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ABSTRACT

Ozone reacted with the polybenzimidazole (PBI) film surface and X-ray photoelectron spectro-
scopy (XPS) detected a rapid increase in O atom concentration up to a saturation level of 27 ± 1
atomic %. Atomic force microscopy measurements showed little change in surface roughness. The
water contact angle of the treated film decreased by ca. 60% compared to untreated PBI film
indicating an increase in hydrophilicity and hydrogen bonding due the formation of the polar
oxygenated functional groups. With treatment, the curve fitting of the XPS chemical states
showed a decrease in the C–C sp2, C–C sp3, and C=N functional groups, and an increase in C–
N, C=O, O–C=O, O–(C=O)–O, and N–C=O moieties which were explained using mechanisms
associated with the dissociation of the primary ozonide formed from the addition of ozone to
the C=C and C=N bonds and reaction with the amine groups in PBI. Washing the treated surface
with water partially washed away the O concentration which indicated the formation of a weak
boundary layer due to the breakage of bonds in the decomposition of the primary ozonide.

ARTICLE HISTORY

Received 20 November 2017
Accepted 18 February 2018

KEYWORDS

Advanced Oxidation; Ozone;
Polybenzimidazole; Water
Contact Angle; X-Ray
Photoelectron Spectroscopy
(XPS)

Poly[2,2ʹ-m-(phenylene)-5,5ʹ-bibenzimidazole], better

known as polybenzimidazole (PBI), or meta-PBI, is a

high-performance polymer consisting of benzimidazole

units, as shown in Figure 1, having high thermal stabi-

lity, chemical resistivity, and mechanical strength mak-

ing it suitable for many applications (Li et al. 2009). PBI

fibers are used in the fabrication of firefighters’ suits

(Davis et al. 2010; Wainright et al. 1995), aerospace

space suits (Bhatnagar et al. 2011), as well as, in high

temperature proton exchange membrane fuel cells

(HT-PEMFCs) where PBI film is doped with phospho-

ric acid (H3PO4) (Kondratenko, Gallyamov, and

Khokhlov 2012; Li et al. 2009; Quartarone and

Mustarelli 2012; Wainright et al. 1995). The proton

conductivity is a result of proton transfer via hydrogen

bonding between phosphoric acid and the nitrogen-

containing groups in PBI.

Fuel cells are electrochemical devices that convert

chemical energy into electric energy (Bailey et al.

2015; Santhanam et al. 2016, 2017). In the case of

HT-PEMFCs, they operate in a range of 180–200°C

and are employed in stationary and automobile appli-

cations (Kordesch and Simader 1995; Li et al. 2009).

When hydrogen is the fuel, the only by-products of

HT-PEMFCs are water and heat which makes this

type of fuel cell a promising environmentally friendly

technology (Bailey et al. 2015; Santhanam et al. 2016,

2017). However, there are some drawbacks that need to

be overcome to commercialize the HT-PEMFCs among

them the loss of H3PO4 from the PBI membrane

(Jakobsen et al. 2016; Kim, Yi, and Song 2012; Seel

et al. 2009; Yu, Xiao, and Benicewicz 2008).

Interfacial properties are a key aspect for optimiza-

tion of membrane electrode assemblies (Gubler and

Scherer 2008) and to increase the uptake of the proton

carrier the concentration of the polar group on the

polymer backbone must be maximized (Chandan

et al. 2013). Therefore, to increase the surface proper-

ties and retention of the phosphoric acid by hydrogen

bonding, this research investigated the reaction of

ozone with PBI film to produce polar functional

groups.

The reaction on the top 2–5 nm of the polymer

surface was characterized by X-ray photoelectron spec-

troscopy (XPS) which is often used to analyze for

cleaning, ablation, cross-linking and chemical moieties

when treated with ions, radiation, and plasma (Strobel,

Lyons, and Mittal 1994). Water contact angle (CA) and

atomic force microscopy (AFM) measurements were

conducted to determine the increase in hydrophilicity

and changes in surface roughness, respectively, with

treatment time.

CONTACT Gerald A. Takacs gatsch@rit.edu School of Chemistry and Materials Science, Rochester Institute of Technology, Rochester, NY 14623, USA.

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/bose.

OZONE: SCIENCE & ENGINEERING

2018, VOL. 40, NO. 5, 392–398

https://doi.org/10.1080/01919512.2018.1446127

© 2018 International Ozone Association



Experimental

Materials

Commercially available 55µm thick PBI film (Celazole®)

was purchased from PBI Performance Product, Inc.

(Charlotte, NC) and cleaned with isopropanol in an

ultrasonic bath for 20 min and stored in a desiccator,

which contained calcium sulfate, for at least 24 h. The

cleaned PBI film was then treated with ozone at a

variety of treatment times.

Production of ozone

High purity oxygen (99.99%), at a flowrate of 43 standard

cubic centimeters per minute (sccm), was fed into an

Enaly Ozone Generator model 1000BT-12 (Shanghai,

China), which has a high output corona discharge tube,

to convert some of the oxygen into ozone. A 100% setting

was used on the generator which corresponded to

approximately 1.5% conversion of oxygen into ozone.

The ozone was then flowed through a quartz cylindrical

cell (2.54 cm diameter, 17.8 cm long) having high vacuum

stainless steel fittings for placing the sample in and out of

the cell. The exiting gas from the cell was passed through a

solution of potassium iodide to convert the remaining

ozone to oxygen prior to emission into the vacuum hood.

X-ray photoelectron spectroscopy

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 con-

stituents and 10% relative for minor constituents. The

samples were charge neutralized with a dual beam charge

neutralization system that utilizes both a cold cathode

electron flood source (~1 eV) and a very low energy ion

source (≤10 eV).

The high resolution C 1s and N 1s spectra were nor-

malized to the peak intensities at the main hydrocarbon

and C–N peaks, respectively, and curve fitting was per-

formed using the C 1s and N 1s spectra for a cleaned and

untreated PBI 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 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 material balance was calculated to test if the

results of the curve fitting agreed with the concentrations

as determined from the quantitative analyses.

CA goniometry

Water CAs on the PBI films were measured using a

Ramé-Hart model 250-F1 Standard Contact Angle

Goniometer. The instrument includes fiber optic illumi-

nator, 3-axis specimen stage with leveling, U1 Series

SuperSpeed digital camera, and DROPimage Advanced

software. During the CA measurement, the intensity of

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-side and the right-side CAs were measured by the

functioning DROPimage CA program. The standard

deviation of the measurements was about ±2.5°.

Atomic force microscopy

Surface roughness was determined using a Bruker DI-

3000 AFM in the tapping mode. For each specimen, a

15 μm × 15 μm image was obtained with the same

Olympus OTESPA tip.

Results

XPS quantitative analyses and CA measurements

About 4 h were needed each time to pump six samples

down to the pressure where XPS analysis could be com-

pleted. The elemental composition for the cleaned PBI

film consisted of C, N, and O atoms. Although O is not in

the PBI structure (Figure 1), measurements of 16 different

untreated samples showed 6.6 ± 1.0 atomic % (at %) O.

When treated with ozone (Figure 2), the oxygen concen-

tration increased up to a saturation level of 27 ± 1 at %, the

Figure 1. Poly[2,2ʹ-m-(phenylene)-5,5ʹ-bibenzimidazole] or
meta-PBI.

OZONE: SCIENCE & ENGINEERING 393



carbon concentration decreased by about the same

amount, and the nitrogen composition on the surface

decreased slightly by 0.8 at %. The increase in O atoms

on the surface resulted in ca. 60% decrease in the water

CA (Figure 2) making the surface more hydrophilic with

treatment. Washing the treated samples with distilled

water decreased the saturation level to 13 at % O.

XPS chemical state analysis

Figures 3 and 4 show the overlappedC 1s andN 1s spectra

for the control and treated samples reported in Figure 2.

The O 1s spectra were broad Gaussian peaks which

did not provide any additional information than the C

1s and N 1s spectra.

Curve fitting of the C 1s and N 1s spectra were

accomplished using the binding energies for the

chemical species given in Tables 1 and 2. With

increasing treatment time, there are significant

decreases in the concentrations of C–C sp2, C–C

sp3, and C=N groups, and increases in the concen-

tration of C=O, O–C=O, O–(C=O)–O, C–N, and N–

C=O containing moieties accounting for the C 1s

and N 1s peaks changing from a single peak to dual

peaks as shown in Figures 3 and 4.
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Figure 2. Quantitative XPS (at %) and contact angle (CA) results for PBI treated with ozone as a function of treatment time.
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Figure 3. Overlapped C 1s spectra for control and ozone-treated PBI samples. The arrow indicates increasing treatment time for 0,
15, 30, 60, and 90 min.
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Surface topography for PBI treated with ozone

The root mean squared roughness factors reported in nan-

ometers for the AFM images shown in Figure 5 are within

one standard deviation of each other indicating no signifi-

cant changes in surface topography with treatment time.

Discussion

Because the AFMmeasurements detected little change in

surface roughness of the PBI samples treated with ozone

(Figure 5), the observed increase in hydrophilicity

(Figure 2) was due mainly to the chemical changes on

the surface (Tables 1 and 2).

There have been few previous studies of the reaction

of ozone with PBI. Ozone is well known to oxidize

across unsaturated C–C sp2 bonds to form a primary

ozonide (Finlayson-Pitts and Pitts 2000), as has been

reported for the ozonation of benzene (Wen et al.

2009), polystyrene (Al Abdulal et al. 2015), and carbon

nanotubes (Banerjee and Wong 2002; Lu et al. 2002).

Initially, ozone adds across the sp2-hybridization which

then undergoes O–O and C–C bond cleavage to form

the carbonyl-containing groups observed in this study

and a Criegee intermediate (Figure 6) (Finlayson-Pitts

and Pitts 2000). One mechanism for the decomposition

of the Criegee intermediate is the formation of ester

groups (O–C=O) and the release of CO2 (Finlayson-

Pitts and Pitts 2000). Another pathway of the peroxy

Creigee intermediate is a hydroperoxy channel

(Finlayson-Pitts and Pitts 2000) which has been used

to achieve polymer/carbon nanotube composites

(Chang and Liu 2010), PBI-functionalized multi-walled

394396398400402404406408
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Binding Energy (eV)

N
or

m
al

iz
ed

 I
nt

en
si

ty

Figure 4. Overlapped N 1s spectra for control and ozone-treated PBI samples. The arrow indicates increasing treatment time for 0,
15, 30, 60, and 90 min.

Table 1. Assignments (Beamson and Briggs 1991) and areas for C 1s peaks as determined by curve fitting the spectra for PBI treated
with ozone as a function of treatment time.

Binding energy (eV) Species 0 min 10 min 30 min 90 min

284.6 C–C sp2 56.2 34.3 35.8 32.2
285.1 C–C sp3 17.4 16.5 10.4 10.4
285.7 C–N= 8.0 2.8 5.7 5.6
286.0

C–O–C,
O

C-O-C,      C         C , phenolic OH  
, phenolic OH

10.4 10.4 9.0 8.7

287.0 C=O, aldehyde 2.8 6.4 7.0 7.7
287.9 N–C=O 1.0 9.7 9.9 12.6
288.6 O–C=O, carboxylic acid 1.9 16.3 18.0 17.7
289.8 O = C–O–C = O, O–(C=O)–O 1.2 3.0 3.7 4.5
292.0 Energy loss 1.2 0.6 0.4 0.7

Table 2. Assignments (Beamson and Briggs 1991; Losito et al.
2005) and areas for N 1s peaks as determined by curve fitting
the spectra for PBI treated with ozone as a function of treat-
ment time.

Binding energy (eV) Species 0 min 10 min 30 min 90 min

398.4 C=N 40.4 14.6 13.7 14.2
400.2 C–N 53.1 79.7 81.1 79.2
402.0 N–O 6.5 5.6 5.2 6.5
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carbon nanotubes (Suryani et al. 2011), and silica nano-

particles (Suryani et al. 2012).

The chemical structure for pure PBI (Figure 1) pre-

dicts the N 1s spectrum should deconvolute into equal

areas for the imine, C=N, and amine, N–H, functional

groups. However, since there is oxygen in the untreated

samples (6.6 ± 1.0 at % O), oxygen appears in the func-

tional groups for the control (Tables 1 and 2), such as, in

the presence of an N–O peak appearing at 402.0 eV

(Losito et al. 2005). Also, water is strongly adsorbed to

the imine group in PBI (Samms, Wasmua, and Savinelli

1996) which may contribute to the lowering of the imine

peak area and the presence of the N–O moiety. The

adsorption of water may account for the difficulty in

pumping down the PBI samples for XPS analysis.

Figure 7 displays the addition of ozone to the imine

group in PBI and possible decomposition steps.

Cleavage of the two peroxy O–O bonds (marked as

“a” and “b” in Figure 7) and the N–C bond (marked

as “c” in Figure 7) form different reaction products.

Breakage of the “a” bond would result in a nitro, N=O,

functional group having a binding energy of 406.9 eV

(Monjushiro, Murata, and Ikeda 1985),which is not

detected in this research (Figure 4, Table 2) while scis-

sion of the “b” bond produces the N–C=O group that is

observed by the curve fitting results in Table 1. Similar

to the loss of CO2 by the Criegee intermediate, the

other product of the “b” bond breakage may release

gaseous NO2 since there is no detection of the N=O

functional group by XPS.

There are few studies of the reaction of ozone with

amine groups. Part of the mechanism for the reaction

of ozone with dimethylamine is shown in Equation [1]

to form (CH3)2NOH* which produces CH3N=CH2

either by losing water, Equation [2], or by decomposing

to (CH3)2N, Equation [3], and then reacting with oxy-

gen, Equation [4] (Finlayson-Pitts and Pitts 2000;

Tuazon et al. 1994).

CH3ð Þ2NHþO3 � > CH3ð Þ2NOH
� þO2 (1)

Figure 5. AFM surface topographic images after ozone treatment of PBI film for 0, 15, 30, 60 and 90 min showing the root mean
squared roughness factors in nanometers.

Figure 6. Decomposition of primary ozonide (Finlayson-Pitts and Pitts 2000).
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CH3ð Þ2NOH
� � >CH3N ¼ CH2 þH2O (2)

CH3ð Þ2NOH
� � > CH3ð Þ2NþOH (3)

CH3ð Þ2NþO2 � >CH3N ¼ CH2 þHO2 (4)

The OH and HO2 free radicals, as formed in reactions

[3] and [4], have been reported to oxidize the N–H

bond in the imidazole ring of PBI forming quinine and

dicarboxylic acid structures (Chang et al. 2009). In this

study, the carboxylic acid/ester moieties increase with

treatment time as well as the carbonate/anhydride func-

tional groups (Table 1) which are often the highest

oxidized form of bound carbon before CO2 is released.

Washing the ozonized PBI samples with distilled

water decreased the saturation level from 27 at % to

13 at % O probably because of breakage of the PBI

backbone (step “c” in Figures 6 and 7) which would

produce a weak boundary layer (WBL) similar to the

ozonation of polystyrene (Lubarsky, Davidson, and

Bradley 2004; Mahfoudh et al. 2010a, 2010b).

Conclusions

Ozone reacted with the PBI film surface and XPS

detected a rapid increase in O atom concentration up

to a saturation level of 27 ± 1 at %, a decrease in the C–

C sp2, C–C sp3, and C=N functional groups, and an

increase in C–N, C=O, O–C=O, O–(C=O)–O, and N–

C=O moieties. AFM measurements showed little

change in surface roughness. The water CA of the

treated film decreased by ca. 60% compared to

untreated PBI film indicating an increase in hydrophi-

licity and hydrogen bonding due the formation of the

polar oxygenated functional groups. The mechanisms

associated with the dissociation of the primary ozonide

formed from the addition of ozone to the C=C and

C=N bonds and reaction with the amines groups in PBI

are described. Washing the treated surface with water

lowered the O concentration because of the formation

of a WBL due to breakage of bonds in the decomposi-

tion of the primary ozonide.
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