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ABSTRACT 1 

Direct treatment of water purification membranes with strong oxidative chemicals, such as ozone 2 

and chlorine, is a promising avenue to prevent fouling and improve water treatment performance. 3 

In this work, we investigate the oxidation resistance of hydrophobic polymers commonly used in 4 

membrane distillation by probing the impact of ozone and chlorine exposure on membrane 5 

structure, chemistry, and desalination performance. To probe oxidative behavior, 6 

polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), and polypropylene (PP) 7 

membranes were exposed to sodium hypochlorite (10 000 ppm, pH 4) and ozone (15 ppm, pH 7) 8 

solutions for up to 72 hours and 3 hours, respectively. We then characterized the membrane 9 

samples using Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy 10 

(XPS), scanning electron microscopy (SEM), water contact angle measurements, and desalination 11 

performance testing. Our results indicate that PTFE membranes show no chemical, structural, or 12 

desalination performance changes after exposure to the highest doses of chlorine and ozone, with 13 

only minor decreases in water contact angle (less than 15%) after exposure to oxidants. PVDF also 14 

showed no observable changes in structure and performance, although XPS analysis indicated 15 

possible defluorination of the surface after oxidant exposure. PP membranes showed the most 16 

severe degradation, with surface cracking, chemical changes, and complete failure in desalination 17 

testing after exposure to 10 000 ppm chlorine for 1 h or 15 ppm ozone for 30 min. Measurements 18 

of salt rejection and water flux of the pristine and oxidized membranes showed greater than 99.9% 19 

rejection and minimal changes in water flux regardless of oxidant or exposure length, except in 20 

the case of PP which showed failure during testing. Our results provide insights on the degradation 21 

behavior of hydrophobic polymer membranes and demonstrate the promise of using PTFE and 22 

PVDF membranes combined with strong oxidants in water treatment. 23 

 24 

Keywords: Membrane distillation, chlorine, ozone, desalination, hydrophobic membrane. 25 

 26 

Synopsis: The impact of ozone and chlorine exposure on the chemistry, structure, and 27 

performance of hydrophobic porous membranes is examined. 28 

 29 

 30 
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1. INTRODUCTION 31 

Anthropogenic climate change has contributed to worsening drought conditions and decreased the 32 

reliability of water supplies.1 Water reuse and desalination offer secure and consistent water 33 

supplies outside the natural hydrological cycle that can supplement existing water resources.2 34 

Membrane-based technologies have been increasingly implemented for advanced water treatment 35 

due to their high energy efficiency and ease-of-implementation.3,4 However, fouling from 36 

contaminants in feedwater is a persistent challenge that limits the performance of membrane-based 37 

systems, increasing the cost of water treatment by necessitating intensive pre-treatment processes 38 

and reducing membrane lifetime. 39 

The use of oxidative disinfectants upstream of a membrane process is an effective technique to 40 

reduce fouling and enhance water treatment performance.5 Chlorination or ozonation of feedwater 41 

inactivates microbes before they reach the membrane surface, preventing biofilm formation and 42 

the associated performance decline due to biofouling.6 Strong oxidants can also transform organic 43 

matter into more hydrophilic materials that have a lower fouling propensity.7 Furthermore, strong 44 

oxidation combined with membrane processes may enhance removal of contaminants in the feed 45 

water.8 Therefore, implementing strong oxidation upstream of, or directly in contact with, 46 

membranes used in advanced water treatment is highly desirable. 47 

Although strong oxidants have the potential to enhance membrane performance, materials 48 

commonly used in salt-rejecting membranes, such as polyamide and cellulose acetate, degrade 49 

when exposed to strong oxidizing agents such as chlorine and ozone.9–12 Disinfection pretreatment 50 

strategies upstream of these membranes are therefore limited to the use of chloramines, weaker 51 

disinfectants that reduce the effectiveness of downstream ultraviolet treatment processes and are 52 

associated with the formation of highly toxic disinfection byproducts, including N-53 

nitrosodimethylamine.13,14 Alternatively, chlorine is sometimes used upstream of membrane 54 

systems, but a costly dechlorination step must be implemented prior to reverse osmosis (RO) to 55 

protect the membranes. The development of membrane materials that withstand exposure to strong 56 

oxidants is therefore a well-acknowledged need in the field of membrane separations.  57 
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Hydrophobic porous membranes used in membrane distillation (MD), osmotic distillation, and 58 

pressure-driven distillation have material properties that hold potential to be placed in direct 59 

contact with strong oxidants.15–18 Unlike conventional membranes, distillation membranes require 60 

hydrophobic materials that can trap air within sub-micron scale pores. Water vapor can then travel 61 

through the membrane driven by a partial vapor pressure gradient resulting from a temperature or 62 

concentration difference. A variety of hydrophobic materials have been used in membrane-based 63 

distillation systems. Among these, polytetrafluoroethylene (PTFE), polyvinylidene fluoride 64 

(PVDF), and polypropylene (PP) have been the most widely studied.19 All these polymers have 65 

chemical structures that are stable and, in theory, have stronger tolerance towards chemical 66 

oxidation than hydrophilic polyamide and cellulose acetate polymers used in conventional salt-67 

rejecting membranes. 68 

Despite the potential of combining membrane-based distillation systems with strong oxidants, 69 

the oxidation resistance and long-term stability of hydrophobic porous membranes has not been 70 

well-characterized for ozone and chlorine, the two strong oxidizing agents that are most commonly 71 

used in water treatment. The perfluorinated C-F bonds in PTFE are not known to react with even 72 

very strong oxidants such as hydroxyl radical since no lone pairs for electron transfer or hydrogens 73 

available for abstraction exist in the chemical structure of PTFE.20 Experimentally, PTFE 74 

membranes have been used in studies involving ozone without noticeable changes in performance, 75 

but the chemical properties of PTFE membranes after exposure were not characterized.21,22 PVDF 76 

membranes have been suspected to swell when exposed to ozone, though materials 77 

characterization has been inconclusive regarding any chemical changes to the polymer.23–25 PP and 78 

PVDF membranes also have been observed to react with chlorine, but implications for membrane 79 

performance are unclear.26,27 Prior literature thus indicates that some polymers used in distillation 80 

systems have the potential to operate with prolonged exposure to strong oxidants such as chlorine 81 

and ozone. However, the impact of such exposure on membrane chemical stability and physical 82 

structure has not been well-studied. Studying the chemical resilience of hydrophobic polymer 83 

membranes used in distillation systems is particularly relevant because small changes in surface 84 

chemistry may result in membrane wetting and compromise membrane performance. 85 
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In this work, we investigate the effects of oxidant exposure on hydrophobic membranes 86 

commonly used in membrane-based distillation processes. We first examine changes in the 87 

chemistry and hydrophobicity of PTFE, PVDF, PP membranes after exposure to varying doses of 88 

chlorine and ozone, allowing us to gain insights into degradation mechanisms. We then examine 89 

changes in membrane polymer structure and characteristics after exposure to oxidants. Finally, we 90 

show changes in water flux and salt rejection that occur after membranes have been exposed to 91 

varied doses of oxidants. Overall, this work provides important insights on the limits of different 92 

MD membrane materials in resisting damage from strong chemical oxidants. 93 

2. MATERIALS AND METHODS 94 

2.1. Membranes and chemicals 95 

Three hydrophobic, porous polymer membranes commonly used in distillation processes, PTFE 96 

(Sterlitech Corporation, USA), PVDF (Durapore, Millipore, Ireland), and PP (Sterlitech 97 

Corporation, USA), were tested. All membranes had a nominal pore diameter of 0.2 µm. 98 

Characteristics of membranes are summarized in Table S1. Each type arrived as flat sheet 99 

membranes in a dry state. Samples were cut from flat sheets prior to oxidation and testing. 100 

Deionized (DI) water was obtained using a Millipore Synergy UV Remote Water Purification 101 

System. Solutions for chlorine degradation experiments were prepared using a sodium 102 

hypochlorite solution (NaOCl 5% w/v, LabChem) and DI water with pH adjusted using 103 

hydrochloric acid (HCl 1N, Fisher Chemical). Gaseous ozone was produced by a TG-40 ozone 104 

generator (Ozone Solutions, USA) for ozone degradation experiments. Sodium chloride (NaCl, 105 

Fisher Chemical) dissolved in DI water was used as the feed solution in desalination testing. 106 

2.2. Oxidation of membrane materials 107 

Oxidant exposure occurred in the form of passive treatment in which the membrane samples were 108 

submerged in prepared solutions for a specified amount of time. Aqueous ozone was generated by 109 

feeding pure oxygen into an ozone generator which was then diffused as gaseous ozone into a 110 

beaker containing DI water. Due to the rapid degradation of ozone, a constant flow of gaseous 111 

ozone was supplied during membrane exposure. Ozone concentration within the beaker was 112 

monitored using a spectrophotometer (HACH DR6000, Colorado, USA). The ozone solution was 113 

maintained at a concentration of 15 ppm and a pH of 7 for oxidation experiments. PVDF and PTFE 114 
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membranes were exposed to ozone for up to 3 h. PP membranes were exposed to ozone for less 115 

time since severe degradation was observed; PP membranes used in desalination performance 116 

testing were exposed to ozone for a maximum for 0.5 h, and PP membranes used for material 117 

characterization were exposed to the ozone solution for 1 h. A summary of oxidant exposure 118 

conditions for each membrane based on characterization method is provided in Table S2. 119 

NaOCl solutions were prepared by diluting a 5% w/v NaOCl solution with DI water to a 120 

concentration of 10,000 ppm for all experiments. The solution was adjusted to a pH of 4 using 121 

hydrochloric acid to promote the dissociation of NaClO into hypochlorous acid, which has been 122 

found to have a higher oxidative strength than the species present at a different pH.28 The solution 123 

was covered and reprepared every 24 hours to maintain a constant concentration and pH. PVDF 124 

and PTFE membranes were exposed to the chlorine solution for up to 72 h. PP membranes were 125 

exposed for up to 60 min in desalination performance testing. Additional PP membranes were 126 

exposed for up to 24 h for material characterization. Following oxidant exposure, membrane 127 

samples were thoroughly rinsed with DI water and left in DI water for 24 h. Membranes were 128 

rinsed with methanol to remove any surface contamination, dried, and stored in a desiccator prior 129 

to surface characterization. 130 

2.3. Membrane characterization 131 

Contact angle was measured with a Biolin Scientific tensiometer using the sessile drop technique. 132 

For all measurements, a droplet of DI water (less than 10 uL) was deposited onto the active side 133 

of the membrane surface using a pipette. Contact angle was measured on different areas of each 134 

sample and reported values represent an average of at least three measurements. 135 

Membrane morphology and surface topography was viewed with scanning electron microscopy 136 

(SEM) on a Hitachi SU8010 microscope. Prior to SEM imaging, platinum was sputtered onto the 137 

PTFE, PVDF, and PP surfaces until a thickness of 3 nm was achieved on the surface. SEM images 138 

were taken of pristine PTFE, PVDF, and PP and the membranes exposed to the highest doses of 139 

chlorine and ozone. 140 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were acquired from 141 

400–4000 cm-1 using a ThermoScientific Nicolet iS50 FTIR with a Smart iTX attachment with 142 

ATR capacities and an ATR diamond crystal. Measurements were taken of PTFE, PVDF, and PP 143 

prior to submersion into the oxidant solution and after subsequent exposures.   144 
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X-ray photoelectron survey spectra were acquired from 0–1200 eV using a Kratos Supra X-ray 145 

photoelectron spectrometer. Polymer samples were isolated on the sample plate to ensure 146 

consistent charging through the samples. The Al K alpha X-ray source was operated at 1486.7 kV 147 

and 15 mA current emission. Charge neutralization parameters were determined through use of 148 

continuous scans of the carbon 1s peak. Survey spectra were used to calculate the atomic percent 149 

of elements on the surface while the high-resolution C 1s spectra were peak fitted to determine the 150 

changes in the carbon binding after exposure. High resolution scans of O 1s, F 1s, and C 1s were 151 

taken to obtain the chemical state of the polymers after oxidant exposure. A Shirley background 152 

was used and a Gaussian-Lorentzian sum function with an added asymmetric parameter were used 153 

to fit component peaks for the polymers.  All spectra were calibrated using a C-C/C-H peak 154 

position of 284.8 eV.  155 

2.4. Desalination performance testing 156 

A bench-scale crossflow direct contact MD system was used for performance testing on pristine 157 

and oxidized membrane samples. Membranes were placed within a flat sheet membrane module 158 

with an active surface area of 20.02 cm².  PP membranes required the use of mesh spacers on either 159 

side of the membrane for support. A 0.05 M NaCl feed solution was circulated at 60 ºC in contact 160 

with the active side of the membrane. DI water was simultaneously circulated on the permeate side 161 

at 20 ºC. Feed and permeate temperatures were continuously monitored prior to entering and upon 162 

exiting the membrane module and regulated using a heater and chiller, respectively. Flow rate was 163 

measured upon exiting the membrane module and regulated using pumps.  Water velocity through 164 

the channels was maintained at 0.14 m s-1 across the membrane surface. Water flux across the 165 

membrane during operation was determined by measuring the mass change of the permeate 166 

reservoir using an analytical balance. Salt rejection across the membrane was measured using a 167 

conductivity probe in the permeate reservoir. Measurements were collected in one-minute intervals 168 

after the system reached steady state conditions. Steady state was determined to be the point at 169 

which a constant water flux was maintained (less than 2 L m-2h-1 deviation over 30 min) after the 170 

desired operating temperatures and crossflow velocities were achieved. Water flux and salt 171 

rejection across the membrane, presented as the average value over a 2-hour test period, were then 172 

evaluated as a function of oxidant exposure. 173 

 174 
3. RESULTS AND DISCUSSION 175 
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3.1. Oxidation impacts on membrane structure and hydrophobicity 176 

To examine the impact of oxidation on hydrophobic porous membranes, 0.2 µm nominal pore size 177 

hydrophobic membranes made from PTFE, PVDF, and PP were acquired and exposed to chlorine 178 

at pH 4 and ozone at pH 7. Membranes were then thoroughly characterized for chemical, structural, 179 

and performance changes in direct contact MD (Figure 1A). Exposure to chemical oxidants may 180 

lead to loss of surface hydrophobicity and pore wetting (Figure 1B) or damage to the bulk polymer 181 

membrane structure (Figure 1C) In this Section, we will discuss changes in membrane structure 182 

and hydrophobicity that were observed after oxidant exposure. Subsequent sections will further 183 

analyze chemical changes and MD performance of the oxidant-exposed membranes. 184 

 185 

186 
Figure 1. (A) Schematic diagram of membrane distillation. (B) Loss of membrane hydrophobicity 187 
as a result of oxidant exposure may lead to pore wetting. (C) Damage to the membrane 188 
morphology may also result from exposure to oxidants. 189 

 190 

Following oxidant exposure, physical inspection and SEM imaging were used to examine 191 

possible structural degradation in the membranes. After the highest exposures for chlorine (72 h 192 

at 10000 ppm) and ozone (3 h at 15 ppm), both PTFE and PVDF showed no changes in their 193 

overall morphology in SEM images (Figure 2) and upon physical inspection. Polypropylene, on 194 

the other hand, showed significant changes in its macroscale morphology after exposure to lower 195 

doses of chlorine (10000 ppm for 24 h), with cracking and tearing occurring on the membrane 196 

surface (Figure S1). SEM imaging further revealed that larger than 10 μm cracks were present on   197 
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 198 

Figure 2. Scanning electron micrographs of polytetrafluorethylene (PTFE), (b) polyvinylidene 199 
fluoride (PVDF), and polypropylene membranes before and after exposure to chlorine and ozone 200 
oxidants. Polytetrafluoroethylene and polyvinylidene fluoride membranes were exposed to 10000 201 
ppm chlorine for 72 h or 15 ppm ozone for 3 h. Polypropylene membranes were exposed to 10000 202 
ppm chlorine for 24 h or 15 ppm ozone for 1 h.  203 
  204 
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the membrane surface and apparent pore sizes at the membrane surface increased from 205 

approximately 0.2 μm to 2 μm. For ozone (1 h at 15 ppm), we observed macroscale cracking and 206 

debris on the surface of the membrane. Overall, inspection of the membrane samples indicated 207 

significant damage to the PP membrane structure after ozone and chlorine exposures. 208 

Measurements of the water contact angles after oxidant exposure showed small changes in the 209 

overall hydrophobicity in all cases (Figure 3). After the maximum exposure to chlorine (720000 210 

ppm·h), the contact angle of water on PTFE and PVDF changed from 132° to 117° and 120° to 211 

108°, respectively. After the maximum exposure to ozone (45 ppm· h), the contact angle on PTFE 212 

and PVDF decreased from 132° to 111° and 120° to 112°, respectively.  PP membranes were 213 

exposed to lower doses of chlorine (up to 10000 ppm·h) and ozone (up to 7.5 ppm·h) since they 214 

suffered from severe cracking. PP membranes showed more rapid changes in water contact angle 215 

during oxidant exposure, experiencing a decrease in contact angle of 140° to 120° and 140° to 216 

117° for chlorine and ozone, respectively. Generally, contact angle measurements showed modest 217 

changes in the surface properties across all membranes, with a less than 15% change in contact 218 

angle in all cases. Even the PP membranes that showed macroscale membrane cracking showed 219 

relatively small changes in contact angle prior to failure. 220 

 221 
Figure 3.  Static water contact angle of polytetrafluroethylene (PTFE), polyvinylidene 222 

fluoride (PVDF), and polypropylene (PP) membranes following exposure to (A) 10000 223 

ppm chlorine solution and (B) 15 ppm ozone solution.  224 

3.2.  Understanding chemical changes in polymers after exposures 225 

The changes in structure and hydrophobicity of membranes after exposure to chlorine and ozone 226 

motivated further investigations into membrane surface chemistry. Attenuated total reflectance 227 
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Fourier transform infrared spectroscopy (ATR-FTIR) was used to gain information on changes in 228 

the overall bond structure of membranes before and after oxidation. The PTFE and PVDF 229 

membrane showed no changes in ATR-FTIR spectra after exposure to chlorine and ozone (Figure 230 

S2). In contrast, PP membranes, which showed significant structural changes after exposure to 231 

both chlorine and ozone, also had observable changes in their ATR-FTIR spectra (Figure 4). 232 

Following ozonation, we noted the development of a small peak at 1700 cm-1 which corresponds 233 

to the presence of a carbonyl group. We saw more significant changes in the chlorinated PP in the 234 

region between 4000 cm-1 and 3000 cm-1 where there is a broad peak characteristic of an alcohol 235 

group. We also observed the evolution of a broad carbonyl peak between 1800 cm-1 and 1500 cm-236 
1. The formation of similar peaks characteristic of alcohol and carbonyl functional groups is typical 237 

in oxidized polyproypylene.29  Additionally, we see the formation of an alkyl halide group in the 238 

chlorinated PP at 800–600 cm-1.30 The chemical changes in PP are consistent with our 239 

understanding that the tertiary carbon makes it susceptible to oxidation.31  The attached hydrogen 240 

is more likely to be abstracted and an alkoxy radical is formed which stabilizes itself through a 241 

rearrangement into an alkyl radical and forms a ketone.32,33  242 

 243 
Figure 4. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy scans 244 
of polypropylene membranes after before and after exposure to ozone and chlorine. 245 
Polypropylene membranes were exposed to 10000 ppm chlorine for 24 h or 15 ppm ozone for 1 246 
h. 247 

 248 
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XPS was used to gain more information on the atomic compositions of the top surface 249 

(approximately 10 nm) of the membrane polymer, where we expected to observe the most 250 

chemical changes due to oxidation (Figure 5). For PTFE samples, XPS analysis indicated minor 251 

changes in surface chemistry between samples that were likely due to carbon contamination. 252 

Pristine PTFE shows the characteristic C-F peak at 291.8 eV, and following exposures to chlorine 253 

and ozone, there are no changes to this peak (Figure 5C). There is an additional weak peak at 284.8 254 

eV which corresponds to C-H bonds; this peak  is commonly attributed to carbon contamination.34 255 

Overall, PTFE membranes showed XPS peaks characteristic of its highly fluorinated carbon chain 256 

that were not affected by chlorine or ozone exposure.  257 

 258 

 259 
Figure 5. (A) Atomic percent of different elements observed in the XPS survey spectra for PTFE, 260 
PVDF, and PP membranes exposed to chlorine and ozone. (B) Summary of results from carbon 261 
core scans indicating the binding environment of the carbon atoms on the surface of membrane. 262 
(C,D,E) Spectra from carbon core scans of PTFE, PVDF, and PP membranes. PTFE and PVDF 263 
membranes were exposed to 10,000 ppm chlorine for 72 h or 15 ppm ozone for 3 h. PP 264 
membranes were exposed to 10,000 ppm chlorine for 24 h or 15 ppm ozone for 1 h. 265 
  266 
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XPS analysis of the PVDF and PP membranes observed more obvious changes to the membrane 267 

surface chemistry following oxidation than those seen with PTFE. In pristine PVDF, there are two 268 

characteristic peaks: the C-F peak at 291.0 eV and the C-H peak at 286.4 eV (Figure 5D).  269 

Following oxidation with ozone and chlorine we see decreases of  8.1% and 17.3%, respectively, 270 

in the C-F peak which indicates possible surface defluorination. Additionally, we see an evolution 271 

of a peak at 284.8 eV. Since there is indication of defluorination on the PVDF, we believe that the 272 

peak at 284.8 eV corresponds to the formation of C=C on the surface which has been suggested to 273 

form following defluorination in PVDF.35,36 274 

For PP membranes, there is only a peak for C-H at 284.8 eV in the pristine membrane (Figure 275 

5E). This structure corresponds to the repeating units of carbon and hydrogen atoms, where the 276 

carbon atoms are connected by single bonds. This differs from the C-H peak observed in the PVDF 277 

spectra since the electronegative nature of the C-F bond in PVDF will shift the C-H peak to a 278 

slightly higher binding energy.37,38 Following oxidation, we observe widening of the carbon peak 279 

due to an evolution of carbon oxygen groups on the PP surface.  Chlorination of the polypropylene 280 

led to a 5.3% and 3.0% increase of C-O and C=O respectively, while ozone led to a 2.5% and 1.5% 281 

increase of C-O and C=O respectively on the surface. An important difference between the 282 

chlorinated and ozonated polypropylene is the incorporation of Cl into the polypropylene. 283 

Following chlorine treatment, we see a 3.7% increase of Cl on the surface as observed in the XPS 284 

survey scans (Figure 5A). Further examination of the core scans of the PP (Figure 5B and 5E) 285 

shows that there is a small peak evolving at around 288.3 eV which is indicative of a C-Cl 286 

bond .37,38 Thus, oxidation of the PP membranes led to changes in the membranes overall surface 287 

chemistry as evidenced by the presence of C-O, C=O, and C-Cl following oxidation. 288 

 289 
3.3. Desalination performance testing  290 

Direct contact membrane distillation (MD) testing was used to investigate the impact of chlorine 291 

and ozone exposure on the desalination performance of membranes (Figure 6). With a hot 292 

temperature of 60 ºC and a cold temperature of 20 ºC, the pristine PTFE, PVDF, and PP membranes 293 

showed water fluxes of 35.3 L m-2h-1, 24.5 L m-2h-1, and 47.1 L m-2h-1, respectively. All pristine 294 

membranes had salt rejections higher than 99.9%.  295 

After exposure to chlorine and ozone, PTFE and PVDF membranes showed minor changes in 296 

water flux and maintained greater than 99.9% salt rejection. The measured water fluxes for PTFE 297 
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membranes exposed to chlorine or ozone varied from 38.4 L m-2h-1 to 44.7 L m-2h-1. For PVDF 298 

membranes, the measured water fluxes of oxidant exposed membranes varied from 26.8 L m-2h-1 299 

to 31.6 L m-2h-1. Although the water fluxes of membranes after oxidant exposure were generally 300 

higher than those of the pristine membranes, no clear dependence of water flux on oxidant 301 

exposure was observed. These results are consistent with previous data that indicate minor changes 302 

in membrane structure and minor differences in hydrophobicity following oxidant exposure. 303 

 304 
Figure 6. Water flux as a function of oxidant exposure for polytetrafluroethylene (PTFE), 305 
polyvinylidene fluoride (PVDF), and polypropylene (PP) membranes after exposure to a 10000 306 
ppm chlorine solution (A) and a 15 ppm ozone solution (B) through a direct contact membrane 307 
distillation cell. Temperatures were 60 ºC and 20 ºC through the feed and permeate channels, 308 
respectively.  309 

 310 

Unlike PTFE and PVDF, PP membranes demonstrated observable cracking which prevented 311 

them from being tested in desalination systems at doses higher than 240000 ppm·h chlorine or 15 312 

ppm·h ozone. Within the allowable exposure for PP membranes without reaching catastrophic 313 

failure, changes in water flux and salt rejection were minor. The water flux of the pristine PP 314 

membrane was measured to be 47.1 L m-2h-1. Following exposure to chlorine, an 8.3% increase in 315 

water flux was observed. Ozone exposure resulted in a 1.7% increase in water flux. Similar to the 316 

PVDF and PTFE membranes, changes in salt rejection between pristine membranes and oxidized 317 

membranes were minor during the observed exposures (Figure S3). It should be emphasized that 318 

following the exposures used for PP membranes in desalination performance testing, damage to 319 

the membrane caused by oxidation resulted in complete failure within the system. This included 320 
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visible breakage to the membrane with near-zero salt rejection and significantly increased water 321 

flux through the cell channels. 322 
 323 

4. CONCLUSIONS 324 

The impact of exposure to chlorine and ozone oxidants on three commercial hydrophobic 325 

membranes (PTFE, PVDF, and PP) was evaluated by examining changes to structure, surface 326 

chemistry, and desalination performance. PTFE and PVDF membranes appeared to be minimally 327 

impacted by strong oxidants at exposures up to the limit of this study: 720000 ppm·h chlorine and 328 

45 ppm·h ozone. After oxidant exposure, both membranes experienced minor changes in water 329 

flux in direct contact MD without compromising selectivity and saw a less than 10% decrease in 330 

contact angle. Further characterization revealed no noticeable changes in the structure and 331 

chemistry of PTFE membranes, though changes in the chemistry of the PVDF membranes were 332 

observed through XPS. PP experienced severe degradation following maximum oxidant exposure 333 

of 240000 ppm·h chlorine or 15 ppm·h ozone which was confirmed through surface and structural 334 

characterization methods.  335 

Given their high observed oxidation resistance, PTFE and PVDF may be promising options for 336 

water treatment applications that involve contact with oxidants or for applications that might 337 

benefit from pretreatment using ozone and chlorine. Based on the observed oxidation resistance, 338 

pretreatment of water using a typical dose of 4 ppm chlorine would be possible for at least 20 339 

years. With an average continuous ozone dose of 0.1 ppm, both PVDF and PTFE could resist 340 

oxidation damage for at least 18 days under these experimental conditions. Past this point, the 341 

surface characterization results imply that PVDF could be at risk of failure earlier than the PTFE 342 

membranes when in direct contact with ozone. 343 

Polypropylene demonstrates limited oxidation resistance for both chlorine and ozone compared 344 

to PTFE and PVDF. Our work indicates that with a typical chlorine dose of 4 ppm, failure of PP 345 

membranes may occur within 100 days. Similarly, the use of PP in direct contact with 0.1 ppm 346 

ozone would be limited to 9 days. Prior to membrane failure, no noticeable changes in 347 

permeability, selectivity, or hydrophobicity were observed. The rapid and unexpected failure of 348 
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the PP membrane indicate that failure of the membrane may occur without warning in a water 349 

treatment system. 350 

Further work is needed investigate the effects of direct oxidation with additional parameters not 351 

considered in this study. For example, future testing should explore the impact of additional 352 

organics, salts, and other contaminants that could contribute to membrane fouling or alter 353 

membrane surface properties. This work found that membranes made from fluorinated polymers 354 

(PTFE and PVDF) showed higher oxidation resistance than non-fluorinated membranes (PP). An 355 

additional emerging concern in the practical application of fluorinated membranes is the release 356 

of per- and polyfluoroalkyl substances (PFAS). Additional analyses are necessary to compare the 357 

advantages of membrane oxidation resistance with their potential for PFAS release. 358 
 359 
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