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Abstract

:

Polyethersulfone (PES) films are widely employed in the construction of membranes where there is a desire to make the surface more hydrophilic. Therefore, UV photo-oxidation was studied in order to oxidize the surface of PES and increase hydrophilicity. UV photo-oxidation using low pressure mercury lamps emitting both 253.7 and 184.9 nm radiation were compared with only 253.7 nm photons. The modified surfaces were characterized using X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and water contact angle (WCA) measurements. Both sets of lamps gave similar results, showing an increase of the oxygen concentration up to a saturation level of ca. 29 at.% and a decrease in the WCA, i.e., an increase in hydrophilicity, down to ca. 40°. XPS detected a decrease of sp2 C-C aromatic group bonding and an increase in the formation of C-O, C=O, O=C-O, O=C-OH, O-(C=O)-O, and sulphonate and sulphate moieties. Since little change in surface roughness was observed by AFM, the oxidation of the surface caused the increase in hydrophilicity.
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1. Introduction


Polyethersulfone (PES) (Figure 1) is a material which is widely used in the construction of membranes because its chemical structure causes the polymer to maintain mechanical strength, thermal and chemical resistance, and oxidative properties making it suitable for the preparation of asymmetric membranes with different surfaces and pore sizes.



A number of surface modification techniques have been used to make the surface more hydrophilic, such as blending with polymers and inorganic nanoparticles [1]. To increase hydrophilicity for biomedical applications, PES has been polymerized with vinyl pyrrolidone, then copolymerized with methyl methacrylate [2], and blended with hydrophilic submicrogels of poly(acrylic acid-co-N-vinyl-2-pyrrolidone) [3]. For wastewater treatment, PES was functionalized with ß-cyclodextrin to incorporate –OH groups on the surface [4]. In addition, since PES is a very photosensitive polymer, photo-oxidation using UV wavelengths, such as 253.7 nm, activates the PES surface, as detected by FTIR, SEM, atomic force microscopy (AFM) and water contact angle (WCA) measurements, for successful grafting of hydrophilic monomers without the need for a photo-initiator [5,6,7].



One key factor in improving PES membranes is monitoring the functional groups during surface modification, such as by using X-ray photoelectron spectroscopy (XPS) analysis. XPS analysis for the reaction of ozone, which is often used for treating wastewater, with PES detected an increase in concentration of O atoms on the surface up to ca. 25 atomic% (at%) and the formation of primarily C-O, sulphonate and sulphate groups resulting in an increase in hydrophilicity of ca. 28% [8]. Therefore, this research investigated the UV photo-oxidation of PES with low pressure Hg lamps, which emitted both 253.7 and 184.9 nm photons, and compared the results with a set of lamps that emitted only 253.7 nm radiation. The 184.9 nm radiation is absorbed by oxygen [9] and breaks the molecular bond to form ground state O(3P) atoms at a threshold wavelength of 242.4 nm [10]. Using atmospheric pressure of O2, ozone is produced by Equation (1) and involves a stabilizing molecule (M), which is the oxygen molecule in this study.


O(3P) + O2 + M → O3 + M



(1)







Because oxygen molecules do not absorb 253.7 nm radiation [9], the 253.7 nm photons are transmitted through the oxygen to photo-activate the PES film. The resulting surface modification was characterized using XPS, WCA, and AFM measurements to determine changes in chemistry, hydrophilicity, and surface roughness, respectively.




2. Materials and Methods


2.1. Materials


PES film (0.125 mm thick) was purchased from Goodfellow Corp. (Coraopolis, PA, USA) (catalog no. 494-219-10), cleaned with Koptec 200 proof ethanol (DLI, King of Prussia, PA, USA) in an ultrasonic bath for 20 min and then stored in a desiccator, which contained calcium sulfate, for at least 24 h. The cleaned PES film was treated with UV photo-oxidation at different treatment times.




2.2. UV Photo-Oxidation


The PES sample was placed in the center of a cylindrical photochemical cell (2.54 cm diameter, 17.8 cm long), constructed of Suprasil® (Heraeus Quartz America LLC, Buford, GA, USA) quartz and fitted with a Cajon removable high vacuum stainless steel fitting, and put inside a Rayonet photochemical chamber (Southern New England Ultraviolet Co., Branford, CT, USA) with 16 low-pressure Hg lamps. One set of lamps emitted both 253.7 and 184.8 nm photons with about a 6:1 intensity ratio, while the other set emitted only 253.7 nm radiation. High purity oxygen (99.99%) flowed through the photochemical cell while high purity nitrogen, which is transparent to the UV radiation, flowed through the chamber for at least 10 min at flow rates of ca. 43 and 5 × 103 sccm, respectively, in order to displace the air prior to the ignition of the radiation source. Because ozone is linked to a broad array of health threats [11], the exiting gas was passed through a solution of saturated KI in order to react with the ozone prior to emission into the vacuum hood.




2.3. X-ray Photoelectron Spectroscopy (XPS)


The samples were analyzed with a Physical Electronics VersaProbe II 5000 XPS that examined the top 2–5 nm of a sample’s surface using a take-off angle of 45° between the sample and analyzer. A rectangular region of about 1400 μm by 600 μm was analyzed. The monochromatic Al Kα (1486 eV) X-ray beam irradiated the sample and the electron optics of the analyzer were focused to accept only photoelectrons emitted from the samples. The quantitative analyses are precise to within 5% relative for major constituents and 10% relative for minor constituents. The samples were charge neutralized with a dual beam charge neutralization system that utilized both a cold cathode electron flood source (~1 eV) and a very low energy ion source (≤10 eV).



The high-resolution C 1s, O 1s, and S 2p spectra were normalized to the peak intensities at the main peaks and curve-fitting was performed by using spectra for a cleaned and untreated PES sample as the initial model. The process subtracted the control spectrum from that of the treated sample. The remainder spectrum was curve-fitted to determine the number of peaks, their binding energies, and peak widths resulting from the treatment. The peaks from curve-fitting the remainder spectrum were used to curve-fit the total treated spectrum. Any missing peaks, such as weak energy loss peaks, were then added to the curve-fitting of the treated sample to achieve a good chi-square fit. A materials balance was calculated to test if the results of the curve-fitting agreed with the concentrations as determined from the quantitative analyses.




2.4. Contact Angle (CA) Goniometry


Water contact angles on the PES films were measured using a Ramé-Hart model 250-F1 standard contact angle goniometer. The instrument included a fiber optic illuminator, 3-axis specimen stage with leveling, U1 Series SuperSpeed digital camera, and DROPimage Advanced software. During the contact angle measurement, the intensity of the illuminator was set at 70%. The samples were placed on double-sided tape to keep the surface flat. A micropipette was used to deposit a 10 µL deionized water droplet on the surface. As soon as the water droplet was placed on the film, a picture was captured by the U1 Series Camera. The left- and right-side contact angles were measured by the DROPimage contact angle (CA) program. The standard deviation of the measurements was about ±2.5°.




2.5. Surface Topography


Each specimen was imaged with a Bruker DI-3000 AFM in the tapping or intermittent contact mode. Each image was 15 μm × 15 μm in size with 512 pixels per line resolution. The same OTESPA tip, with a nominal tip radius of <10 μm and a resonant frequency of 330 kHz, was used to acquire each image. Surface roughness was computed using Nanoscope Analysis v1.3 software.





3. Results


3.1. Quantitative XPS and Water Contact Angle


The XPS quantitative analysis for the eight untreated PES samples gave average concentrations for C, S, and O of 74.1 ± 1.0, 5.5 ± 0.2, and 20.0 ± 0.8 at%, with a trace amount of N (0.2 ± 0.2 at%), which is in good agreement with the theoretical values 75, 6.2, and 18.8 at%, respectively. Eight sets of 3–5 samples were exposed to various treatment times of 253.7 and 184.9 nm radiation for up to 60–90 min. As shown in Figure 2, the surface carbon and oxygen concentrations reached constant values of 63.3 ± 1.4 and 28.6 ± 1.0 at%, respectively. There were only slight changes in the S (5.6 ± 0.2 at%.) and N (2.4 ± 0.7 at%) concentrations and the WCA decreased by ca. 43%, i.e., an increase in hydrophilicity from 70.3° for pristine PES down to 39.9°.



Similar results were obtained for treatment with 253.7 nm where the C and O atom concentrations saturated at 62.3 and 29.5 at.%, respectively, while the WCA decreased from 73.0° down to 40.3°.




3.2. XPS Chemical State Analysis


Figure 3 displays the overlapped C 1s spectra for the control and 253.7 and 184.9 nm UV photo-oxidized PES samples reported in Figure 2. Curve-fitting of the C 1s spectra (Table 1) showed a decrease in sp2 C-C aromatic group bonding and the energy loss π → π* transition, and an increase in oxidation of the surface producing C-O, C=O, O=C-O, O=C-OH, and O-(C=O)-O functional groups as a function of treatment time. Curve-fitting of the C 1s spectra for 253.7 nm UV photo-oxidized PES (Table 2) gave similar results.



The changes in the O 1s spectra of the 253.7 and 184.9 nm UV photo-oxidized PES (Figure 4) and curve-fitting (Table 3) confirmed the oxidation of carbon on the PES surface. Similar O 1s results were obtained for the 253.7 nm UV photo-oxidized PES samples (Table 4).



For both sets of treatment methods, the S 2p spectra (Figure 5) and curve-fitting results (Table 5) showed, for untreated PES, the correct ratio of 2:1 for the 2p3/2 and 2p1/2 species, which are separated by 1.2 eV [12], and an increase in S-O bonding as a function of treatment time due to the formation of sulphonate (-SO3) and sulphate (-SO4) moieties which, within experimental error, have similar binding energies at 168.6 and 169.8 eV, respectively [12].




3.3. Surface Topography


Figure 6a shows the surface topography of the untreated PES film. It has long grooves from the manufacturing process, similar to the images of PES films that were treated by ozone [8]. The root mean squared (RMS) surface roughness, Rq, was 1.5 nm. Figure 6b,c show the surface topography after a 30 min UV photo-oxidation treatment with both wavelengths and 253 nm only, respectively. There was no significant change in either surface topography or roughness with treatment.





4. Discussion


The similarities between the UV photo-oxidation results using 253.7 and 184.9 nm lamps and 253.7 nm lamps were primarily due to the dominant effect of the radiation on the surface rather than ozone. The 253.7 and 184.9 nm lamps had approximately a 6:1 ratio, where the 184.9 nm was responsible for producing the ozone by Equation (1). Although, ozone may still have contributed to the formation of some of the C-O bonding observed in Table 1 by reacting with PES (RSO2-R) to initiate C-S bond breakage by Equation (2) and then the recombination of the free radicals would form the stable sulphonate compound observed in this study (Equation (3)) [8].


RSO2-R + O-O2 → RSO2-O·+ R + O2



(2)






RSO2-O + R·→ RSO2-OR



(3)







In addition, Equations (4)–(7) show that the free radical, R·, may be oxidized to also form C-O bonding, as illustrated in Equation (7) and the sulphonate moiety (Equation (8)).


R·+ O2 → RO2·



(4)






RO2·+ RO2·→ 2RO·+ O2



(5)






R + RO2·→ 2RO



(6)






RO + R·→ ROR



(7)






RO + RSO2 → RSO2-OR



(8)







Similar to Equation (2), ozonation of the C-S bond in RSO2-OR would lead to the formation of RO-SO2-O· which would produce the sulphate compound, RO-SO2-OR, by Equation (9) [8].


ROSO2-O + R·→ ROSO2-OR



(9)







The presence of 253.7 and 184.9 nm radiation in this study greatly altered the surface modification of the PES compared to when ozone was generated in the absence of radiation [8]. There was more of a decrease in sp2 C-C aromatic group bonding with a corresponding decrease of the energy loss π → π* transition (Figure 3, Table 1 and Table 2), indicating photo-oxidation of the phenyl groups in the structure of PES (Figure 1) which resulted in in the formation of C-O, C=O, O=C-O, O=C-OH, and O-(C=O)-O functional groups (Table 1, Table 2, Table 3 and Table 4). These results are consistent with ESCA analysis for l > 290 nm photo-oxidation of PES [13]. The substantial increase in the formation of sulphonate and sulphate (Figure 5, Table 5) may be due to photo-oxidation of the aromatic rings to form peroxy free radicals which abstract a hydrogen atom to produce reactive hydroperoxide groups, ROOH, thereby leading to the formation of hydroxylated-containing compounds, like the carboxylic acid detected in this study (Figure 3, Table 1 and Table 2) [13], and sulphonate and sulphate moieties (Equations (8) and (9)).



The abstraction of hydrogen atoms by peroxy free radicals to produce hydroperoxide groups during UV and ozone pretreatment activated the PES membrane surface and enhanced the reaction with the hydrophilic polymers poly(vinyl alcohol), poly(ethylene glycol) and chitosan, resulting in reduced protein adsorption [14].



Photo-oxidation of the PES with 253.7 nm photons, detected by UV-Vis, HPLC and FTIR analysis, showed cleavage of the aromatic rings and photo-dissociation of the C-S bond, resulting in hydroxylated and carbonylated products with low molecular weight [5,15]. Carbon dioxide was also released during the 253.7 nm photo-oxidation of the PES [15], which is consistent with polymer chain bond breakage and the observations in this study of: (1) a small amount of carbonate and anhydride groups which would release CO2, and (2) the washing away of a weak boundary layer (WBL) of oxidized material after treatment. A time-of-flight secondary ion mass spectrometry study of the 253.7 nm photo-degradation of the PES in a nitrogen atmosphere showed that no SO2 was detected in the gas phase which is consistent with the negligible change in at% S observed in this study [16].



Washing away the WBL for the treated PES samples with distilled water decreased the O at% saturation level by 60% compared to the 50% for the reaction of ozone with PES [8] because of greater bond breakage due to the absorption of the 253.7 nm photons.



At the observed saturation oxidation levels in this study, the percentage increase in at% O and decrease in water contact angle were approximately the same for 253.7 and 184.9 UV photo-oxidation (43%, 43%), 253.7 nm UV photo-oxidation (47.5%, 45%), and treatment with ozone in the absence of radiation (25%, 27%) [8], indicating that the oxygen content had a strong influence on the hydrophilicity of the modified PES surface.



To enhance the hydrophilicity of the UV photo-oxidized PES surface, incorporation of graphene oxide [17,18,19,20,21] and sulfonated groups on the surface [20,22] may help create increased interfacial adhesion via H-bonding and dipole-dipole interaction. In addition, surface treatment of PES with polymerized dopamine [23] and waterborne nanocellulose coatings [24] increased hydrophilicity and improved the antifouling and antibacterial properties of PES.




5. Conclusions


An XPS analysis of PES samples treated with UV photo-oxidation using 253.7 and 184.9 nm radiation, and only 253.7 nm photons, resulted in a similar increase of the oxygen atomic% up to a saturation level of 29 at%. Water contact angle measurements of the treated PES showed an increase in hydrophilicity from 73° for pristine PES down to 40°. The radiation produced cleavage of the aromatic ring and photo-dissociation of the C-S bond, resulting in a decrease of sp2 C-C by AFM, the oxidation of the surface primarily contributed to the increase in hydrophilicity.
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Figure 1. Chemical structure of PES showing three kinds of C bonding: (1) C=C, (2) C-S, and (3) C-O, and two types of O bonding: (1) O=S, and (2) O-C. 
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Figure 2. Quantitative XPS atom% of C (▼), N (▲), O (◀), and S (▶), and contact angle (˜) results for PES treated with 253.7 and 184.9 nm UV photo-oxidation as a function of treatment time. 
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Figure 3. Overlapped C 1s spectra for the control and PES samples treated with 253.7 and 184.9 nm UV photo-oxidation. The arrow indicates increasing treatment time for 0, 5, 10, 15, 30, and 60 min. 
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Figure 4. Overlapped O 1s spectra for the control and PES samples treated with 253.7 and 184.9 nm UV photo-oxidation. The arrow indicates increasing treatment time for 0, 5, 10, 15, 30, and 60 min. 
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Figure 5. Overlapped S 2p spectra for the control and PES samples treated with 253.7 and 184.9 nm UV photo-oxidation. The arrow indicates increasing treatment time for 0, 5, 10, 15, 30, and 60 min. 
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Figure 6. AFM surface topographic images (15 μm × 15 μm) in tapping mode showing the root mean squared roughness in nanometers for PES: (a) untreated, and treated for 30 min with (b) both wavelengths, and (c) only 253.7 nm photons. 
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Table 1. Assignments [12] and% areas for C 1s peaks for 253.7 and 184.9 nm UV photo-oxidized PES, shown in Figure 3, as determined by curve-fitting. Carbons (1), (2), and (3) are illustrated in Figure 1.
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Binding Energy (eV)

	
Species

	
Treatment Time (min)




	
0

	
5

	
10

	
15

	
30

	
60






	
284.7

	
C-C aromatic ring (1)

	
63.5

	
60.0

	
59.0

	
58.4

	
59.1

	
59.9




	
285.3

	
C-S (2)

	
15.8

	
15.8

	
15.6

	
16.6

	
15.1

	
15.9




	
286.3

	
C-O (3), C-O

	
14.8

	
17.6

	
17.6

	
18.2

	
19.3

	
20.9




	
287.0

	
C=O

	
0

	
1.0

	
1.7

	
1.4

	
1.2

	
1.3




	
288.6

	
O-C=O

	
0

	
0.5

	
0.5

	
0.6

	
0.5

	
0.5




	
289.1

	
O=C-OH

	
0

	
1.7

	
2.0

	
2.0

	
2.3

	
1.7




	
289.8

	
O-(C=O)-O, O=C-O-C=O

	
0

	
0.4

	
0.4

	
0.5

	
0.4

	
0.2




	
291.5

	
Energy loss peak

	
5.9

	
3.0

	
3.3

	
2.3

	
2.0

	
1.6
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Table 2. Assignments [12] and% areas for the C 1s peaks for 253.7 nm UV photo-oxidized PES as determined by curve-fitting. Carbons (1), (2), and (3) are illustrated in Figure 1.
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Binding Energy (eV)

	
Species

	
Treatment Time (min)




	
0

	
5

	
10

	
30

	
60






	
284.7

	
C-C aromatic ring (1)

	
64.9

	
60.0

	
58.7

	
58.6

	
58.0




	
285.3

	
C-S (2)

	
15.8

	
16.1

	
16.1

	
16.2

	
15.9




	
286.3

	
C-O (3), C-O

	
14.4

	
17.4

	
18.3

	
18.5

	
19.7




	
287.0

	
C=O

	
0

	
1.4

	
1.5

	
1.2

	
1.1




	
288.6

	
O-C=O

	
0

	
0.4

	
0.5

	
0.4

	
0.4




	
289.1

	
O=C-OH

	
0

	
0.9

	
1.8

	
1.9

	
2.4




	
289.8

	
O-(C=O)-O, O=C-O-C=O

	
0

	
0.3

	
0.4

	
0.4

	
0.5




	
291.5

	
Energy loss peak

	
4.9

	
3.5

	
2.7

	
2.8

	
2.0
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Table 3. Assignments [12] and% areas of O 1s peaks for the 253.7 and 184.9 nm UV photo-oxidized PES samples in Figure 4 as determined by curve-fitting for the oxygen atoms (1) and (2) in Figure 1.






Table 3. Assignments [12] and% areas of O 1s peaks for the 253.7 and 184.9 nm UV photo-oxidized PES samples in Figure 4 as determined by curve-fitting for the oxygen atoms (1) and (2) in Figure 1.





	
Binding Energy (eV)

	
Species

	
Treatment Time (min)




	
0

	
5

	
10

	
15

	
30

	
60






	
531.6

	
O=S (1)

	
67.2

	
42.8

	
39.1

	
40.0

	
43.3

	
42.8




	
532.2

	
O*=C-O, O*=C-OH

	
0

	
19.2

	
19.4

	
19.8

	
22.0

	
24.8




	
533.3

	
(ring) C-O-C (ring) (2), C-O, O=C-O*

	
32.8

	
38.0

	
41.5

	
40.2

	
34.8

	
32.9











[image: Table] 





Table 4. Assignments [12] and% areas of O 1s peaks for the 253.7 nm UV photo-oxidized PES samples as determined by curve-fitting for the oxygen atoms (1) and (2) in Figure 1.






Table 4. Assignments [12] and% areas of O 1s peaks for the 253.7 nm UV photo-oxidized PES samples as determined by curve-fitting for the oxygen atoms (1) and (2) in Figure 1.





	
Binding Energy (eV)

	
Species

	
Treatment Time (min)




	
0

	
5

	
10

	
30

	
60






	
531.6

	
O=S (1)

	
66.6

	
45.4

	
46.0

	
42.2

	
40.7




	
532.2

	
O*=C-O, O*=C-OH

	
0

	
19.0

	
19.2

	
21.8

	
24.1




	
533.3

	
(ring) C-O-C (ring) (2), C-O, O=C-O*

	
33.4

	
35.6

	
34.8

	
36.0

	
35.2
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Table 5. Assignments [12] and% areas for S 2p3/2 and S 2p1/2 peaks as determined by curve-fitting the Figure 5 spectra for PES treated with 253.7 and 184.9 nm UV photo-oxidation.






Table 5. Assignments [12] and% areas for S 2p3/2 and S 2p1/2 peaks as determined by curve-fitting the Figure 5 spectra for PES treated with 253.7 and 184.9 nm UV photo-oxidation.





	
Binding Energy (eV)

	
Species

	
Treatment Time (min)




	
0

	
5

	
10

	
15

	
30

	
60






	
167.6

	
O=S S 2p3/2

	
66.4

	
64.2

	
63.7

	
63.6

	
50.9

	
38.5




	
168.8

	
O=S S 2p1/2

	
33.2

	
32.1

	
31.9

	
31.8

	
25.5

	
19.3




	
168.6

	
Sulphonate, Sulphate S 2p3/2

	
0

	
2.5

	
2.9

	
3.5

	
15.8

	
28.1




	
169.8

	
Sulphonate, Sulphate S 2p1/2

	
0

	
1.3

	
1.5

	
1.8

	
7.9

	
14.1
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