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ABSTRACT: Nanoscale changes to the surface of poly-
meric materials enables changes in materials’ adhesion,
wettability, printability, chemical functionality, and bioac-
tivity, while maintaining desirable bulk properties. Poly-
mer surface modification is therefore used in applications
such as antimicrobial or non-fouling materials, biosensors,
and active packaging. The range of available modification
and analytical techniques used across laboratories prevents
accurate comparison of techniques in terms of their effects
on surface chemistry and topography. It was therefore our
goal to evaluate the effects of four surface modification
techniques (chromic acid, piranha solution, ultraviolet irra-
diation, and oxygen plasma) on polyethylene films.
Changes in surface chemistry and topography were quan-
tified using attenuated total reflectance (ATR) Fourier
transform infrared (FTIR) spectroscopy, atomic force mi-

croscopy (AFM), contact angle measurement, and direct
measurement of available surface carboxylic acids.
Roughness increased in the order: piranha (57.7 nm); oxy-
gen plasma (76.3 nm); UV irradiation (76.4 nm); chromic
acid (120 nm). Hydrophobicity decreased in the order: pi-
ranha (77.20), chromic acid (73.50), oxygen plasma (61.70),
UV irradiation (58.70). Functionalization (by IR absorbance
intensity between 1680-1780 cm ') increased in the order:
oxygen plasma (0.06), piranha (0.09), chromic acid (0.34),
UV irradiation (0.50). By analyzing these methods using
consistent analytical techniques, side-by-side comparisons
have been accurately made. © 2011 Wiley Periodicals, Inc. J
Appl Polym Sci 120: 2863-2871, 2011
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INTRODUCTION

Polymer surface modification has widespread industrial
importance in such varied applications as promoting ad-
hesion, improving printability, modifying surface chemis-
try and topography, and reducing fouling of commercial
polymeric materials." Because changes in surface chem-
istry are often limited to the top several nanometers, sur-
face modification can greatly alter how a polymer inter-
acts with a biological environment, while maintaining the
desirable bulk material properties. The biomedical field
has a strong interest in the surface modification of poly-
mers for the prevention of the biofouling of implanted
devices, catheters, medical textiles, etc., in an on-going
effort to reduce the instance of nosocomial infections.®
Surface modification is also used to prevent nonspecific
adsorption in bioanalytical assays and biosensors, thereby
improving device sensitivity. It can also improve retained
bioactivity of immobilized biomolecules and drug deliv-
ery systems.” In the food industry, polymer surface modi-
fication can enable development of unique active packag-
ing applications in which active agents such as gas
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scavengers, flavor emitters/absorbers, time/temperature
indicators, and antioxidants can be used to improve the
quality of packaged foods.®® Further, immobilization of
antimicrobial agents onto surface-modified packaging
films and processing surfaces can enable the design of
safer food contact materials, which is critical as the need
for improved food safety continues to grow."

A number of techniques have been explored to
impart surface chemistry modification of polymer
films."'~'® Physical techniques such as flame, corona
discharge, wultraviolet (UV) radiation, plasma,
gamma ray, electron beam, and laser treatments
have the ability to modify the polymer surface
through various chemical reactions.''>'” Ideal sur-
face modifications affect only the top nanometer of
the polymer film'’s surface; however, very thin modi-
fications are prone to surface reversal reactions, and
thicker changes may affect bulk material proper-
ties."” Physical techniques offer advantages over wet
chemical techniques by providing precise surface
modifications without damaging the surface or the
bulk properties of the film by overexposure." Most
physical techniques could be scaled up for large
production without the associated chemical waste
produced by wet chemical methods listed below.

Wet chemical techniques using chromic acid, potas-
sium permanganate, or nitric acid are effective in sur-
face modification by general oxidation reactions that
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generate carbonyl, hydroxyl, and carboxylic acid
groups.'®?® These treatments are simple to perform in a
wet chemical laboratory; however, results are often
imprecise and can vary depending on the treatment
conditions. In addition, wet chemical methods generate
chemical waste, which limits interest in commercial
uses.”’ Wet chemical methods are also susceptible to
overexposure, which will damage the polymer surface
and may result in undesirable bulk property changes.
Nevertheless, such techniques are simple and rapid and
can be carried out without the need for expensive speci-
alized equipment, as many physical techniques require.
Despite the fact that each of these surface modifi-
cation techniques has been previously reported, it is
challenging to directly compare the effects of each
technique on the topography and chemistry of poly-
mer surfaces. Laboratory-to-laboratory differences in
treatment and characterization methodologies prevent
the ability for accurate side-by-side comparisons. It
was, therefore, our goal to explore the chemical and
topographical effects of UV irradiation, oxygen
plasma, chromic acid oxidation, and piranha treat-
ments on the surface modification of polyethylene.

Objective

The objective of this research was to quantify and com-
pare the molecular and topographical effects of com-
mon physical and chemical surface modification techni-
ques on polyethylene films using techniques that are
sensitive to nanoscale changes. The mechanistic differ-
ences between common techniques used in polymer
surface modification were explored to directly compare
the resulting changes in surface chemistry, wettability,
and topography. Films were subjected to surface modi-
fication treatments for up to 15 min to evaluate the
effect of treatment time on surface functionalization.
Additional studies were conducted on UV-irradiated
films to quantify the effect of UV treatments on the for-
mation of low-molecular-weight water-soluble oligom-
ers. Water contact angle, attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR),
atomic force microscopy (AFM), and quantification of
surface carboxylic acids were used to quantify nano-
scale changes in surface chemistry and topography.

MATERIALS AND METHODS
Materials

Additive-free low-density polyethylene (LDPE, 125
mm) was donated by Honam Petrochemical (Seoul,
South Korea). Toluidine blue O (TBO), hydrogen
peroxide (30%), sulfuric acid, and anhydrous chro-
mium trioxide were purchased from Fisher Scientific
(Pittsburgh, PA). All other chemicals were of reagent
grade or better and were used as received.
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LDPE films were cut into 2 cm x 2 cm squares and
were cleaned by sonicating for 10 min in two aliquots
of isopropyl alcohol, then acetone, and then deionized
(DI) water. Cleaned films were dried over anhydrous
calcium sulfate and stored in clean glass Petri dishes.

Surface functionalization
Chromic acid oxidation

Films were submerged for 5, 10, or 15 min in a 29 :
42 : 29 volumetric ratio of chromium trioxide to rea-
gent grade DI water to concentrated sulfuric acid
and treated at 70°C with slight shaking to ensure
full coverage of the films.**> Chromic acid-treated
films were rinsed in copious DI water and then sub-
merged in nitric acid maintained at 70°C for 15 min
to dissolve any chromic salts that may have precipi-
tated on the film surface during the treatment.

Piranha treatment

Piranha treatment is a commonly used cleaning
process in which materials are exposed to a mixture
of sulfuric acid and hydrogen peroxide to remove
organic impurities. Film samples were submerged
for 5, 10, or 15 min in a 5 : 1 volumetric ratio of con-
centrated sulfuric acid to hydrogen peroxide (30%)
maintained at 70°C with slight shaking to ensure full
coverage of the films (Piehler, 2000). Piranha-treated
films were then rinsed in copious DI water.

UV irradiation

After a 5-min lamp warm-up period, films were
irradiated for 5, 10, 15, 20, 25, or 30 min in a Jelight
Co. model 42 UVO Cleaner (Irvine, CA), which emits
28 mW/cm? light at 254 nm at a distance of 2 cm. To
quantify the formation of low-molecular weight
water-soluble oligomers on film surfaces during UV
treatment, surface analysis was conducted on films
that had been irradiated for 10, 20, or 30 min with
and without a post-treatment rinse in DI water.

Oxygen plasma

Films were treated with oxygen plasma for 5, 10,
and 15 min in a Harrick Plasma Cleaner (Ithaca, NY)
at 29.6 W and a vacuum pressure of 200 millitorr
maintained by constant oxygen flow.

Surface analysis
ATR-FTIR
Changes in surface chemistry were quantified using

ATR-FTIR spectroscopy. ATR-FTIR spectra were col-
lected on an IRPrestige 21 spectrometer (Shimadzu
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Figure 1 ATR-FTIR spectra focusing on the range from
1660 to 1820 cm™'. Spectra shown here are representative
of nine replicate spectra collected from three independent
film samples per treatment.

Corp., Tokyo, Japan) with a diamond ATR crystal. Each
absorbance spectrum represents 32 scans at a 4 cm ™' re-
solution using Happ—Genzel apodization, taken against
a background spectrum of an empty ATR crystal. The
resultant spectrum was collected using IRsolution soft-
ware (Shimadzu Corp.) and analyzed using Knowitall
software (Biorad Laboratories, Philadelphia, PA). Peak
area was calculated after baseline correction using a five-
point linear correction curve, and areas were averaged
from nine scans (three repetitions on each of three inde-
pendent film samples). Spectra illustrated in Figures 1
and 4 are representative of replicate spectra (n = 9)
and have been smoothed by Fourier transform
denoising by filtering using IRsolution software to
facilitate comparison between techniques.

AFM

AFM was used to quantify the effect of functionaliza-
tion treatment on surface topography. Intermediate con-
tact (tapping) mode images were taken on control and
functionalized films on a Veeco CP-II (Veeco Corp.,
Santa Barbara, CA) using a Veeco cantilever tip with a
force constant of 20 N/m and a resonant frequency of
267-319 kHz. For roughness calculations, the arithmetic
average of absolute values (R,) was calculated using
ProScan Image Processing software, Version 2.1 (Veeco
Corp.) from a three-dimensional roughness profile.
Reported data were averaged from at least nine scans
(three regions on three separate film samples).

Contact angle

Water contact angles of control and surface-modified
films were measured on a DSA100 (Kruss, Ham-
burg, Germany) to determine the effect of functional-
ization treatments on surface hydrophilicity. Pure
Optima water was used as the probe liquid, and all
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measurements were conducted under standard
atmospheric conditions. Advancing and receding
contact angles (n = 9, three measurements on each
of three separate films) were measured and calcu-
lated (average mean of three advancing and three
receding measurements) using Drop Shape Analysis
software, version 1.91.0.2 (Kruss).

Quantification of surface carboxylic acids

The number of available carboxylic acids was quanti-
fied using TBO dye assay, which has been reported to
complex with carboxylic acids in a modified equimo-
lar ratio.”** Briefly, control and surface-modified
films (n = 4) were shaken for 2 h at room temperature
in 0.5 mM TBO in DI water adjusted to pH 10 by
NaOH, followed by rinsing in DI water adjusted to
pH 10 by NaOH to remove noncomplexed dye. Com-
plexed dye was desorbed by the immersion of films
in 50 wt % acetic acid. Absorbance of the acetic acid
solution was measured at 633 nm and compared with
a standard response from a solution of 50 wt % dye in
acetic acid. A slope equation was generated from the
standard response and nmol/cm?® was calculated
using the absorbance value measured at 633 nm, the
volume of acetic acid, and the surface area of the film.

Statistical analysis

Statistical analysis was conducting using IBM SPSS
statistics software (SPSS, Chicago, IL). Bivariate one-
way analysis of variance tests were performed on each
data set to determine statistical significance and stand-
ard deviations. Data sets were collected from at least
nine regions (three regions on three different samples).

RESULTS AND DISCUSSION

Control and surface-modified materials were analyzed
by ATR-FTIR, AFM, contact angle, and dye assay to
quantify the effect of each treatment, as well as treat-
ment time, on surface topography and chemistry. It is
important to note that although the authors acknowl-
edge that interactions with liquid water impact the
results from surface analyses, it was their goal to eval-
uate the chemical and topographical nature of material
surfaces in their native state after treatment, despite
the fact that some of the surface treatments (piranha
and chromic acid) and some of the surface analytical
techniques (contact angle and dye assay) inherently
involve the interaction with liquid water.

ATR-FTIR

Analysis of the ATR-FTIR spectra showed changes
in surface chemistry in all the samples, suggesting
the formation of carboxylic acids among other active

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
ATR-FTIR Peak Area (cm™ ') Results Calculated from the
1680-1780 cm ™" ranges

Treatment method 5 min 10 min 15 min

0.04 = 0.02* 0.03 = 0.02° 0.09 = 0.01%
0.07 = 0.03*" 0.06 = 0.01*" 0.06 = 0.02*P
0.17 += 0.02° 041 + 0.02¢ 050 * 0.01¢
0.38 = 0.02° 032 = 0.03" 0.34 = 0.04

Piranha solution
Oxygen plasma
UV-ozone
Chromic acid

Values are means of n = 9 determinations * standard
deviations. Superscript letters indicate significant differen-
ces (P < 0.05) as determined by analysis of variance statis-
tical analysis.

groups. Figure 1 displays representative spectra of
samples treated for 15 min by each technique with an
inset focusing on the 1660-1820 cm ™' range where the
most significant changes in absorbance were observed.
To quantitatively compare the formation of reactive
oxygen containing groups by the various treatments,
peak area was calculated using Biorad Knowitall soft-
ware to determine peak area between 1680 and 1780
cm ! range, which correspond to the absorbance band
for carboxylic acids, in addition to other reactive func-
tional groups. The peak areas of each technique at
each time point were normalized by subtracting the
average peak area determined for control (cleaned,
untreated) samples, and are reported in Table L
Piranha and oxygen plasma treatments resulted in
only slight increases in absorbance in the 1680-1780
cm ! band versus control, and the length of treat-
ment time had no significant effect. Both UV irradia-
tion and chromic acid treatments resulted in signifi-
cant increases in absorbance intensity after 5 min. UV
irradiation treatment was the most time dependent,
with increasing absorbance suggesting increasing for-
mation of oxygenated reactive groups. Chromic acid
treatment was the most effective for the formation of
active groups on the surface of the film during short
treatment times; however, active group formation
reached a plateau after 5 min of treatment and was

20.0 ym

10.0pm

0.0 pm
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surpassed by UV treatment at the 10-min mark. Both
UV irradiation and chromic acid treatments resulted
in similar absorbance intensity in the region associ-
ated with the formation of carboxylic acids. It is inter-
esting to note that for UV irradiation, the increase in
peak area in the 1680-1780 cm ' band was caused by
not only a change in peak height but also because of
a widening of the absorbance band in the 1750-nm
region, likely a result of the formation of additional
active groups such as aldehydes (1740-1720 cm '),
esters (1740-1715 cm ™), or ketones (1745-1725 cm ™).

AFM

AFM imaging was conducted to determine the aver-
age surface roughness of the treated samples; this is
an important parameter in the functionalization of
polymer surfaces. Surface roughness may promote cell
adhesion in biomedical materials and can help to
improve hydrophilicity, printability, and adhesion of
composite structures such as laminates.® In many bio-
logical applications, however, surface roughness can
lead to problems such as biofouling by providing
small crevices for microbial growth or protein fouling.

The LDPE films used in this study had a moderate
degree of native surface roughness because of extrusion
of the film. It was observed that the extrusion lines from
the production of the film had an average height of 230
250 nm, an average width of 40-50 nm, and repeated on
the surface every 3040 pm. To accurately quantify the
effect of each treatment on surface roughness, roughness
calculations were performed on 20 pm x 20 pm sections
within the 50 pm x 50 pm micrograph to avoid macro-
scopic defects because of the extrusion process or physi-
cal damage, which were unrelated to roughness result-
ing from functionalization treatments. Figure 2 shows
AFM images of samples treated for 15 min.

The surface roughness of each sample is listed in
Table II. The control had an average surface rough-
ness value of 54.62 nm of surface roughness, which

Figure 2 AFM topography images for samples that have been treated for 15 min; (A) control, (B) piranha, (C) oxygen

plasma, (D) UV, and (E) chromic acid.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
AFM Surface Roughness Measurements (nm)
Treatment
method 5 min 10 min 15 min
Control 54.62 + 4.13%
Piranha 54.47 + 2.397 55.39 + 2.387 57.73 + 2.18%
solution
Oxygen  60.77 = 139>  68.83 = 2299 7627 + 1.23°
plasma
UV-ozone 62.61 *+ 1.81° 72.56 + 2.51F 76.38 = 1.64°
Chromic ~ 84.33 = 2205  92.02 + 422"  120.01 * 4.00'
acid

Values are means of n = 9 determinations * standard
deviations. Superscript letters indicate significant differen-
ces (P < 0.05) as determined by analysis of variance statis-
tical analysis.

represents a smooth and uniform surface. The pira-
nha solution treatment resulted in insignificant
differences in surface roughness regardless of the
treatment time, supporting the ATR-FTIR spectral
results, which indicated minimal functionalization
by piranha treatment. Both the oxygen plasma and
UV irradiation treatments showed significant increa-
ses in surface roughness with treatment time, with
similar roughness values for each treatment at each
time point. It is interesting that, for UV irradiation,
the increase in roughness correlated to increasing
surface functionality as determined by ATR-FTIR,
but no such correlation was evident for oxygen
plasma treatment. This may be because oxygen
plasma is a surface-limited treatment, whereas UV
irradiation may penetrate deeper into the film sur-
face. Chromic acid treatment resulted in the greatest
increase in surface roughness, with an average
roughness of 84 nm at 5 min, increasing to 92 nm
and 120 nm roughness after 10 and 15 min treat-
ment, respectively. This increase in roughness with
treatment time is in contrast to ATR-FTIR analysis,
which suggested no increase in functionality with
increasing chromic acid oxidation. Statistical analysis
showed that the length of time for the chromic acid
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and UV irradiation treatments resulted in signifi-
cantly different values.

Contact angle

Contact angle measurement was performed to quan-
tify the effect of each surface modification technique
on surface hydrophobicity of the treated films. Con-
tact angle measures the wettability of the surface,
which could help with the adherence of water-solu-
ble inks and coatings and may be an indicator for
the likelihood of protein and microbial biofouling of
a surface. The contact angle measurements for con-
trol and treated polyethylene films are shown in
Table III where the values are averages of n = 9
measurements reported as both advancing and
receding angles. The control sample presented a
hydrophobic surface, typical of a clean polyethylene
film. Each of the four different treatments resulted
in increases in hydrophilicity; however, the results
were varied and treatment time only had an effect
in the case of oxygen plasma and UV irradiation
treatments, most notably with UV irradiation.

The piranha treatment had the least effect on
hydrophobicity compared with the control, although
statistical analysis did show significant values, most
notably after 15 min of treatment. Both the UV
irradiation and oxygen plasma treatments had an
increase in hydrophilicity at the 5-min mark, with
incremental increases for both the 10- and 15-min
treatments. Chromic acid-treated films had signifi-
cant increases in hydrophilicity compared with the
control, with a plateau effect resulting in insignifi-
cant changes despite the length of treatment time. It
should be noted that formation of oxidized oligom-
ers and volatile products will increase hydrophilicity
as measured by contact angle; surface roughness can
also cause similar effects.”’”

Quantification of surface carboxylic acids

TBO dye assay confirmed the formation of available
carboxylic acids on the surface of treated films. The

TABLE III
Advancing (0,4) and Receding (0g) Contact Angle Measurements (Degrees) for Each of the
Different Modification Techniques

Treatment method 5 min 10 min 15 min

Control 04:99.10 = 1.33; Oz: 90.73 = 0.65

Piranha solution 0,: 82.85 = 1.39 0,4: 81.04 + 2.48 04: 76.75 = 1.60
Og: 70.31 + 1.57 Or: 67.90 *+ 1.46 Og: 64.38 + 0.59

Oxygen plasma 04: 70.83 = 1.35 04: 68.13 = 1.52 04: 65.03 = 0.56
Og: 59.72 + 0.92 Og: 58.17 + 0.84 Og: 52.94 + 0.92

UV-ozone 04: 74.20 = 3.12 04: 66.23 = 1.61 04: 66.52 = 1.63
Og: 61.79 + 2.25 Og: 55.51 = 3.11 Ogr: 52.87 + 1.08

Chromic acid 0,4: 71.35 = 1.78 04: 76.09 = 0.63 04: 75.74 + 0.93
Og: 58.84 + 1.72 Og: 63.23 + 0.83 Og: 61.78 = 0.42

Values are means of n = 9 determinations * standard deviations.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV

Quantification of Available Carboxylic Acids (nmol/cm?)

Treatment

technique 5 min 10 min 15 min
Piranha solution  0.06 = 0.01* 0.05 = 0.01°  0.07 = 0.02°
Oxygen plasma  0.09 + 0.02° 0.2 = 0.01°> 0.2 = 0.01°
UV-ozone 0.03 = 0.01° 0.08 = 0.01** 0.10 = 0.01°
Chromic acid 143 = 011 129 + 0.12° 1.48 = 0.10¢

Values are means of n = 9 determinations *+ standard devi-
ations. Superscript letters indicate significant differences (P <
0.05) as determined by analysis of variance statistical analysis.

amount of available surface carboxylic acids (nmol/
cm?) generated by each technique at each time point
were normalized by subtracting the average value
determined using control (cleaned, untreated)
samples, and are reported in Table IV. The piranha-
treated samples generated minimal numbers of avail-
able surface carboxylic acids, with the length of treat-
ment time having no significant effect, which is in
support of the ATR-FTIR results, which indicate no
significant increase in absorbance band around
1725 cm™'. Oxygen plasma treatment resulted in
formation of more available carboxylic acids than by
piranha treatment, but with minimal effect by
extending treatment time. UV irradiation generated a
minor amount of available carboxylic acids at the 5-
min mark, but significant increases were observed as
the length of treatment time increased, eventually
approaching the numbers of carboxylic acids
achieved with oxygen plasma treatment. Chromic
acid treatment generated the greatest number of
available carboxylic acids, and treatment time had a
minor effect. It is possible that the formation of sig-
nificantly more available carboxylic acid groups by
chromic acid oxidation versus the other techniques is
a result of the higher degree of surface roughness,
which increases the surface area over which the
measured surface functionalization occurs.

The results from the TBO assay were not as
expected compared with the ATR-FTIR results. The
peak area measurements resulted in the observation
that both the piranha and oxygen plasma treatments
had similar values in addition to being much lower
than both the UV and chromic acid treatments. In the
case of available surface carboxylic acids, oxygen
plasma treatment had significantly higher amounts
than that of the piranha treatments. However, the
most noteworthy results were observed during the
UV treatments. ATR-FTIR spectra indicated that UV-
treated samples had a significant amount of active
group formation, approximately eight times the
amount compared with the oxygen plasma treat-
ments at the 15-min mark, in contrast to the number
of available carboxylic acids determined by the TBO
assay. This is likely a result of the generation of addi-
tional active groups on the surface of the polymer
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during the UV treatment, as noted by the widening of
the absorbance band. It may also be because ATR-
FTIR analyses probe nearly 1 pm into the surface,
whereas the TBO dye assay only quantifies surface-
available carboxylic acids. This supports the conclu-
sion that surface functionality penetrates deeper in
UV-irradiated samples, which may reduce the likeli-
hood of hydrophobic recovery in UV-irradiated surfa-
ces. It is also interesting that although the ATR-FTIR
spectra indicated similar peak heights for both UV
irradiation and chromic acid treatments, the amount
of surface carboxylic acids was significantly different.
In addition to the likelihood that UV irradiation
results in the formation of additional active groups
such as aldehydes, esters, and ketones, the high
degree of roughness induced by chromic acid treat-
ment likely increased the number of available surface
carboxylic acids as quantified by the TBO dye assay.

UV irradiation study

UV irradiation was shown to be a highly effective
method for surface modification of polyethylene film,
yielding an optimal combination of minimal rough-
ness, high hydrophilicity, and formation of reactive
oxygenated functional groups. Further experiments
were performed to determine the optimal treatment
time; 20-, 25-, 30-, and 60-min treatment times were
tested in this study in addition to the 5-, 10-, and 15-
min samples already discussed in this article. The 60-
min sample was physically damaged by the heat gen-
erated during UV treatment and, therefore, was
excluded from this study.

ATR-FTIR

As previously observed, the absorbance band
between 1680 and 1780 cm ' grew in intensity and
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Figure 3 ATR-FTIR spectra for control sample versus
UV-treated films for determined time periods. Spectra
shown here are representative spectra of control and UV-
treated polyethylene films.
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TABLE V
Advancing (0,4) and Receding (6g) Contact Angle Measurements (Degrees) Comparing Before and After Rinsing of
UV-Treated Films. The Change in Contact Angle Is Also Reported

2869

Treatment method 5 min 10 min 15 min 20 min 25 min 30 min
Before UV rinsing  04: 74.20 * 3.13  04: 66.24 = 1.61 04: 6645 = 1.63  0,: 6945 = 1.86 60,:76.64 = 1.30 6,:72.19 = 1.26
Or: 61.79 £ 225  0Or: 5551 + 3.11 0Ox: 52.87 = 1.08 0: 5298 + 0.75 0Ox:55.46 + 1.10 0x: 52.78 + 1.16
After UV rinsing 04: 7851 = 1.82 04:77.69 = 2.15 04: 81.28 = 050 04: 77.88 = 0.30 04: 87.16 = 0.16 04: 84.04 = 2.39
Og: 7026 = 1.36  Ox: 59.64 + 1.23  0Ox: 65.19 = 2.01 0Ox: 56.63 + 1.15 0O: 69.48 + 0.78 0O: 77.26 + 0.34
Rinsing change 04: 4.31 04: 11.45 0,4: 14.83 0,: 8.43 0,4: 10.52 04: 11.85
Og: 8.47 Or: 4.13 Og: 12.32 Or: 3.65 Og: 14.02 Og: 24.48

Values are means of n = 9 determinations * standard deviations.

also widened with increasing treatment time, along
with the associated increase in peak area (Fig. 3).
Formation of a distinct second absorbance was
observed in the 1740-1730 cm ' regions starting at
the 20-min treatment, suggesting the presence of alde-
hydes, esters, or ketones. A large increase in
absorbance occurred between the 15 and 20 min treat-
ments, doubling absorbance intensity in the 1740-
1720 cm ™' region. However, small changes in band
intensities were observed among the 20-, 25-, and 30-
min samples even though the peak area significantly
increased. Table V shows the average peak area
results from the ATR-FTIR analysis, normalized by
subtracting control absorbance within this band.

AFM

As mentioned above, increasing surface roughness
was observed between the 5-, 10-, and 15-min treat-
ments. However, there was a marked decrease in
surface roughness at the 20-min mark as seen in the
shaded region of Figure 4, which may have been
caused by the removal of oxidized oligomers by the
cantilever tip during intermediate contact mode. The
increase in surface roughness for the 25-min treat-
ment may have been triggered by the penetration of
UV light once the top 5 A of material was oxidized
from the UV treatment. The 30-min treatment also
resulted in a relatively smooth surface, which is
likely due to further generation of oxidized oligom-
ers as observed after 20 min of treatment. This is an
important concern when modifying the surface of
polymer films; further tests are needed to determine
whether any damage to the bulk properties of the
film occurred because of the increased length of
treatment time.

Contact angle measurement

Increases in hydrophilicity were confirmed as treat-
ment time increased up to 15 min. After this time,
the surface regained hydrophobicity starting at the
20-min mark, reaching a plateau at the 25-min mark
as observed in the shaded region of Figure 4. This
may have been a result of disassociation of oxidized
oligomers into the DI water used to measure the con-

tact angle. Contact angle measurements for each time
trial, before and after rinsing, shows that this trend is
consistent throughout all the experiments, shown in
Table V. Surface roughness of the polymer film may
also affect the contact angle measurements, and a
similar trend was observed in the AFM surface
roughness results after 20 min of UV irradiation.

Quantification of surface carboxylic acids

As the treatment time increased, an incremental
increase in the number of available surface carbox-
ylic acids occurred up to 15 min of treatment time.
The largest increase in available carboxylic acids
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Figure 4 Series of graphs comparing the control sample
with the UV-treated samples for 5, 10, 15, 20, 25, or 30
min. Top, AFM surface roughness measurements; Middle,
contact angle measurement; Bottom, available surface car-
boxylic acids from TBO assay. Shaded area highlights the
trend described in the Results and Discussion section.
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occurred between the 15- and 20-min treatment
times where the number of available carboxylic acids
more than doubled from 0.37 to 0.88 nmol/cm’ A
slight decrease occurred at the 25-min mark, likely
because of the washing off of low-molecular-weight
oxidized oligomers during the TBO assay, as obser-
ved by the other analytical techniques. The large
standard deviations observed in the quantification of
available carboxylic acids after 20 min treatment
time is likely a result of irregular surface damage
caused by extended UV irradiation treatment. Figure
4 shows the amount of available surface carboxylic
acids formed by the UV irradiation treatment, also
shading the area, which shows the similar trend
seen in the results of the contact angle measure-
ments and surface roughness.

In the extended UV irradiation study, it was consis-
tently observed that trends in surface functionalization
(whether hydrophilicity, roughness, or available carbox-
ylic acids) changed around the 20-min mark as seen in
the shaded region of Figure 4. One possible cause for
this phenomenon could be from the excessive energy
input during UV irradiation treatment resulting in poly-
mer degradation and the generation of volatile products
and oxidized oligomers.” ATR-FTIR analysis did not
follow this trend primarily because the films were not
rinsed between UV irradiation and ATR-FTIR analysis;
therefore, the oxidized oligomers and volatile products
never had the chance to disassociate from the surface
before quantification was completed. Both the contact
angle measurement and quantification of surface car-
boxylic acids involved the use of aqueous solutions that
may have washed away some of the volatile products
and oxidized oligomers from the surface, possibly
resulting in this trend. AFM analysis also had this un-
usual trend occur, which may have been caused by the
disassociation of the volatile products and oxidized
oligomers from the intermediate contact of the cantile-
ver as it touched the surface of the film.

Rinsing study

Polymer surface functionalization primes surfaces for
subsequent processes, including graft polymeriza-
tions, immobilization of bioactive compounds, or bio-
patterning. Because many of these subsequent proc-
esses occur in aqueous solution, and because results
of the extended time UV irradiation study suggested
the formation of water-soluble low-molecular-weight
oxidized oligomers, it was of interest to understand
the effect of rinsing on surface functionality of UV-
irradiated films. In this study, films were treated by
UV irradiation for 10, 20, or 30 min and then rinsed
for 20 min (two baths of DI water for 10 min each).
Contact angle measurements and ATR-FTIR spectra
were collected to quantify the effect of rinsing in DI
water on the functionality of UV-irradiated films.
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Figure 5 ATR-FTIR peak area results for UV-irradiated
polyethylene samples, which have either been rinsed in DI
water or tested immediately after treatment without rins-
ing. The values are averages of peak area obtained from
nine scans (three scans on each of the three samples).

ATR-FTIR results

Absorbance intensity in the 16801780 cm ™' region fol-
lowed the same trend as previously noted (increased
with treatment time); however, significant differences
were observed compared with the rinsed samples. In
each of the timed experiments, a decrease in the absorb-
ance intensity was observed after the 20-min rinsing
cycle. The oxygenated oligomers and volatile products
formed during UV irradiation may be water soluble
and can be rinsed off in DI water. Figure 5 compares
the nonrinsed samples with the rinsed samples.

Contact angle measurement results

Contact angle measurements confirmed the observa-
tions from ATR-FTIR analysis that water-soluble oxi-
dized oligomers were rinsed from the surface of the
modified films during the 20-min rinsing cycle. It is
interesting to note that the hydrophobic recovery
observed after the DI water rinse was uniform at
about 20° regardless of contact angle or treatment
time. These contact angles, although higher than
the nonrinsed values, are still significantly lower than
the control film contact angle, which confirms that
polymer surfaces modified by UV irradiation retain
functionality even after rinsing steps. This is an
important consideration in applications where subse-
quent treatments are performed in aqueous solutions.

CONCLUSIONS

In this work, we successfully tested four common
surface modification methods for the functionaliza-
tion of polyethylene film surfaces. Each method was
capable of surface modification through surface
chemistry and/or topographical changes to the outer
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most layer of the film. Results concluded that some
methods were more effective than others; however,
it was also observed that certain methods imparted
significant roughness to the polymer surface. The
roughest surface was generated by chromic acid oxi-
dation, which also resulted in the highest density of
charged carboxylic acid groups as determined by
TBO dye assay. The most hydrophilic surface was
generated by 15 min treatment of either oxygen
plasma or UV irradiation.

Overall, roughness increased in the order: piranha
(67.7 nm); oxygen plasma (76.3 nm); UV irradiation
(76.4 nm); and chromic acid (120 nm). Hydrophobic-
ity decreased in the order: piranha (77.2°), chromic
acid (73.5°), oxygen plasma (61.7°), and UV irradi-
ation (58.7°). Functionalization (by IR absorbance
intensity between 1680 and 1780 cm ') increased in
the order: oxygen plasma (0.06), piranha (0.09), chro-
mic acid (0.34), and UV irradiation (0.50). The best
combination of minimal roughness, high hydrophi-
licity, and formation of reactive oxygenated func-
tional groups was by UV irradiation. Comparison of
ATR-FTIR, contact angle, and AFM results suggested
that UV irradiation penetrates deeper into the film
surface than oxygen plasma and wet chemical treat-
ments, which may reduce the likelihood of hydro-
phobic recovery, thus improving the stability of
surface functionalization treatments.

The least rough surface that presented moderate
hydrophilicity resulted from piranha treatments; how-
ever, materials treated by piranha solution had low
levels of functionalization as determined by dye assay
and ATR-FTIR. To our knowledge, this is the first
investigation of polymer surface modification by pira-
nha treatment, which may be a promising alternative
to chromic acid as a wet chemical treatment. It is
likely that adjusting the ratio of hydrogen peroxide to
sulfuric acid would result in a more aggressive pira-
nha treatment, which may improve surface function-
alization potential of piranha treatment.

On the basis of preliminary results of UV irradia-
tion for polymer surface modification, further studies
were conducted to observe the effects of longer treat-
ment times and rinsing in DI water. The extended
time study concluded that 20-min of treatment signifi-
cantly increased the formation of available surface
carboxylic acids. However, the surface roughness and
contact angle measurements suggested that a certain
degree of damage was caused to the surface of the
film, which may be undesirable for further experi-
ments. The rinsing study suggested that oxidized
oligomers and volatile products may have been pres-
ent on the polyethylene film after UV treatment,
which were easily removed after 20 min of rinsing in
DI water. This may result in complications when fur-
ther film modification is the primary objective such as
the grafting of monomer layers for bioactive com-
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pound attachment or the prevention of biofouling. By
directly comparing these four methods in polymer
surface modification using consistent surface analyti-
cal techniques, side-by-side comparisons have been
accurately made. On-going work is investigating the
use of these techniques as initial steps in the biofunc-
tionalization of polymeric materials, for applications
in the food and biomedical industries to improve
safety and bioactivity.
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