concentrations (0 mg/L, 2000 mg/L (0.025 M), 4000 mg/L (0.050 M),

6000 mg/L (0.075 M)).

MEMBRANE LAYERS ANALYSIS WITH RBS

RO membrane coupons were soaked in the above solutions (1) to (8) plus in an additional

control of 10mM phosphate buffer solution. In this study, SW30HR (DOW FilmTec Co., USA)



thin-film composite RO membrane coupons were used. Membrane coupons were rinsed in
Nanopure water (Thermo Scientific Barnstead Dubuque, [A) for at least 24 hours prior to use. To
observe the extent of membrane damage over time, batch experiments were conducted. The
membrane coupons were sampled at 1, 2, 5, 12, 24, 48, 96, 144 and 240 hours for each treatment.
Sampled membrane coupons were rinsed in 1:1000 dilutions of their respective solutions for 30
minutes.

After the batch experiments, membrane coupons were dried for at least 24 hours and
analyzed by RBS. Sampled membrane coupons were attached onto the sample stage by double-
sided thermal conductive tape (T410 material, Marian, Chicago, IL).

In order to measure the elemental composition, a Van de Graaf accelerator (High Voltage
Engineering Corp., Burlington, MA) was used. This accelerator can direct a 3 mm diameter 2 MeV
helium beam against a membrane layer, and the measured RBS spectra were analyzed using
SIMNRA (Max-Planck-Institut fur Plasmaphysik, Garching, Germany). To prevent membrane
damage by exceeding the helium ion fluence threshold, the stage was continuously moved (Mi et
al., 2007). The measurements were completed when approximately 1000 counts of carbon were
collected for each sample. This allowed determination of the active and support layer chemical
composition at an atomic density of 10'> atoms/cm?. The spectra were normalized to the sulfur
plateau. Based on the composition data, molar concentrations of bromine and iodine in the active

layer were calculated with the following equations (Coronell et al., 2011)

BI‘ — E’ X PPA : 7
[Br] Br Y.c,oN,cLH(E XM;) ™

[1] = & x Lo (8)

Ycon,cLu(E XM;)
Wheres;, M; and ppy = 1.24 g/cm? are the elemental fraction of element i, molar mass of

element 1, and density of polyamide, respectively.



PERMEATION TEST

For fabrication and performance characterization of exposed membranes as mentioned in
above, a dead-end membrane filtration apparatus (model 8400, Millipore Co., Bedford, MA) was
used (Suzuki et al., 2007, Saenz de Jubera et al., 2012, Saenz de Jubera et al., 2013). Permeate
flow rates were monitored gravimetrically with an analytical balance (BP211S, Sartorius Co.,
Edgewood, NY) connected to a computer. All membrane fabrication and performance
characterization experiments were performed at room temperature (22—25 °C) under magnetic
stirring.

Permeation experiments were performed with single-solute aqueous solutions containing
2.5 mg/L Rhodamine WT (R-WT). NaH,PO4 and Na,HPO4 were used to adjust the pH to 7.5 for
the R-WT solutions. R-WT (35% (w/v) aqueous solution, Turner Designs, Sunnyvale, CA) with a
molar mass of 487 g/mol was used as a representative of organic contaminants (Saenz de Jubera
et al., 2012). The performance of each membrane was measured at varying hydraulic pressures
within the range of 0.10 — 0.41 MPa. Both feed solutions and permeate solutions at each hydraulic
pressures were taken after the flux was stable.

R-WT was measured by fluorescence (excitation/emission wavelength of 556/580 nm)
using a spectrofluorometer (RF-5301 PC, Shimadzu, Scientific Instruments, Inc.).

SOLUTE TRANSPORT MODEL

The solute passage model, used by Saenz de Jubera et al. (2012), was applied to the results
obtained from permeation experiments with R-WT. This model was developed based on a modified
version of the diffusion model (Wijmans and Baker, 1995) that accounts for the existence of

imperfections in the active layer through which advective transport occurs (Urama, 1997).



According to Urama (1997), the water and solute fluxes through the membrane at steady state can

be expressed as follows;

Jo = Ap(Ap — Am)/(1 — @) ©)

Js =JvCp = B(Cyy — Cp) + aJy Cyy (10)
Ap =pr —pp (11)
An = —m, (12)

Where J;; (m*/m?/d) and /5 (mol/m?/d) are the product water and solute fluxes, Ap
(m*/m?/d/Mpa) and B (m/d) are the product water and solute permeation coefficients, a is the
fraction of the total product water flux corresponding to advection through membrane
imperfections, py and 7; are the hydraulic pressure and osmotic pressure of feed water, p,, and
7, are the hydraulic pressure and osmotic pressure of product water, Ap and A are the
differences in hydraulic and osmotic pressure across the membrane active layer, respectively, Cp,
C,, and Cp are the solute concentration of bulk feed solution, feed solution next to the membrane
wall, and permeate, respectively.

The feed water concentration side adjacent to the membrane surface can be represented

with the following concentration-polarization expression (Mathiason and Sivik, 1980);

Cw—Cp Jo

Cr—Cp exp(k> (13)
where £ (m/d) is the solute mass transfer coefficient in the concentration-polarization film. In this
study, kz-wr =1 m/d reported by Saenz de Jubera et al. (2012) was used for fitting the R-WT

data.

Overall, solute permeability (SP = C,/Cs) could be expressed as follows (Saenz de Jubera

etal., 2012);

10



SP=1-SR=1-

1

1+

where, SR represents solute rejection (1- Cp/C

B a
G-y 1-a

f).

]exp(

(15)
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CHAPTER 3

RESULTS AND DISCUSSION

CHLORINE DIOXIDE REACTION

CIOz> reaction with bromide and iodide were observed by UV-VIS spectra analysis. Figure
3 shows the temporal ClO> concentration profile in absence, presence, and simultaneous presence
of bromide and iodide. Experimental conditions correspond to absence of Br and I, 20 mg/L Br,
0.5 mg/L I, 20mg/L Br and 0.5 mg/L I solutions containing initially 20mg/L ClO> with the pH
adjusted to 7.5 with 10 mM phosphate buffer solution. Additional results and raw data were shown
in Figure A1 and Table A1 to Table A8 of the Appendix.

As shown in Figure 3, ClO; concentration decreased over time during the experiment with
regard to the iodide solution. According to the eq. (3) and some studies (Fébian, 1997 and
Fukutomi, 1967), I» is produced as a result of ClO; reaction with iodide. Since the ClO> decrease
ratio is determined by the rate constant, ClO; concentration and I" concentration, the Cl1O; decrease
ratio decreases with the consumption of ClO; and I'. The temporal change in ClO; concentrations
in the presence of iodide can be estimated using eq. (1), (2) and (3). However, models based on eq.
(1) and (2) did not fit the measured ClO> self-decomposition for treatments with 20 mg/L ClO»
and 2 mg/L ClO2, as shown in Figure 4. This discrepancy may be attributed to ClO> volatilization
due to its relatively high volatility (Ky = 0.85 to 1.0 M/atm) (Sander, 1999). Although eq. (2) and
(3) were not used due to the sampling issues, the results revealed that iodine was formed as a result
of the ClO; reaction with iodide as Fabian (1997) and Fukutomi (1967) previously observed.

On the other hand, ClO; did not appear to decay in the 20 mg/L Br solution. This result
was consistent with previous studies suggesting that chlorine dioxide does not oxidize bromide

(Agus, 2009, Belluati et al., 2007, and Hoigne, 1994). However, the ClO; concentration in the 20
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mg/L Br and 0.5 mg/L I solution also did not decrease as much as that in the 0.5 mg/L I solution.
This result indicates that bromide works to retard the reaction of ClO; and iodide, or bromide is
oxidized by chlorine dioxide.

In order to assess of ClO; under a slower reaction with bromide, higher bromide
concentrations (200 mg/L Br, 2000 mg/L Br, 4000 mg/L Br and 6000 mg/L Br) were applied in
comparison with ClO2 concentration (20 mg/L). As shown in Figure 5, ClO2 concentration
decreased over time, and the rate of decrease was more pronounced at higher bromide
concentration. Furthermore, a specific absorbance peak was appeared around 266 nm wavelength
as shown in Figures A3, A4 and AS. According to Gazda (1994) and Sasulard (1981), the 266 nm
wavelength is tribromide ( Br3') of which molar absorptivity (g) is 35000 L M™' cm™.Therefore
Bry concentration can be estimated by eq. (6). Figure 6 indicates the Br; concentration profile
over time in case of 200 mg/L Br, 2000 mg/L Br, 4000 mg/L Br and 6000 mg/L Br disinfected with
20 mg/L ClOz. As shown in Figures 5 and 6, Br; concentration increased with the decrease of

CIOz concentration. According to Gazda (1994), Br; is formed by following equation;

kgr

Br, + Br~ <3 Brs (16)
_ By

B = o o] (17)

Where, kg, is 16.6 M. Assuming that Br, is formed by the same pathway of the iodide reaction
with ClO,, Br, forming reaction can be expressed as follows;

2ClO, + 2Br™ - 2ClO; + Br, (18)
On the other hand, Fickert (1999) indicated that HOBr is formed in the presence of Br, as shown

in the following equation.

kyosr

Br, + (H,0) — HOBr + Br~ + H* (19)

13



kgr
HOBr + Br~ + H* —3 Br, + H,0 (20)
Where, kyopr = 110s™%, kg, = 1.6 X 10'°°M 7257 . Overall, eq. (19) and eq. (20) can be

expressed as follows;

keqHOBr - +
Br, + H,0 «—— HOBr + Br~ + H (21)
Keqrosr = “HOBr — 6.9 x 102 22)
kBTz
B
[HOBr] = =22 kegrosr (23)

Substituting eq. (17) into eq. (23), HOBr is calculated as follows;

__ [Br3] . kKeqrOBT
HOBr] = & =5 Kpry %)

Table 1 shows the bromide and bromine compounds concentration at equilibrium. As shown in
Table 1, the HOBr concentration increased with the increase of bromide, presumably derived from
ClO; reaction with bromide. Thus, HOBr could be produced by the reaction between ClO> and
bromide. However, the low HOBr concentration and molar absorptivity (100 L M' cm™) limits
spectrophotometric detection (Gazda (1994). This results clearly demonstrates that ClO, oxidize
bromide and bromine compounds were formed.

MEMBRANE LAYERS ANALYSIS

Results for one of the RBS analysis of membrane exposure over time to control (10mM
phosphate buffer solution) and 20 mg/l ClO2, 20 mg/L Br and 0.5 mg/L I with 10 mM phosphate
buffer solution were shown in Figure 7, 8 and Table 2 to 7, respectively. Each element peak was
determined by SIMRA for RBS spectra analysis. The other RBS analysis results were shown in
Figures B1 to B5 and Table B1 to B15 of the Appendix. Although neither bromine nor chlorine

peaks were observed in control membranes (Figure 7), such peaks were observed in the exposed

14



membranes at 1.65 MeV and 1.29 MeV respectively (Figure 8). This result clearly demonstrates
that the polyamide active layer on the membranes were halogenated (chlorinated, brominated) in
the presence of chlorine dioxide and bromide. On the other hand, iodine peak at around 1.70 MeV
was hardly observed. In addition, a small height of potassium peak at around 1.32 MeV was also
observed in the exposed membranes (Figure 8). Since bromine, chlorine and potassium peaks were
not observed in bromide and iodide solution without chlorine dioxide (Figure B1 and Table B1 on
the Appendix), halogenation and potassium association most likely resulted from reactions of the
polyamide with chlorine dioxide.

Figures 9 to 12 show chlorine, potassium, iodine and bromine concentration in the
polyamide membrane active layer over time.

Although chlorine uptake was observed in all cases as shown in Figure 9, it increased
rapidly reaching a plateau. The mean chlorine content in polyamide was approximately 1.8% by
polyamide weight after exposure for 49 hours (Table B1 to B4 of the Appendix). Glater (1983)
measured 0.3% polymer chlorine content after exposure for 48 hours with 30 mg/L C1O; at pH 8.6.
The result was reasonably consistent with the previous research. Glater (1983) also measured
17.7% polymer chlorine content after exposure for 40 hours with 30 mg/L Cl> due to the PA
halogenation by HOCI. Therefore, PA chlorination by CIlO:z is less pronounced than that of HOCI.

Potassium concentration increased overtime as shown in Figure 10. Alayemieka (2012)
indicated that the carboxylic group in PA deprotonated (COOH — COO") at pH above 3.5.
Therefore, potassium derived from the monoionic halogen solution may associate with the
negatively charged caboxylate groups.

Iodine in the PA was observed at relatively low levels (up to 0.35 % of polyamide iodination

by molarity). Although I is oxidized to I by ClO2 as shown in eq (3), it has not been clarified yet

15



whether HOI is produced from I or not in the presence of ClO.. Since low iodide concentrations
were used compared to bromide, iodination may be observed if a higher iodide concentration was
used. In agreement, higher iodide molar concentrations for ClO2 molar concentration indeed
increased the iodine concentration in PA over time in experiments with 2 mg/l C1O; (0.030 mM),
0.05 mg/L I (3.9x10* mM) solution and 2 mg/l C102 (0.030 mM), 0.05 mg/L 1(3.9x10* mM),
2.0 mg/L Br (0.025 mM) solution. Therefore, futher studies are required to investigate the effect
of ClO; and iodide reaction on PA.

On the other hand, the bromine concentration increased over time, reaching up to 34-41%
of polyamide bromination by molarity (Figure 12). This increase of bromine concentration
supports the occurrence of bromination (Sandin et al., 2013). Thus, this result clearly demonstrates
that chlorine dioxide oxidize bromine and produce hypobromite. In addtion, assuming that the
oxidized bromine concentration is equal to the bromination concentration of the polyamide, the
bromine oxidation rate can be estimated with an equation based on the increase of bromine

concentration in the polyamide.

d[Br7] _ ACpxApx8px1077x1073

dt Atx3600XV (25)
QiM;e;)0 7
=-=—-x10 26
p = (26)
where, % is the oxidized bromine rate (nM/sec), AC,, is bromine concentration at polyamide

layer (mole/L PA), A, is the total surface of exposed membrane coupons (cm?), 8, is the thickness
of polyamide layer (nm) based on RBS analysis (Mi et al., 2006), At is the exposure time between
a sampling to the next sampling of membrane coupons, V is the solution volume for membranes
exposure (0.1 L), L, is Avogadro’s number (6.022x10> atoms/mol), M; is the atomic weight of

element i in the membrane active layer obtained from RBS simulation expressed as elemental

16



fraction, p, is the density of the membrane active layer (1.24 g/cm?), and 6 represents the
projected atomic density of the membrane active layer (atoms/cm?) obtained from the RBS
simulation. The results are shown in Figure 13. Although there was a small difference in particular
at the beginning of the experiment, the mean &§,, was 210 nm and the mean oxidized bromine rate
was 3.0x1072 (nM/sec) as shown in Figure 13.

PERMEATION EXPERIMENTS

Permeation experiments with Rhodamine WT were performed with RO membranes left in
nanopure water for at 24 hours, exposed to 10 mM phosphate buffer solution at pH 7.5 for 10 days,
and exposed to 20 mg/L. C1O, with 0.5 mg/L I, 20 mg/L Br, 0.5 mg/L I and 20 mg/L Br, in a 10
mM phosphate buffer solution at pH 7.5 for 10 days. The water permeability (Figure 14a) and the
solute passage (Cp/Cr) (Figure 14b) were plotted to assess the effect of hydraulic pressure on water
permeability and the corresponding water flux Jy on solute passage. Permeation parameters for
each experimental case were obtained by fitting the data with eq. (9) for water permeability and
eq. (15) for solute passage.

The water flux and solute permeability increased when membranes were exposed to
bromide, iodide, and both halogens along with ClO2 disinfection in a phosphate buffer solution.
The result indicates that bromination or iodination of polyamides due to the ClO> disinfection
reduced Rhodamine WT rejection. Since different bromide and iodide concentration were used in
this experiments, the effects of halogenation by each halogen on Rhodamine WT rejection cannot
be compared accurately. However, comparing the membrane exposed to bromide solution
disinfected by ClO, with the membrane exposed to mixing solution of bromide and iodide
disinfected by ClO,, the water flux and the solute permeability of the membrane exposed to

bromide solution was higher than those of the membrane exposed to mixing solution of bromide
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and iodide. Therefore, bromination may lead to greater damage to polyamide integrity than
iodination.

On the other hand, C10; improved the water permeability without affecting the Rhodamine
WT rejection, comparing the membrane exposed to ClOz solution with the membrane exposed to
phosphate buffer solution. The result is clearly consistent with the RBS result that PA was not
chlorinated by chlorine dioxide. However, the result differed from Glater (1981), who argued that
chlorine dioxide imposes severe damage on polyamide membranes. The reason is that Glater
(1981) compared the results with untreated membranes in spite that phosphate and borate buffer
were used for pH adjustment in his experiments. In fact, the water permeability and Rhodamine
WT permeation of the membrane exposed to ClO> solution were higher than those of the
unexposed membrane. Therefore, the increases of water permeability and Rhodamine WT passage
may be attributed to the phosphate buffer solution, although the mechanism remains unclear. In
terms of the water permeability improvement, the result was consistent with a previous study
showing that water permeability was improved without any significant solute leakage (Alayemieka,

2012).
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

This research focused on the effect of chlorine dioxide, a disinfectant for controlling
biofouling, on the integrity of a reverse osmosis membranes (pH 7.5). Although there were a
number of studies addressing the effects of free chlorine on membrane integrity, this is the first
study to clarify the effect of secondary oxidizing agents produced from the reactions between
chlorine dioxide and bromide and iodide on the polyamide active layer of the RO membrane. The
reactions between chlorine dioxide and bromide and iodide were observed by batch experiments
and UV-VIS analysis. The structural and morphological effects were observed by conducting batch
exposure experiments followed by RBS analysis. Finally, the effects on membrane performance
were evaluated by conducting batch exposure experiments followed by permeation experiments
with a dead-end membrane filtration apparatus.

Results from batch experiments and UV-VIS analysis, indicated that chlorine dioxide reacts
with both bromide and iodide although the bromide reaction rate is much slower than that of the
iodide reaction. In fact, small amounts of Br; were observed when bromide concentration
increased. The result demonstrates that HOBr could be produced from the reactions between ClO»
and bromide although HOBr could not be spectrophotometrically detected due to its low
concentration and molar absorptivity. On the other hand, as ClO; self-decomposition could not be
fitted with the kinetics model due to ClO; volatilization during sampling, small doses of n-pentane
were added to limit evaporation (Furman 1998). In addition, the kinetics of Br; production
indicated that there are multiple steps in the mechanism. Therefore, further research is required to

clarify the mechanism.
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RBS analysis of the batch exposure experiments revealed that there were several kinds of
effects on the polyamide active layer. First, PA was significantly brominated by bromine
compounds but it was not chlorinated by chlorine dioxide. This result is not only consistent with
the observation that HOBr may be produced by ClO2-mediated bromide oxidation, but also with
previous observations that HOCI is not produced by the C1O> decomposition (Bray, 1906 and Odeh
et al.,, 2002). With regard to iodide, iodination was not observed because HOI could not be
produced from I although I is oxidized to I> by C1O2. However, since lower iodide concentrations
were used in comparison with bromide concentrations in this study, additional experiments should
be conducted at higher iodide concentration. In addition, it was revealed that potassium bonding
with caboxylate was enhanced by Cl1O,.

Permeation test indicated that bromination or iodination of polyamides due to the ClO>
disinfection has a significant effect on RO membrane integrity in terms of the water flux and the
solute rejection. Bromination resulted in larger polyamide damage than iodination. On the other
hand, ClO, improved the water permeability without affecting solute rejections, comparing the
membrane exposed to ClO2 solution to unexposed membrane. The result is consistent with the
RBS results that showed that PA was not chlorinated by chlorine dioxide. On the other hand, the
effect of phosphate buffer solution should be clarified since increases of water permeability and
solute passage were observed when exposed to phosphate buffer solution.

In conclusion, it was demonstrated that secondary oxidizing agents produced from the
reaction between ClO; and bromide and iodide ions damage the RO membrane polyamide active
layer through halogenation, although ClO2 does not appear to directly react with the polyamide
active layer. However, the mechanism for polyamide oxidation by secondary oxidation agents

produced from ClO; reaction with bromide and iodide remain unclear. Additional studies on this
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topic should elucidate ClO;-mediated membrane deterioration mechanism and enhance

development of RO membranes with high resistance to disinfectants including ClO-.
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TABLES AND FIGURES

Polyamide (C3gH,sNgOg) Active Layer ~ 0.25 pm

Polysulfone (C,7;H;6NsS) Support Layer ~50 pm

Polyester Fabric ~100 pm

Figure 1. SEM and Schematic and images of a membrane cross-section. SEM image
adapted from Mi et al. 2006. 6, represents the thickness of polyamide active layer.
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Figure 2. Polyamide degradation process with hypochloride. First, N-chlorination is
proceeded when hypochlorite exists. Then, since the N-chlorinated amides have limited
stability, ring chlorination can occur via irreversible Orton Rearrangement (Kang et al.,
2007).
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Figure 3. Cl1O: concentration profile over time. Diamonds, square, triangle, and circle plots
represent no compounds, 0.5 mg/L I, 20 mg/L, 0.5 mg/L I and 20 mg/L Br disinfected with
approximately 20 mg/L Cl1O2 (0.30 mM), respectively. pH was set as 7.5 with 10 mM
phosphate buffer solution.
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Figure 4. Raw data and calculated ClO2 concentration profile over time. Circle and triangle
plots represent 20 mg/L ClO2 and 2 mg/L ClOz, respectively. Small and large dotted line
indicates calculated 20 mg/L ClO:2 and 2 mg/L ClO: based on eq (2), respectively. pH was
set as 7.5 with 10 mM phosphate buffer solution.
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Figure 5. ClO:2 concentration profile over time. Circle, square, Diamonds, triangle, cross
and asterisk plots represent no compounds, 20 mg/L Br, 200 mg/L, 2000 mg/L Br, 4000
mg/L Br and 6000 mg/L Br disinfected with approximately 20 mg/L Cl102 (0.30 mM),
respectively. pH was set as 7.5 with 10 mM phosphate buffer solution.
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Figure 6. Br; concentration profile over time. Triangle, cross and asterisk plots represent,

2000 mg/L Br, 4000 mg/L Br and 6000 mg/L Br disinfected with approximately 20 mg/L
Cl02 (0.30 mM), respectively. pH was set as 7.5 with 10 mM phosphate buffer solution.

28



Table 1. Bromide and bromine compounds concentration at equilibrium. Br3
concentration was calculated by UV absorbance and eq. (6) with Br; molar absorptivity
(35000 L M! cm™). Br2 and HOBr were calculated by eq. (16) and eq. (23), respectively.
Experimental conditions correspond to approximately 20 mg/L ClO: with 2000 mg/L Br,
4000 mg/L Br and 6000 mg/L Br, respectively. pH was set as 7.5 with 10 mM phosphate

buffer solution.

Br Brs Br, HOBr

mg/L Br [mM] (1M] (uM] (uM]
2000 25.03 0.77 1.86 16.13
4000 50.06 4.23 5.09 22.10
6000 75.09 9.66 7.75 22.43
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Figure 7. RBS characterization after SW30HR membrane exposure to 10 mM phosphate.
Data points obtained using SIMNRA based on RBS analysis data.

Table 2. Atomic concentration (atoms element/atoms PA) data from membrane exposure to

10mM phosphate.
atomic (atoms element/atoms PA)
hour | Layer thickness [atoms/cm2] %C %0 | %N %H %K %Cl %I %Br
1 810 41.0% | 7.4% | 6.9% | 44.6% | 0.017% | 0.100% | 0.0000% | 0.0000%
2 840 41.0% | 7.5% | 6.9% | 44.5% | 0.020% | 0.100% | 0.0000% | 0.0000%
5 790 41.0% | 7.3% | 6.9% | 44.7% | 0.030% | 0.080% | 0.0000% | 0.0000%
10 810 41.0% | 7.5% | 6.9% | 44.5% | 0.020% | 0.110% | 0.0000% | 0.0000%
24 840 41.0% | 7.9% | 6.2% | 44.8% | 0.030% | 0.080% | 0.0000% | 0.0000%
49 800 43.0% | 7.5% | 6.8% | 42.6% | 0.020% | 0.090% | 0.0000% | 0.0000%
103 840 43.0% | 7.5% | 6.2% | 43.2% | 0.030% | 0.080% | 0.0000% | 0.0000%
168 840 44.0% [ 7.7% | 6.7% | 41.5% | 0.020% | 0.100% | 0.0000% | 0.0000%
240 840 41.0% | 7.5% | 6.9% | 44.5% | 0.040% | 0.080% | 0.0000% | 0.0000%
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Table 3. Concentration data by weight (g element/g PA) from membrane exposure to 10mM
phosphate.

weight (g element/g PA) without the ion
hour | denominator=> (i X Mi) %C %0 %N %H %K | %Cl
1 7.56E+00 65.10% | 15.67% | 12.78% | 5.90% | 0.09% | 0.47%
2 7.57E+00 64.96% | 15.84% | 12.75% | 5.87% | 0.10% | 0.47%
5 7.54E+00 65.24% | 15.49% | 12.81% | 5.93% | 0.16% | 0.38%
10 7.58E+00 64.93% | 15.84% | 12.75% | 5.87% | 0.10% | 0.52%
24 7.54E+00 65.25% | 16.76% | 11.51% | 5.94% | 0.16% | 0.38%
49 7.78E+00 66.34% | 15.43% | 12.24% | 5.48% | 0.10% | 0.41%
103 7.70E+00 67.01% | 15.58% | 11.27% | 5.61% | 0.15% | 0.37%
168 7.91E+00 66.77% | 15.58% | 11.86% | 5.25% | 0.10% | 0.45%
240 7.57E+00 64.95% | 15.84% | 12.75% | 5.87% | 0.21% | 0.37%

Table 4. Concentration data by weight (g element/g PA) and by volume (g element/L. PA)
from membrane exposure to 10mM phosphate.

molar concentration
hour | [mol I /g PA] | [mol Br /g PA] | [mol K /g PA] | [mol CI /g PA] | mol I/L | mol Br/L | mol K/L | mol CI/L
1 0.00E+00 0.00E+00 1.37E-05 8.09E-05 0.000 0.00 0.02 0.10
2 0.00E+00 0.00E+00 1.62E-05 8.08E-05 0.000 0.00 0.02 0.10
5 0.00E+00 0.00E+00 2.43E-05 6.48E-05 0.000 0.00 0.03 0.08
10 0.00E+00 0.00E+00 1.61E-05 8.88E-05 0.000 0.00 0.02 0.11
24 0.00E+00 0.00E+00 2.42E-05 6.46E-05 0.000 0.00 0.03 0.08
49 0.00E+00 0.00E+00 1.62E-05 7.27E-05 0.000 0.00 0.02 0.09
103 0.00E+00 0.00E+00 2.43E-05 6.47E-05 0.000 0.00 0.03 0.08
168 0.00E+00 0.00E+00 1.61E-05 8.05E-05 0.000 0.00 0.02 0.10
240 0.00E+00 0.00E+00 3.23E-05 6.46E-05 0.000 0.00 0.04 0.08
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Figure 8. RBS characterization after SW30HR membrane exposure to 20 mg/L Br and 0.5
mg/L I disinfected with 20 mg/L C10:2. Data points obtained using SIMNRA based on RBS
analysis data.

Table S. Atomic concentration (atoms element/atoms PA) data from membrane exposure to
20 mg/L Br and 0.5 mg/L I disinfected with 20 mg/L ClO:.

atomic (atoms element/atoms PA)

hour | Layer thickness [atoms/cm2] % | %0 | %N %H %K %Cl %l %Br
1 830 42.0% | 8.8% | 6.8% | 41.8% | 0.050% | 0.440% | 0.0040% | 0.0900%
2 800 43.0% | 8.3% | 6.8% | 41.5% | 0.040% | 0.320% | 0.0030% | 0.0360%
5 800 47.0% | 7.8% | 6.8% | 38.1% | 0.020% | 0.280% | 0.0030% | 0.0250%
10 860 40.0% | 8.4% | 6.4% | 44.7% | 0.030% | 0.420% | 0.0040% | 0.0590%
24 830 42.0% | 8.6% | 6.3% | 42.6% | 0.070% | 0.370% | 0.0030% | 0.0780%
49 820 41.0% | 8.9% | 6.8% | 42.6% | 0.110% | 0.390% | 0.0040% | 0.2200%
103 820 40.0% | 8.9% | 6.0% | 44.3% | 0.120% | 0.350% | 0.0030% | 0.3200%
168 830 40.0% | 8.9% | 6.0% | 44.1% | 0.150% | 0.350% | 0.0050% | 0.5000%
240 800 42.0% | 8.6% | 6.0% | 42.4% | 0.150% | 0.310% | 0.0015% | 0.5000%
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Table 6. Concentration data by weight (g element/g PA) from membrane exposure to 20 mg/L
Br and 0.5 mg/L I disinfected with 20 mg/L ClO:.
weight (g element/g PA) without the ion

hour | denominator=> (i X Mi) %C %0 %N %H %K | %Cl
1 7.99E+00 63.05% | 17.61% | 11.91% | 5.23% | 0.24% | 1.95%
2 7.98E+00 64.63% | 16.63% | 11.92% | 5.20% | 0.20% | 1.42%
5 8.33E+00 67.72% | 14.99% | 11.43% | 4.57% | 0.09% | 1.19%
10 7.65E+00 62.76% | 17.57% | 11.72% | 5.84% | 0.15% | 1.95%
24 7.88E+00 63.94% | 17.46% | 11.19% | 5.40% | 0.35% | 1.67%
49 7.90E+00 62.25% | 18.02% | 12.05% | 5.39% | 0.54% | 1.75%
103 7.68E+00 62.51% | 18.55% | 10.94% | 5.77% | 0.61% | 1.62%
168 7.69E+00 62.44% | 18.52% | 10.93% | 5.74% | 0.76% | 1.62%
240 7.85E+00 64.21% | 17.53% | 10.70% | 5.41% | 0.75% | 1.40%

Table 7. Concentration data by weight (g element/g PA) and by volume (g element/L. PA)
from membrane exposure to 20 mg/L Br and 0.5 mg/L I disinfected with 20 mg/L ClO:.

molar concentration
hour | [mol I /g PA] | [mol Br /g PA] | [mol K /g PA] | [mol CI /g PA] | mol I/L | mol Br/L | mol K/L | mol CI/L
1 3.10E-06 6.98E-05 3.88E-05 3.41E-04 0.004 0.09 0.05 0.42
2 2.36E-06 2.83E-05 3.14E-05 2.52E-04 0.003 0.04 0.04 0.31
5 2.38E-06 1.98E-05 1.58E-05 2.22E-04 0.003 0.02 0.02 0.27
10 3.13E-06 4.61E-05 2.34E-05 3.28E-04 0.004 0.06 0.03 0.41
24 2.34E-06 6.09E-05 5.46E-05 2.89E-04 0.003 0.08 0.07 0.36
49 3.09E-06 1.70E-04 8.51E-05 3.02E-04 0.004 0.21 0.11 0.37
103 2.33E-06 2.49E-04 9.32E-05 2.72E-04 0.003 0.31 0.12 0.34
168 3.87E-06 3.87E-04 1.16E-04 2.71E-04 0.005 0.48 0.14 0.34
240 1.17E-06 3.89E-04 1.17E-04 2.41E-04 0.001 0.48 0.14 0.30
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Figure 9. Chlorine concentration profile in the PA membrane over time. Asterisk plots
represent the control solution without ClO2, solid fill plots of Diamonds, triangle, square
and circle represent no compounds, 0.5 mg/L I, 20 mg/L, 0.5 mg/L I and 20 mg/L Br

disinfected with 20 mg/L ClOz2, respectively. No solid fill plots of Diamonds, triangle, square

and circle represent no compounds, 0.05 mg/L I, 2 mg/L, 0.05 mg/L I and 2 mg/L Br
disinfected with 2 mg/L ClO2, respectively. All solutions set pH 7.5 with 10mM phosphate
buffer solution. X axis indicates the ClO2 exposure time (ClO2 concentration (mg/L) X
soaking time).
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Figure 10. Potassium concentration profile in the PA membrane over time. Asterisk plots

represent the control solution without ClO2, closed plots of Diamonds, triangle, square and
circle represent no compounds, 0.5 mg/L I, 20 mg/L, 0.5 mg/L I and 20 mg/L Br disinfected

with 20 mg/L ClOz2, respectively. Open plots of Diamonds, triangle, square and circle

represent no compounds, 0.05 mg/L I, 2 mg/L, 0.05 mg/L I and 2 mg/L Br disinfected with 2

34



mg/L ClO2, respectively. All solutions set pH 7.5 with 10mM phosphate buffer solution. X
axis indicates the ClO:2 exposure time (ClO2 concentration (mg/L) X soaking time).
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Figure 11. lodide concentration profile in the PA membrane over time. Closed plots of
circle and triangle represent 0.5 mg/L I, 0.5 mg/L I and 20 mg/L Br disinfected with 20
mg/L ClOz, respectively. Open plots of circle and triangle represent 0.05 mg/L I, 0.05 mg/L
I and 2 mg/L Br disinfected with 2 mg/L C102, respectively. All solutions set pH 7.5 with
10mM phosphate buffer solution. X axis indicates the ClO2 exposure time (Cl1O2
concentration (mg/L) x soaking time).
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Figure 12. Bromide concentration profile in the PA membrane over time. Closed plots of
circle and triangle represent 2 mg/L Br, 0.5 mg/L I and 2 mg/L Br disinfected with 2 mg/L
ClOz, respectively. Open plots of circle and triangle represent 2 mg/L Br, 0.5 mg/L. 1 and 2
mg/L Br disinfected with 2 mg/L Cl0Oz, respectively. All solutions set pH 7.5 with 10mM
phosphate buffer solution. X axis indicates the ClO2 exposure time (ClO2 concentration
(mg/L) x soaking time).
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Figure 13. the oxidized bromine concentration rate profile over time. Br- (nM/sec) was
calculated by eq. (16) anf (17). The mean value of oxidized bromine concentration rates
were 0.045 (nM/sec) at 20 mg/L Br and 0.015 (nM/sec) at 0.Smg/L I and 20 mg/L Br,

respectively.
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Figure 14. Experimental (symbols) and fitted (lines) (a) water permeability and (b) solute
passage for Rhodamine WT rejection experiments. Opened circle represents the pure RO
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membrane exposure to nanopure water at least 24 hours, closed triangle represents the RO
membrane exposure to 10 mM phosphate buffer solution at pH 7.5 for 10 days, closed

square, closed circle closed Diamonds and asterisk represent RO membranes exposure to

no compounds, 0.5 mg/L I, 20 mg/L Br, 0.5 mg/L I and 20 mg/L Br, disinfected with 20 mg/L
Cl02 with 10 mM phosphate buffer solution at pH 7.5 for 10 days, respectively.
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Table 8. Permeation coefficients of Rhodamine WT.

Membrane Solute il s 5 ¢ X

Mpa m/d/Mpa| m/d = m/d
Control Rhodamine WT 0.092 0.32 0.004 0.045
10mM Buffer Rhodamine WT 0.017 0.41 0.017 0.167
20mg/L CIO, Rhodamine WT 0.045 0.99 0.031 0.160

20mg/L ClO, and 0.5 mg/L T’ Rhodamine WT 0.017 1.32 0.098 0.221 20
20mg/L ClO, and 20 mg/L Br Rhodamine WT 0.039 1.68 0.203 0.403
20mg/L ClO,, 0.5 mg/L T and 20 mg/L Br Rhodamine WT 0.030 1.43 0.300 0.552
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APPENDIX A

SUPPLEMENTAL FIGURES AND TABLES OF CHLORINE DIOXIDE REACTIONS
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Figure Al. ClO:2 concentration profile over time. Diamond, square, triangle, and circle plots
represent no compounds, 0.05 mg/L I, 2 mg/L, 0.5 mg/L I and 2 mg/L Br disinfected with
approximately 2 mg/L C102 (0.30 mM), respectively. pH was set as 7.5 with 10 mM phosphate
buffer solution.

Table A1. Raw data of UV absorbance (A= 359 nm) and ClO: concentration over time.
Experimental conditions correspond to 2 mg/L ClO: at pH = 7.5 which was controlled by
10mM phosphate buffer solution. “Calculated C102” was estimated by eq. (2).

2 mg/L ClO,
time (day) ClO, Calculated ClO,
Absorbance (mg/L) [mM] [mM]
0 0.039 2.14 0.032 0.03170732
1 0.038 2.09 0.031 0.03170728
2 0.037 2.03 0.030 0.03170723
3 0.036 1.98 0.029 0.03170719
4 0.036 1.98 0.029 0.03170715
5 0.036 1.98 0.029 0.03170711
6 0.035 1.92 0.028 0.03170706
7 0.033 1.81 0.027 0.03170702
8 0.035 1.92 0.028 0.03170698
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Table A2. Raw data of UV absorbance (A= 359 nm) and ClO: concentration over time.
Experimental conditions correspond to 2 mg/L ClO02 and 2 mg/L Br at pH = 7.5 which was
controlled by 10mM phosphate buffer solution.

2 mg/L ClO, and 2 mg/L Br
time (day) clo,
Absorbance (mg/L) [mM]
0 0.037 2.03 0.030
1 0.035 1.92 0.028
2 0.035 1.92 0.028
3 0.034 1.87 0.028
4 0.033 1.81 0.027

Table A3. Raw data of UV absorbance (A= 359 nm) and ClO: concentration over time.
Experimental conditions correspond to 2 mg/L. C1O2 and 0.05 mg/L I at pH = 7.5 which was
controlled by 10mM phosphate buffer solution.

2 mg/L ClO, and 0.05 mg/L |
Clo,
time (day) | Absorbance (mg/L) [mM]
0 0.037 2.03 0.030
1 0.034 1.87 0.028
2 0.034 1.87 0.028
3 0.032 1.76 0.026
4 0.033 1.81 0.027
5 0.032 1.76 0.026
6 0.032 1.76 0.026
7 0.032 1.76 0.026
8 0.033 1.81 0.027
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Table A4. Raw data of UV absorbance (A= 359 nm) and ClO: concentration over time.
Experimental conditions correspond to 2 mg/L ClO2, 2 mg/L Br and 0.05 mg/L I at pH =7.5
which was controlled by 10mM phosphate buffer solution.

2 mg/L ClO,, 2 mg/L Brand 0.05 mg/L |
time (day) clo,
Absorbance (mg/L) [mM]
0 0.037 2.03 0.030
1 0.034 1.87 0.028
2 0.032 1.76 0.026
3 0.032 1.76 0.026
4 0.033 1.81 0.027
5 0.030 1.65 0.024

Table AS. Raw data of UV absorbance (A= 359 nm) and ClO:2 concentration over time.
Experimental conditions correspond to 20 mg/L ClO: at pH = 7.5 which was controlled by
10mM phosphate buffer solution. “Calculated C10,” was estimated by eq. (2).

20 mg/L ClO,
time (day) Clo, 0 mg/L Br Calculated
Absorbance (mg/L) [mM] mM

0.399 21.90 0.324 0.324390
1 0.383 21.02 0.311 0.324386
2 0.382 20.96 0.311 0.324381
3 0.376 20.63 0.306 0.324377
4 0.374 20.52 0.304 0.324373
5 0.37 20.30 0.301 0.324368
6 0.367 20.14 0.298 0.324364
7 0.364 19.98 0.296 0.324359
8 0.363 19.92 0.295 0.324355
9 0.356 19.54 0.289 0.324351
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Table A6. Raw data of UV absorbance (A= 359 nm) and ClO: concentration over time.
Experimental conditions correspond to 20 mg/L ClO2 and 20 mg/L Br at pH = 7.5 which was
controlled by 10mM phosphate buffer solution.

20 mg/L ClO, and 20 mg/L Br
time (day) clo,
Absorbance (mg/L) [mM]
0 0.383 21.02 0.311
1 0.362 19.87 0.294
2 0.357 19.59 0.290
3 0.351 19.26 0.285
4 0.344 18.88 0.280
5 0.337 18.49 0.274
6 0.334 18.33 0.272
7 0.331 18.16 0.269
8 0.327 17.95 0.266
9 0.32 17.56 0.260

Table A7. Raw data of UV absorbance (A= 359 nm) and ClO: concentration over time.
Experimental conditions correspond to 20 mg/L ClO: and 0.5 mg/L I at pH = 7.5 which was
controlled by 10mM phosphate buffer solution.

20 mg/L ClO, and 0.5 mg/L |
Clo,
time (day) | Absorbance (mg/L) [mM]
0 0.367 20.14 0.298
1 0.323 17.73 0.263
2 0.295 16.19 0.240
3 0.274 15.04 0.223
4 0.256 14.05 0.208
5 0.241 13.23 0.196
6 0.229 12.57 0.186
7 0.222 12.18 0.180
8 0.214 11.74 0.174
9 0.203 11.14 0.165
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Table A8. Raw data of UV absorbance (A= 359 nm) and ClO: concentration over time.
Experimental conditions correspond to 20 mg/L Cl02, 20 mg/L Br and 0.5 mg/L I at pH="7.5

which was controlled by 10mM phosphate buffer solution.
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0.00

20 mg/L ClO,, 20 mg/L Brand 0.5 mg/L |

time (day) clo,
Absorbance (mg/L) [mM]
0 0.366 20.09 0.298
1 0.344 18.88 0.280
2 0.337 18.49 0.274
3 0.334 18.33 0.272
4 0.327 17.95 0.266
5 0.323 17.73 0.263
6 0.321 17.62 0.261
7 0.316 17.34 0.257
8 0.311 17.07 0.253
9 0.306 16.79 0.249
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Figure A2. The UV-VIS spectrum over time. Experimental conditions correspond to 200
mg/L Br disinfected with 20 mg/L Cl1O: at pH = 7.5 which was controlled by 10mM phosphate

buffer solution.
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UV-VIS profile (20mg/L CIO, and 2000mg/L Br)
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Figure A3. The UV-VIS spectrum over time. Experimental conditions correspond to 2000
mg/L Br disinfected with 20 mg/L C1O: at pH = 7.5 which was controlled by 10mM phosphate
buffer solution.
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Figure A4. The UV-VIS spectrum over time. Experimental conditions correspond to 4000
mg/L Br disinfected with 20 mg/L C102 at pH = 7.5 which was controlled by 10mM phosphate
buffer solution.

44



UV-VIS (20mg/L ClO, and 6000mg/L Br)
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Figure AS. The UV-VIS spectrum over time. Experimental conditions correspond to 4000
mg/L Br disinfected with 20 mg/L C102 at pH = 7.5 which was controlled by 10mM phosphate

buffer solution.

Table A9. Raw data of UV absorbance (A = 359 nm) and ClO: concentration over time.
Experimental conditions correspond to 200 mg/L Br disinfected with 20 mg/L Cl02 at pH =

7.5 which was controlled by 10mM phosphate buffer solution.

200 mg/L Br
time (day) €l
Absorbance (mg/L) [mM]
0 0.340 18.7 0.276
1 0.324 17.8 0.263
2 0.306 16.8 0.249
3 0.293 16.1 0.238
4 0.285 15.6 0.232
5 0.270 14.8 0.220
6 0.258 14.2 0.210
7 0.261 14.3 0.212
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Table A10. Raw data of UV absorbance of Cl1O2 (A =359 nm, £=1230 L M"! cm™) and Br3 (A
=266 nm, £=35000 L M-! ¢m™) over time. Each concentration was estimated by eq. (6),
respectively. Experimental conditions correspond to 2000 mg/L Br disinfected with 20 mg/L
ClO: at pH = 7.5 which was controlled by 10mM phosphate buffer solution.

2000 mg/L Br
time (day) clo, Brs.
Absorbance (mg/L) [mM] Absorbance (mg/L) [uM]

0 0.377 20.7 0.307 0.014 0.096 0.40

1 0.353 19.4 0.287 0.015 0.103 0.43

2 0.329 18.1 0.267 0.014 0.096 0.40

3 0.290 15.9 0.236 0.016 0.110 0.46
3.23 0.270 14.8 0.220 0.016 0.110 0.46
3.38 0.257 14.1 0.209 0.018 0.123 0.51
3.41 0.249 13.7 0.202 0.018 0.123 0.51
3.46 0.246 13.5 0.200 0.018 0.123 0.51
3.9 0.172 9.4 0.140 0.020 0.137 0.57
3.94 0.164 9.0 0.133 0.022 0.151 0.63

4 0.151 8.3 0.123 0.021 0.144 0.60
4.05 0.139 7.6 0.113 0.024 0.164 0.69
4.08 0.131 7.2 0.107 0.024 0.164 0.69
4.11 0.126 6.9 0.102 0.021 0.144 0.60
4.25 0.091 5.0 0.074 0.021 0.144 0.60
4.29 0.082 4.5 0.067 0.024 0.164 0.69
4.33 0.076 4.2 0.062 0.027 0.185 0.77
4.38 0.068 3.7 0.055 0.026 0.178 0.74
4.42 0.058 3.2 0.047 0.025 0.171 0.71
4.46 0.051 2.8 0.041 0.025 0.171 0.71
4.5 0.046 2.5 0.037 0.025 0.171 0.71
4.9 0.010 0.5 0.008 0.023 0.158 0.66
4.94 0.012 0.7 0.010 0.027 0.185 0.77

5 0.010 0.5 0.008 0.026 0.178 0.74
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Table A11. Raw data of UV absorbance of Cl1O2 (A =359 nm, £=1230 L M"! cm™) and Br3 (A
=266 nm, £=35000 L M"! ¢cm™) over time. Each concentration was estimated by eq. (6),
respectively. Experimental conditions correspond to 4000 mg/L Br disinfected with 20 mg/L
ClO: at pH = 7.5 which was controlled by 10mM phosphate buffer solution.

4000 mg/L Br
time (day) clo, Brs.
Absorbance (mg/L) [mM] Absorbance (mg/L) [uM]
0 0.382 21.0 0.311 0.016 0.110 0.46
1 0.352 19.3 0.286 0.017 0.116 0.49
2 0.271 14.9 0.220 0.036 0.247 1.03
2.25 0.219 12.0 0.178 0.057 0.390 1.63
2.38 0.171 9.4 0.139 0.077 0.527 2.20
2.42 0.151 8.3 0.123 0.084 0.575 2.40
2.46 0.133 7.3 0.108 0.090 0.616 2.57
2.5 0.113 6.2 0.092 0.094 0.644 2.69
2.88 0.020 1.1 0.016 0.148 1.014 4.23
2.92 0.019 1.0 0.015 0.148 1.014 4.23
2.96 0.017 0.9 0.014 0.144 0.986 4.11
3 0.014 0.8 0.011 0.140 0.959 4.00
3.04 0.013 0.7 0.011 0.138 0.945 3.94
3.08 0.013 0.7 0.011 0.141 0.966 4.03
3.23 0.008 0.4 0.007 0.140 0.959 4.00
3.34 0.009 0.5 0.007 0.142 0.972 4.06
4 0.006 0.3 0.005 0.133 0.911 3.80
5 0.008 0.4 0.007 0.135 0.925 3.86
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Table A12. Raw data of UV absorbance of Cl1O2 (A =359 nm, £=1230 L M"! cm™) and Br3 (A
=266 nm, £=35000 L M"! ¢cm™) over time. Each concentration was estimated by eq. (6),
respectively. Experimental conditions correspond to 6000 mg/L Br disinfected with 20 mg/L
ClO: at pH = 7.5 which was controlled by 10mM phosphate buffer solution.

6000 mg/L Br
time (day) Cio, Bry
Absorbance (mg/L) [mM] Absorbance (mg/L) [uMm]

0 0.382 20.96 0.3106 0.015 0.10 0.43

1 0.332 18.22 0.2699 0.034 0.23 0.97
1.25 0.303 16.63 0.2463 0.045 0.31 1.29
1.88 0.102 5.60 0.0829 0.258 1.77 7.37
1.91 0.090 4.94 0.0732 0.254 1.74 7.26
1.96 0.065 3.57 0.0528 0.272 1.86 7.77

2 0.057 3.13 0.0463 0.308 2.11 8.80
2.04 0.045 2.47 0.0366 0.313 2.14 8.94
2.08 0.039 2.14 0.0317 0.323 2.21 9.23
2.13 0.032 1.76 0.0260 0.314 2.15 8.97
2.17 0.029 1.59 0.0236 0.325 2.23 9.29
2.21 0.025 1.37 0.0203 0.328 2.25 9.37
2.25 0.023 1.26 0.0187 0.323 2.21 9.23
2.29 0.022 1.21 0.0179 0.338 2.31 9.66
2.33 0.021 1.15 0.0171 0.335 2.29 9.57
2.38 0.020 1.10 0.0163 0.330 2.26 9.43
2.42 0.018 0.99 0.0146 0.333 2.28 9.51
2.46 0.016 0.88 0.0130 0.330 2.26 9.43
2.5 0.015 0.82 0.0122 0.321 2.20 9.17
2.88 0.010 0.55 0.0081 0.335 2.29 9.57
2.92 0.012 0.66 0.0098 0.332 2.27 9.49
2.96 0.014 0.77 0.0114 0.328 2.25 9.37

3 0.013 0.71 0.0106 0.314 2.15 8.97

4 0.014 0.77 0.0114 0.328 2.25 9.37

5 0.013 0.71 0.0106 0.314 2.15 8.97
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APPENDIX B

SUPPLEMENTAL FIGURES AND TABLES OF MEMBRANE ANALY SIS
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Figure Bl. RBS characterization after SW30HR membrane exposure for 2 days.
Experimental conditions for the Control correspond to 100 mL nanopure water.
Experimental conditions for the Buffer correspond to 10mM phosphate buffer at pH 7.5.
Experimental conditions for the 0.5 mg/L I correspond to 0.5 mg/L I and 10mM phosphate
buffer at pH 7.5. Experimental conditions for the 20 mg/L Br correspond to 20 mg/L Br and
10mM phosphate buffer at pH 7.5. Experimental conditions for the 0.5 mg/L I and 20 mg/L
Br correspond to 0.5 mg/L. I and 20 mg/L Br and 10mM phosphate buffer at pH 7.5.

Table B1. Atomic concentration (atoms element/atoms PA) data from membrane exposure
for 2 days. Experimental conditions for the Control correspond to 100 mL nanopure water.
Experimental conditions for the Buffer correspond to 10mM phosphate buffer at pH 7.5.
Experimental conditions for the 0.5 mg/L I correspond to 0.5 mg/L I and 10mM phosphate
buffer at pH 7.5. Experimental conditions for the 20 mg/L Br correspond to 20 mg/L Br and
10mM phosphate buffer at pH 7.5. Experimental conditions for the 0.5 mg/L I and 20 mg/L
Br correspond to 0.5 mg/L. I and 20 mg/L. Br and 10mM phosphate buffer at pH 7.5.

atomic (atoms element/atoms PA)
Description Layer thickness [atoms/cm2] %C %0 | %N %H %K %Cl %I %Br
Contorol 870 41.0% | 8.0% | 6.5% | 44.4% | 0.020% | 0.070% | 0.0000% | 0.0000%
Buffer 1000 41.0% | 7.5% | 6.5% | 44.9% | 0.020% | 0.090% | 0.0000% | 0.0000%
Clo2, I- 880 41.0% | 7.8% | 6.5% | 44.6% | 0.020% | 0.070% | 0.0000% | 0.0000%
ClO2, Br- 950 41.0% | 7.5% | 6.2% | 45.2% | 0.040% | 0.060% | 0.0000% | 0.0000%
ClO2, I-, Br- 870 41.0% | 7.3% | 6.9% | 44.7% | 0.000% | 0.090% | 0.0000% | 0.0000%
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Table B2. Concentration data by weight (g element/g PA) from membrane exposure for 2
days. Experimental conditions for the Control correspond to 100 mL nanopure water.
Experimental conditions for the Buffer correspond to 10mM phosphate buffer at pH 7.5.
Experimental conditions for the 0.5 mg/L I correspond to 0.5 mg/L I and 10mM phosphate
buffer at pH 7.5. Experimental conditions for the 20 mg/L Br correspond to 20 mg/L Br and
10mM phosphate buffer at pH 7.5. Experimental conditions for the 0.5 mg/L I and 20 mg/L
Br correspond to 0.5 mg/L I and 20 mg/L Br and 10mM phosphate buffer at pH 7.5.

weight (g element/g PA) without the ion
Description denominator=2> (€i X Mi) %C %0 %N %H %K %Cl
Contorol 7.59E+00 64.85% | 16.87% | 11.99% | 5.85% | 0.10% | 0.33%
Buffer 7.52E+00 65.44% | 15.96% | 12.10% | 5.97% | 0.10% | 0.42%
Clo2, I- 7.56E+00 65.11% | 16.51% | 12.04% | 5.90% | 0.10% | 0.33%
ClO2, Br- 7.48E+00 65.80% | 16.05% | 11.61% | 6.05% | 0.21% | 0.28%
ClO2, I-, Br- 7.53E+00 65.31% | 15.51% | 12.82% | 5.94% | 0.00% | 0.42%

Table B3. Concentration data by weight (g element/g PA) and by volume (g element/L PA)
from membrane exposure for 2 days. Experimental conditions for the Control correspond to
100 mL nanopure water. Experimental conditions for the Buffer correspond to 10mM
phosphate buffer at pH 7.5. Experimental conditions for the 0.5 mg/L I correspond to 0.5
mg/L I and 10mM phosphate buffer at pH 7.5. Experimental conditions for the 20 mg/L Br
correspond to 20 mg/L. Br and 10mM phosphate buffer at pH 7.5. Experimental conditions
for the 0.5 mg/L I and 20 mg/L Br correspond to 0.5 mg/L I and 20 mg/L. Br and 10mM
hosphate buffer at pH 7.5.

molar concentration
Description | [mol1/g PA] | [mol Br /g PA] | [mol K /g PA] | [mol CI /g PA] | mol I/L | mol Br/L | mol K/L | mol CI/L
Contorol 0.00E+00 0.00E+00 1.62E-05 5.66E-05 0.000 0.00 0.02 0.07
Buffer 0.00E+00 0.00E+00 1.62E-05 7.29E-05 0.000 0.00 0.02 0.09
Clo2, I- 0.00E+00 0.00E+00 1.62E-05 5.66E-05 0.000 0.00 0.02 0.07
ClO2, Br- 0.00E+00 0.00E+00 3.24E-05 4.87E-05 0.000 0.00 0.04 0.06
ClO2, I-, Br- 0.00E+00 0.00E+00 0.00E+00 7.30E-05 0.000 0.00 0.00 0.09
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Figure B2. RBS characterization after SW30HR membrane exposure to 20 mg/L ClO: as
disinfection. Data points obtained using SIMNRA based on RBS analysis data.

Table B4. Atomic concentration (atoms element/atoms PA) data from membrane exposure to

20 mg/L ClOz.
atomic (atoms element/atoms PA)
hour | Layer thickness [atoms/cm2] % | %O | %N | %H %K %Cl %l %Br
1 850 42.0% | 8.3% | 6.6% | 42.7% | 0.040% | 0.350% | 0.0000% | 0.0000%
2 890 41.0% [ 7.7% | 6.1% | 44.9% | 0.040% | 0.230% | 0.0000% | 0.0000%
5 800 40.0% | 8.4% | 6.9% | 44.4% | 0.070% | 0.280% | 0.0000% | 0.0000%
10 900 42.0% | 8.1% | 6.4% | 43.0% | 0.030% | 0.495% | 0.0000% | 0.0000%
24 850 43.0% | 8.7% | 6.5% | 41.3% | 0.070% | 0.460% | 0.0000% | 0.0000%
49 850 41.0% [ 9.1% | 6.6% | 42.8% | 0.100% | 0.380% | 0.0000% | 0.0000%
103 850 42.0% | 8.9% | 6.4% | 42.0% | 0.120% | 0.620% | 0.0000% | 0.0000%
168 810 44.0% | 8.8% | 6.4% | 40.1% | 0.130% | 0.590% | 0.0000% | 0.0000%
240 820 42.0% | 8.2% | 6.8% | 42.3% | 0.190% | 0.550% | 0.0000% | 0.0000%
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Table BS. Concentration data by weight (g element/g PA) from membrane exposure to 20
mg/L ClOx.

weight (g element/g PA) without the ion
hour | denominator=> (i X Mi) %C %0 %N %H %K | %Cl
1 7.86E+00 64.13% | 16.90% | 11.76% | 5.43% | 0.20% | 1.58%
2 7.55E+00 65.14% | 16.31% | 11.31% | 5.95% | 0.21% | 1.08%
5 7.68E+00 62.50% | 17.50% | 12.58% | 5.77% | 0.36% | 1.29%
10 7.85E+00 64.21% | 16.51% | 11.42% | 5.48% | 0.15% | 2.24%
24 8.07E+00 63.98% | 17.26% | 11.28% | 5.12% | 0.34% | 2.02%
49 7.90E+00 62.26% | 18.43% | 11.69% | 5.42% | 0.49% | 1.71%
103 8.05E+00 62.63% | 17.70% | 11.14% | 5.21% | 0.58% | 2.74%
168 8.25E+00 64.04% | 17.08% | 10.87% | 4.86% | 0.62% | 2.54%
240 8.00E+00 63.03% | 16.41% | 11.91% | 5.29% | 0.93% | 2.44%

Table B6. Concentration data by weight (g element/g PA) and by volume (g element/L PA)
from membrane exposure to 20 mg/L CIlO:.

molar concentration
hour | [mol I /g PA] | [mol Br /g PA] | [mol K /g PA] | [mol CI /g PA] | mol I/L | mol Br/L | mol K/L | mol CI/L
1 0.00E+00 0.00E+00 3.14E-05 2.75E-04 0.000 0.00 0.04 0.34
2 0.00E+00 0.00E+00 3.19E-05 1.83E-04 0.000 0.00 0.04 0.23
5 0.00E+00 0.00E+00 5.50E-05 2.20E-04 0.000 0.00 0.07 0.27
10 0.00E+00 0.00E+00 2.33E-05 3.85E-04 0.000 0.00 0.03 0.48
24 0.00E+00 0.00E+00 5.42E-05 3.56E-04 0.000 0.00 0.07 0.44
49 0.00E+00 0.00E+00 7.75E-05 2.94E-04 0.000 0.00 0.10 0.36
103 0.00E+00 0.00E+00 9.12E-05 4.71E-04 0.000 0.00 0.11 0.58
168 0.00E+00 0.00E+00 9.90E-05 4.49E-04 0.000 0.00 0.12 0.56
240 0.00E+00 0.00E+00 1.45E-04 4.19E-04 0.000 0.00 0.18 0.52
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Figure B3. RBS characterization after SW30HR membrane exposure to 0.5 mg/L I
disinfected with 20 mg/L ClO:z. Data points obtained using SIMNRA based on RBS analysis
data.

Table B7. Atomic concentration (atoms element/atoms PA) data from membrane exposure to
0.5 mg/L I disinfected with 20 mg/L ClO:.

atomic (atoms element/atoms PA)
hour | Layer thickness [atoms/cm2] %C %0 | %N %H %K %ClI %I %Br
1 840 42.0% | 8.3% | 6.5% | 42.7% | 0.035% | 0.440% | 0.0075% | 0.0000%
2 830 45.0% | 8.8% | 6.5% | 39.3% | 0.040% | 0.350% | 0.0040% | 0.0000%
5 800 40.0% | 8.9% | 6.0% | 44.8% | 0.040% | 0.300% | 0.0050% | 0.0000%
10 820 40.0% | 8.6% | 6.5% | 44.4% | 0.050% | 0.470% | 0.0040% | 0.0000%
24 860 44.0% | 8.7% | 6.5% | 40.3% | 0.060% | 0.460% | 0.0040% | 0.0000%
49 840 43.0% | 9.1% | 6.8% | 40.6% | 0.080% | 0.450% | 0.0030% | 0.0000%
103 830 44.0% | 9.6% | 6.5% | 39.2% | 0.130% | 0.610% | 0.0040% | 0.0000%
168 800 45.0% | 8.9% | 6.3% | 39.1% | 0.160% | 0.570% | 0.0040% | 0.0000%
240 820 42.0% | 8.9% | 6.8% | 41.6% | 0.160% | 0.580% | 0.0040% | 0.0000%
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Table B8. Concentration data by weight (g element/g PA) from membrane exposure to 0.5
mg/L I disinfected with 20 mg/L Cl1Ox.
weight (g element/g PA) without the ion

hour | denominator=> (i X Mi) %C %0 %N %H %K | %Cl
1 7.88E+00 64.00% | 16.86% | 11.56% | 5.42% | 0.17% | 1.98%
2 8.25E+00 65.45% | 17.06% | 11.03% | 4.76% | 0.19% | 1.51%
5 7.63E+00 62.88% | 18.65% | 11.00% | 5.86% | 0.20% | 1.40%
10 7.72E+00 62.21% | 17.83% | 11.79% | 5.75% | 0.25% | 2.16%
24 8.17E+00 64.61% | 17.03% | 11.14% | 4.93% | 0.29% | 2.00%
49 8.16E+00 63.20% | 17.83% | 11.66% | 4.97% | 0.38% | 1.96%
103 8.38E+00 62.97% | 18.32% | 10.85% | 4.67% | 0.61% | 2.58%
168 8.36E+00 64.58% | 17.03% | 10.55% | 4.67% | 0.75% | 2.42%
240 8.10E+00 62.22% | 17.58% | 11.75% | 5.13% | 0.77% | 2.54%

Table B9. Concentration data by weight (g element/g PA) and by volume (g element/L PA)
from membrane exposure to 0.5 mg/L I disinfected with 20 mg/L ClO:.

molar concentration
hour | [mol I /g PA] | [mol Br /g PA] | [mol K /g PA] | [mol CI /g PA] | mol I/L | mol Br/L | mol K/L | mol CI/L
1 5.85E-06 0.00E+00 2.73E-05 3.43E-04 0.007 0.00 0.03 0.43
2 3.13E-06 0.00E+00 3.13E-05 2.74E-04 0.004 0.00 0.04 0.34
5 3.94E-06 0.00E+00 3.15E-05 2.36E-04 0.005 0.00 0.04 0.29
10 3.10E-06 0.00E+00 3.88E-05 3.65E-04 0.004 0.00 0.05 0.45
24 3.10E-06 0.00E+00 4.65E-05 3.56E-04 0.004 0.00 0.06 0.44
49 2.31E-06 0.00E+00 6.17E-05 3.47E-04 0.003 0.00 0.08 0.43
103 3.03E-06 0.00E+00 9.84E-05 4.62E-04 0.004 0.00 0.12 0.57
168 3.04E-06 0.00E+00 1.22E-04 4.33E-04 0.004 0.00 0.15 0.54
240 3.03E-06 0.00E+00 1.21E-04 4.40E-04 0.004 0.00 0.15 0.55
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Figure B4. RBS characterization after SW30HR membrane exposure to 20 mg/L Br
disinfected with 20 mg/L ClO:. Data points obtained using SIMNRA based on RBS analysis
data.

Table B10. Atomic concentration (atoms element/atoms PA) data from membrane exposure
to 20 mg/L Br disinfected with 20 mg/L Cl10:.

atomic (atoms element/atoms PA)

hour | Layer thickness [atoms/cm2] %C %0 | %N %H %K %ClI %I %Br
1 840 42.0% | 8.5% | 6.8% | 42.3% | 0.040% | 0.310% | 0.0000% | 0.0730%
2 810 42.0% | 8.2% | 6.9% | 42.5% | 0.020% | 0.320% | 0.0000% | 0.0440%
5 810 41.0% | 7.5% | 6.8% | 44.4% | 0.045% | 0.170% | 0.0000% | 0.0410%
10 860 41.0% | 8.6% | 6.0% | 43.8% | 0.040% | 0.410% | 0.0000% | 0.1110%
24 800 42.0% | 8.9% | 6.9% | 41.6% | 0.060% | 0.410% | 0.0000% | 0.1500%
49 800 42.0% | 9.3% | 6.7% | 41.3% | 0.110% | 0.370% | 0.0000% | 0.2500%
103 810 40.0% | 8.6% | 6.4% | 44.2% | 0.090% | 0.340% | 0.0000% | 0.3300%
168 800 40.0% | 7.2% | 6.0% | 45.9% | 0.100% | 0.340% | 0.0000% | 0.4900%
240 760 42.0% | 8.4% | 6.8% | 41.8% | 0.160% | 0.300% | 0.0000% | 0.5150%
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Table B11. Concentration data by weight (g element/g PA) from membrane exposure to 20
mg/L Br disinfected with 20 mg/L Cl10Ox.
weight (g element/g PA) without the ion

hour | denominator=> (i X Mi) %C %0 %N %H %K | %Cl
1 7.90E+00 63.79% | 17.21% | 12.05% | 5.35% | 0.20% | 1.39%
2 7.86E+00 64.08% | 16.68% | 12.28% | 5.41% | 0.10% | 1.44%
5 7.59E+00 64.78% | 15.80% | 12.54% | 5.85% | 0.23% | 0.79%
10 7.74E+00 63.60% | 17.79% | 10.86% | 5.67% | 0.20% | 1.88%
24 8.01E+00 62.88% | 17.77% | 12.05% | 5.19% | 0.29% | 1.82%
49 8.05E+00 62.58% | 18.48% | 11.65% | 5.12% | 0.53% | 1.63%
103 7.67E+00 62.58% | 17.94% | 11.68% | 5.77% | 0.46% | 1.57%
168 7.41E+00 64.77% | 15.55% | 11.34% | 6.19% | 0.53% | 1.63%
240 7.92E+00 63.61% | 16.96% | 12.02% | 5.28% | 0.79% | 1.34%

Table B12. Concentration data by weight (g element/g PA) and by volume (g element/L PA)

from membrane exposure to 20 mg/L Br disinfected with 20 mg/L ClO:.

molar concentration
hour | [mol I /g PA] | [mol Br /g PA] | [mol K /g PA] | [mol Cl /g PA] | mol I/L | mol Br/L | mol K/L | mol CI/L
1 0.00E+00 5.74E-05 3.14E-05 2.44E-04 0.000 0.07 0.04 0.30
2 0.00E+00 3.47E-05 1.58E-05 2.52E-04 0.000 0.04 0.02 0.31
5 0.00E+00 3.28E-05 3.60E-05 1.36E-04 0.000 0.04 0.04 0.17
10 0.00E+00 8.67E-05 3.12E-05 3.20E-04 0.000 0.11 0.04 0.40
24 0.00E+00 1.16E-04 4.66E-05 3.18E-04 0.000 0.14 0.06 0.39
49 0.00E+00 1.93E-04 8.50E-05 2.86E-04 0.000 0.24 0.11 0.35
103 0.00E+00 2.58E-04 7.03E-05 2.65E-04 0.000 0.32 0.09 0.33
168 0.00E+00 3.86E-04 7.88E-05 2.68E-04 0.000 0.48 0.10 0.33
240 0.00E+00 4.00E-04 1.24E-04 2.33E-04 0.000 0.50 0.15 0.29
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Figure BS. RBS characterization after SW30HR membrane exposure to 2 mg/L ClO: as
disinfection. Data points obtained using SIMNRA based on RBS analysis data.

Table B13. Atomic concentration (atoms element/atoms PA) data from membrane exposure
to 2 mg/L ClOz.

atomic (atoms element/atoms PA)
hour | Layer thickness [atoms/cm2] %C %0 | %N %H %K %Cl %I %Br
2 900 42.0% | 7.2% | 6.9% | 43.8% | 0.040% | 0.090% | 0.0000% | 0.0000%
10 880 42.0% | 7.0% | 6.9% | 44.0% | 0.030% | 0.110% | 0.0000% | 0.0000%
168 850 47.0% | 7.5% | 6.9% | 38.4% | 0.080% | 0.110% | 0.0000% | 0.0000%
240 840 42.0% | 8.6% | 6.1% | 42.8% | 0.160% | 0.390% | 0.0000% | 0.0000%
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Table B14. Concentration data by weight (g element/g PA) from membrane exposure to 2

mg/L ClOx.
weight (g element/g PA) without the ion
hour | denominator=2 (€i X Mi) %C %0 %N %H %K %Cl
2 7.64E+00 65.94% | 15.07% | 12.64% | 5.73% | 0.20% | 0.42%
10 7.62E+00 66.17% | 14.71% | 12.68% | 5.77% | 0.15% | 0.51%
168 8.26E+00 68.28% | 14.53% | 11.69% | 4.65% | 0.38% | 0.47%
240 7.90E+00 63.81% | 17.42% | 10.81% | 5.41% | 0.79% | 1.75%

Table B15. Concentration data by weight (g element/g PA) and by volume (g element/L PA)
from membrane exposure to 2 mg/L ClO:.

molar concentration
hour | [mol I /g PA] | [mol Br /g PA] | [mol K /g PA] | [mol ClI /g PA] | mol I/L | mol Br/L | mol K/L | mol CI/L
2 0.00E+00 0.00E+00 3.23E-05 7.27E-05 0.000 0.00 0.04 0.09
10 0.00E+00 0.00E+00 2.43E-05 8.89E-05 0.000 0.00 0.03 0.11
168 0.00E+00 0.00E+00 6.39E-05 8.79E-05 0.000 0.00 0.08 0.11
240 0.00E+00 0.00E+00 1.24E-04 3.01E-04 0.000 0.00 0.15 0.37
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Figure B6. RBS characterization after SW30HR membrane exposure to 0.05 mg/L I
disinfected with 2 mg/L ClO:2. Data points obtained using SIMNRA based on RBS analysis

data.

Table B16. Atomic concentration (atoms element/atoms PA) data from membrane exposure
to 0.05 mg/L I disinfected with 2 mg/L ClO:.

atomic (atoms element/atoms PA)
hour | Layer thickness [atoms/cm2] %C %0 | %N %H %K %Cl %I %Br
2 800 42.0% | 6.9% | 6.5% | 44.5% | 0.040% | 0.090% | 0.0020% | 0.0000%
10 820 42.0% | 7.9% | 6.5% | 43.4% | 0.020% | 0.140% | 0.0035% | 0.0000%
168 770 49.0% | 7.3% | 6.9% | 36.6% | 0.070% | 0.170% | 0.0040% | 0.0000%
240 800 42.0% | 8.8% | 6.7% | 42.0% | 0.120% | 0.330% | 0.0120% | 0.0000%
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Table B17. Concentration data by weight (g element/g PA) from membrane exposure to 0.05
mg/L I disinfected with 2 mg/L ClOx.

weight (g element/g PA) without the ion
hour | denominator=2 (€i X Mi) %C %0 %N %H %K %Cl
2 7.55E+00 66.79% | 14.63% | 12.06% | 5.89% | 0.21% | 0.42%
10 7.71E+00 65.40% | 16.40% | 11.81% | 5.64% | 0.10% | 0.64%
168 8.47E+00 69.44% | 13.79% | 11.41% | 4.32% | 0.32% | 0.71%
240 7.97E+00 63.23% | 17.67% | 11.77% | 5.27% | 0.59% | 1.47%

Table B18. Concentration data by weight (g element/g PA) and by volume (g element/L PA)
from membrane exposure to (0.5 mg/L I disinfected with 20 mg/L ClOx.

molar concentration
hour | [mol I /g PA] | [mol Br /g PA] | [mol K /g PA] | [mol ClI /g PA] | mol I/L | mol Br/L | mol K/L | mol CI/L
2 1.62E-06 0.00E+00 3.24E-05 7.30E-05 0.002 0.00 0.04 0.09
10 2.81E-06 0.00E+00 1.61E-05 1.12E-04 0.003 0.00 0.02 0.14
168 3.18E-06 0.00E+00 5.57E-05 1.35E-04 0.004 0.00 0.07 0.17
240 9.33E-06 0.00E+00 9.33E-05 2.56E-04 0.012 0.00 0.12 0.32
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Figure B7. RBS characterization after SW30HR membrane exposure to 2 mg/L Br
disinfected with 2 mg/L Cl0:. Data points obtained using SIMNRA based on RBS analysis

data.

Table B19. Atomic concentration (atoms element/atoms PA) data from membrane exposure
to 2 mg/L Br disinfected with 2 mg/L ClO..

atomic (atoms element/atoms PA)

hour | Layer thickness [atoms/cm2] %C %0 | %N %H %K %Cl %I %Br
2 800 42.0% | 7.2% | 6.0% | 44.6% | 0.040% | 0.140% | 0.0000% | 0.0060%
10 820 45.0% | 7.6% | 6.9% | 40.3% | 0.015% | 0.180% | 0.0000% | 0.0087%
168 810 41.0% | 9.0% | 6.9% | 42.6% | 0.150% | 0.310% | 0.0000% | 0.0450%
240 810 42.0% | 8.8% | 6.8% | 41.8% | 0.170% | 0.370% | 0.0000% | 0.0680%
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Table B20. Concentration data by weight (g element/g PA) from membrane exposure to 2
mg/L Br disinfected with 2 mg/L ClOx.

weight (g element/g PA) without the ion
hour | denominator=2 (€i X Mi) %C %0 %N %H %K %Cl
2 7.54E+00 66.81% | 15.27% | 11.14% | 5.91% | 0.21% | 0.66%
10 8.05E+00 67.04% | 15.10% | 11.99% | 5.00% | 0.07% | 0.79%
168 7.92E+00 62.12% | 18.18% | 12.20% | 5.38% | 0.74% | 1.39%
240 8.02E+00 62.88% | 17.57% | 11.88% | 5.21% | 0.83% | 1.64%

Table B21. Concentration data by weight (g element/g PA) and by volume (g element/L PA)
from membrane exposure to 2 mg/L Br disinfected with 2 mg/L ClO:.

molar concentration
hour | [mol I /g PA] | [mol Br /g PA] | [mol K /g PA] | [mol ClI /g PA] | mol I/L | mol Br/L | mol K/L | mol CI/L
2 0.00E+00 4.84E-06 3.23E-05 1.13E-04 0.000 0.01 0.04 0.14
10 0.00E+00 6.96E-06 1.20E-05 1.44E-04 0.000 0.01 0.01 0.18
168 0.00E+00 3.49E-05 1.16E-04 2.40E-04 0.000 0.04 0.14 0.30
240 0.00E+00 5.24E-05 1.31E-04 2.85E-04 0.000 0.06 0.16 0.35
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Figure B8. RBS characterization after SW30HR membrane exposure to 2 mg/L Br and 0.05
mg/L I disinfected with 2 mg/L Cl02. Data points obtained using SIMNRA based on RBS
analysis data.

Table B22. Atomic concentration (atoms element/atoms PA) data from membrane exposure
to 2 mg/L Br and 0.05 mg/L I disinfected with 2 mg/L ClOa2.

atomic (atoms element/atoms PA)
hour | Layer thickness [atoms/cm2] %C %0 | %N %H %K %Cl %I %Br
2 800 42.0% | 7.6% | 6.0% | 44.2% | 0.030% | 0.150% | 0.0030% | 0.0030%
10 820 42.0% | 8.1% | 6.8% | 42.8% | 0.030% | 0.230% | 0.0095% | 0.0080%
168 820 40.0% | 9.1% | 6.9% | 43.5% | 0.110% | 0.370% | 0.0090% | 0.0580%
240 810 42.0% | 8.6% | 6.8% | 42.1% | 0.150% | 0.300% | 0.0091% | 0.0610%
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Table B23. Concentration data by weight (g element/g PA) from membrane exposure to 2
mg/L Br and 0.05 mg/L I disinfected with 2 mg/L ClOx.

weight (g element/g PA) without the ion
hour | denominator=2 (€i X Mi) %C %0 %N %H %K %Cl
2 7.60E+00 66.29% | 15.99% [ 11.05% | 5.82% | 0.15% | 0.70%
10 7.81E+00 64.54% | 16.59% | 12.19% | 5.48% | 0.15% | 1.05%
168 7.83E+00 61.30% | 18.59% | 12.34% | 5.55% | 0.55% | 1.68%
240 7.95E+00 63.36% | 17.30% | 11.97% | 5.29% | 0.74% | 1.34%

Table B24. Concentration data by weight (g element/g PA) and by volume (g element/L PA)
from membrane exposure to 2 mg/L Br and 0.05 mg/L I disinfected with 2 mg/L ClOa..

molar concentration
hour | [mol I /g PA] | [mol Br /g PA] | [mol K /g PA] | [mol Cl /g PA] | mol I/L | mol Br/L | mol K/L | mol CI/L
2 2.41E-06 2.41E-06 2.41E-05 1.21E-04 0.003 0.00 0.03 0.15
10 7.55E-06 6.35E-06 2.38E-05 1.83E-04 0.009 0.01 0.03 0.23
168 6.96E-06 4.49E-05 8.51E-05 2.86E-04 0.009 0.06 0.11 0.36
240 7.07E-06 4.74E-05 1.17E-04 2.33E-04 0.009 0.06 0.14 0.29

64



APPENDIX C

SUPPLEMENTAL FIGURES AND TABLES OF PERMEATION EXPERIMENTS
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Figure C1. Experimental (symbols) and fitted (lines) solute permeation for Rhodamine WT
rejection experiments. Opened circle represents the pure RO membrane soaking with
nanopure water at least 24 hours, closed triangle represents the RO membrane exposure to
10 mM phosphate buffer solution at pH 7.5 for 10 days, closed square, closed circle closed
diamond and asterisk represent RO membranes exposure to no compounds, 0.5 mg/L I, 20
mg/L Br, 0.5 mg/L I and 20 mg/L Br, disinfected with 20 mg/L C102 with 10 mM phosphate
buffer solution at pH 7.5 for 10 days, respectively.
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