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Abstract
The purposes of this study were to investigate the quantity of residual sulfuric acid and
hydrophilicity of sulfonated-PEEK after different surface cleaning techniques.
A PEEK group and five other etched-PEEK(SPEEK) groups were cleaned with five various
techniques; deionized water immersion, ultrasonic-immersion in deionized water, pure acetone,
6%wt sodium hydroxide (NaOH) and 10% cocamido propyl betain solution (CAPB). The quantity of
residual sulfuric acid were examined using spectrophotometer. Contact angle measurement was
done with goniometer. Fourier Transform Infrared Spectroscopy (FTIR) analysis was applied to
investigate the specific chemical characteristic. One-way ANOVA following by Tukey’s multiple
comparisons were tested (p < 0.05).
The results revealed that pure acetone immersion significantly showed the lowest turbidity (p <
0.001). ATR-FTIR confirmed the present of sulfonate groups in SPEEK specimens after cleaning.
The most hydrophilic group was ultrasonic immersion but not significantly different from other
groups in SPEEK (p> 0.05).
In conclusion, pure acetone immersion was the most effective method in removing residual
sulfuric acid. Further cleaning techniques exhibited the same hydrophilicity.
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Keywords: Polyetheretherketone, PEEK, sulfuric acid, sulfonation, sulfonated PEEK.
Received date: 17 November 2021
Accept date: 19 December 2021
Introduction
Polyetheretherketone (PEEK) is a semicrystalline thermoplastic polymer.1,2 According to
its reliable mechanical properties and the pearlwhite opaque color, PEEK has been used for
various applications in dentistry such as implant
fixture, implant abutment, removable partial
denture,
crown, bridges, orthodontics and
maxillofacial prosthesis instead of metals.3-12
PEEK is a hydrophobic material and inert to
biological and chemical reactions.13-15 PEEK
surfaces need to be treated with various methods
to improve the inertness, such as sulfuric acid
etching, called sulfonation. The sulfonation
reaction was first introduced in 1985 and used to
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increase the hydrophilicity of PEEK.16, 17
Furthermore, the substitution of sulfonate
functional groups (SO3H) occurred at the
aromatic backbone.18, 19 The reaction not only
increases the roughness and porosity by
dissolving the PEEK surface but also reduces the
crystallinity.16,20 Silthampitag et al showed
spongy-like porous fiber network after sulfonation
of PEEK with 98 % sulfuric acid, which improved
micromechanical locking from penetration of the
adhesives through these porous network.21 The
concentration of sulfuric acid also affects the
degree of sulfonation. The concentration above
80% was recommended to achieve sufficient
porosity of PEEK surface so the resin tag of the
adhesives could be found.22, 23 Chaijareenont et
al. also reported that PEEK treated with 90 and
98% of sulfuric acid for 60 seconds showed no
difference in shear bond strength.23 Another
study reported that PEEK treated with 98%
sulfuric acid presented the lowest Vicker
microhardness compared to 90%.24 Too long
sulfonation time exhibits excessive dissolution of
PEEK surface and sulfuric acid residue.25-27
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According to these studies, sulfonation of PEEK
with 90% sulfuric acid for 60 seconds was
recommended.23, 28
After the reaction, residual sulfuric acid
still remains inside the micro-porous network of
swelling sulfonated PEEK (SPEEK), which leads
to disadvantages in various aspects including
acidic environment, interference in bonding with
other materials and low cell compatibility.19, 29-34
From this event, various surface cleaning
methods are suggested to remove residual
sulfuric acid such as immersion in water, 120°c
hydrothermal treatment, acetone rinsing and
sodium hydroxide (NaOH) immersion.30, 35-37
After swelled-SPEEK are immersed in
deionized water, it becomes solidified, as the
residual sulfuric acid leach out from the porous
structure with deionized water.30 Acetone is a
polar liquid ketones that can easily dissolve the
highly polar sulfuric acid, but the SO3H showed
sparing solubility in acetone.35 Another technique
is NaOH rinsing, which is generally used
following the sulfonation in fuel cell applications
to demonstrate the ion exchange capacity.
Immersion in 6 wt% NaOH not only converted the
SPEEK to its sodium salt, called SPEEK-Na, but
also neutralized the residual sulfuric acid.37, 38 Ma
et al. summarized that acetone rinsing,
hydrothermal treatment and NaOH immersion
performed the same efficacy in removing residual
sulfuric acid.27 The last substance which may
have positive effect in removing residual sulfuric
acid is surfactant. It consists of both hydrophilic
and hydrophobic head, which bind to dirt and turn
to be suspension in water.39-41
According to the literature review, there is
insufficient information available about the effects
on PEEK surface after treated with different types
of cleaning substances.
These doubts lead to the objectives of this
study regarding the quantity of residual sulfuric
acid after different surface cleaning methods and
how they affect surface wettability of SPEEK.
The null hypotheses are that there are no
significant difference of residual sulfuric acid
quantity left in the specimens and also the
wettability after various cleaning techniques.
Materials and methods
All the materials, substances and devices
used in this study are presented in table 1.
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Table 1. Showed the materials, substances and
devices used in this study.
Specimen preparation
Ninety-six PEEK specimens (diameter 6.3
mm x width 2 mm) were milled from the
manufacturer and confirmed the same surface
roughness with a profilometer (Surftest SJ-410
series, Mitutoyo, Kanagawa, Japan). All
specimens were cleaned with deionized water for
5 minutes in an ultrasonic machine (Transsonic
T700, Elma, Singen, Germany) and stored in a
dry place at room temperature before surface
treatment.
Surface treatment
The specimens were etched with 90%
sulfuric acid solution (RCI Labscan, Bangkok,
Thailand) for 60 seconds and rinsed thoroughly
with 10 mL deionized water for 10 seconds. All
specimens were stored in a dry place at room
temperature.23
Surface cleaning methods
The specimens were divided into six
groups (n=16) by different cleaning methods as
shown in figure 1, 2 : negative control (PEEK),
positive control (SPEEK-H), ultrasonic cleaning in
deionized water (SPEEK-U), pure acetone
immersion (SPEEK-A), 6%wt NaOH immersion
(SPEEK-Na) and 10% cocamido propyl betain or
CAPB solution immersion (SPEEK-Be).
In the negative control group, specimens
were not treated with sulfuric acid while other five
groups of specimens were treated as described
above. The specimens in positive control group
(SPEEK-H) were further immersed in deionized
water for 5 minutes. The specimens in SPEEK-U
group were sonicate in ultrasonic device with
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deionized water for 5 minutes following the
surface treatment. The other three groups were
immersed in different solutions for 5 minutes
followed by cleaning with 10 mL deionized water
for 10 seconds and stored in a dry room
temperature.

analyzed using fourier transform infrared
spectroscope with an attenuated total reflectance
device. The spectra were scanned with 64 scans
for each specimens in the transmittance modes
from 400 to 4,000 cm-1.The resolution was set at
4 cm-1. The interpretation was performed in both
functional group region and fingerprint region
compared to the references.19, 42-46
Residual sulfuric acid measurement 47
The absorbance test was performed with
spectrophotometer using the turbidimetric
method. Sulfate concentration was measured
indirectly from the turbidity of barium sulfate
(BaSO42-) as described in equation below by
adding barium chloride (BaCl2), as it tends to
precipitate in a colloidal form and can be
enhanced with acidic buffer solution.
Ba2+ + SO42-

Figure 1. Shows various groups of cleaning
methods and tests used in this study.

Figure 2. Shows the workflow of solution
preparation and sequence in measuring the
turbidity.
Hydrophilicity test
To determine the hydrophilicity, the
sessile drop method was used to record the
contact angle of specimens. Three specimens in
each groups were measured using 0.5 microliters
of deionized water as a medium on goniometer
(KINO SL250, KINO Scientific Instrument Inc.,
USA). The pictures were recorded and mean
contact angle was calculated in software
(CAST®3.0, KINO Scientific Instrument Inc.,
USA).
Fourier
Transform
Infrared
Spectroscopy (FTIR) evaluation
Three specimens from each group were
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Ba2SO4 (Poorly soluble; precipitate)

Prior to begin the measurement, there
were two solutions to be prepared. The first
buffer solution was made by dissolving 30 g of
magnesium chloride (MgCl2), 5 g sodium acetate,
spiking 0.111 g sodium sulfate (Na2SO4) and 20
mL acetic acid (99%) in 500mL distilled water
and made up to 1000 mL (known to have 1.5 mg
SO42-/20 mL). Second, the standard solution was
prepared with 0.1479 g anhydrous sodium sulfate
(Na2SO4) in 1000 mL in deionized water. This
solution contained 100 mg SO42-/L and was
diluted into various concentrations. Space
standards at 5 mg/L increments in the 0 -100
mg/L including 2.5 mg/L SO42-.
Ten specimens from each groups were
separated into five containers, two specimens
each. Specimens were immersed in deionized
water (2 mL). After 24 hours, each container was
made up to 100 mL. Then, 20 mL of prepared
buffer solution was added and mixed in magnetic
stirring apparatus. While stirring, 2 g of barium
chloride crystals was added and stirred for 60 ± 2
seconds at constant speed. The solution was
transferred to the glass cuvette and measured
the turbidity at 5 ± 0.5 minutes, wavelength 420
nm.
The standard solutions were done with
the same procedures. The quantity of sulfate
group was calculated and compared to
calibration curve from the standard solution.
Then the standard calibration curve was plotted
from
absorbance
recorded
from
each
concentration by putting absorbance on Y-axis
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and concentration strength of mg SO42-/L on Xaxis. The linear equation model was decrypted
from the curve. Expressed equation is revealed
below with an R-squared value of 0.9845. Note
that m is the slope of the model and b is the
interception point on Y-axis.
Y (Absorbance value) = mX(sulfate concentration; mg
SO42-/L) + b
Y = 0.009x + 0.0302

After
sulfate
concentration
was
determined from the linear equation model, It
was further subtracted with the spiked 1.5 mg
SO42- and converted back to find out SO42concentration in the unknown sample as
presented in the equation below.
mg SO42- in sample /L = (((x mg SO42-/1000 mL) x
120 mL) - 1.5 mg SO42-)/ 0.005
The sulfate concentration from five
containers in each group were recorded and
calculated as mean sulfate concentration.
Statistical analysis
The descriptive statistics for all groups
were analyzed. The sulfate concentration and
contact angle were investigated using one-way
analysis of variance (ANOVA) following post-hoc
comparisons. Tukey HSD was used for
comparisons at a confidence interval of 95%. The
statistical analyses were performed with SPSS
version 23.0(Chicago, IL, USA). The statistical
significance level was set at an alpha level of
0.05.
Results
Hydrophilicity measurement
The measured contact angles were
shown and summarized as box plot in figure 3.
Negative control group (90.3883° ± 1.6697°) was
the most hydrophobic with significantly higher
value of contact angle than other groups.
On the other hand, the SPEEK-U group
(81.4410° ± 0.4766°) showed the lowest contact
angle but not significantly different with positive
control
(82.3716°
±0.3952°),
SPEEK-A
(82.7763±°
0.8659°),
SPEEK-Na
(83.6616±°0.4735°) and SPEEK-Be group
(83.0170±°0.5382°).
Volume ∙ 15 ∙ Number ∙ 1 ∙ 2022

Figure 3. shows the measured contact angle as
images of water drops in the software and
measured contact angle as box plot comparison
of contact angle between groups and the
significance indicated by * p < 0.001.
Fourier transform infrared spectroscopy
analysis

The absorbance ATR-FTIR spectra of
different groups are indicated in figure 4. Every
sample had carbonyl stretching peak at 1650cm-1,
aromatic compound stretching peak at 1595,
1489 and 1413 cm-1 , bending motion of group
(C-C(=O)-C) peak at 1305 cm-1, asymmetric
stretching of the biphenyl ether group peak at
1277 and 1186 cm-1, ether (C-O-C) stretch peak
at 1097 cm-1 and aromatic out of plane bending
at 927, 839 and 767 cm-1. 19, 43, 46 Moreover, C-H
aromatic hydrogen in-plane peak at 1010, 1155
and 1215 cm-1 appeared in untreated PEEK.42, 46
After sulfonation the 1155 and 1215 cm-1
peaks in PEEK were found to be replaced with
higher intensity peaks of 1221 and 1158 cm-1 in
SPEEK groups. The 626 cm-1 and 685 cm-1 ,
which are C=S and S-O of the sulfonate group
appeared in all SPEEK groups, the 1024 cm-1,
which is the S=O stretching vibration, the 1250
cm-1, which is asymmetric stretching of O=S=O
group, and the 1080-1130/610-680 cm-1, which is
the inorganic sulfate ion, were found in all
SPEEK groups with less intensity in SPEEK-A
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group.43, 46, 48, 49 The broad O-H vibration, which
is addressed in sulfonate group at around 32003570 cm-1 appeared, except not in negative
control and SPEEK-A group.43, 45, 46
All of the peaks along with their vibration
assignments are listed in table 2.
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(0.0277 ±0.0019 mg/L) followed by SPEEK-Be
(0.0824 ±0.0022 mg/L), SPEEK-Na (0.1902 ±
0.0018 mg/L), SPEEK-U (0.2478 ±0.0005 mg/L)
and positive control group (2.7050 ±0.0015
mg/L) respectively.

Figure 5. shows measured sulfate
concentration calculated from turbidity test.

ion

The significance indicated by a,b,c,d,e,f (p < 0.001)

Figure 4. Shows ATR-FTIR spectra of PEEK and
SPEEK with address of difference vibration
peaks found in SPEEK substitution and sulfone
groups. Dotted circle demonstrate the absent of
broad O-H vibration around wave number 32003570 cm-1 in SPEEK-A group.
Residual sulfate concentration
The measured sulfate ion concentration
calculated from turbidity test was demonstrated
in figure 5. One-way ANOVA revealed a
significant difference in the different cleaning
methods (p<0.001). The lowest mean sulfate ion
concentration in SPEEK groups was SPEEK-A
Volume ∙ 15 ∙ Number ∙ 1 ∙ 2022

Table 2. summarizes the infrared spectra of
PEEK and SPEEK and assignment of vibrations.
a
b

displays the findings present only in negative control group, while.
displays the findings absent in acetone group.

Discussion
porous

Since residual sulfuric acid in PEEK
structure could provide an acidic
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environment, negative effect on cells and
influence bonding mechanism to other materials,
different cleaning methods were investigated to
remove it.50 According to the results, the null
hypothesis about residual sulfuric acid quantity
left in the specimens was rejected due to the
difference of measured sulfate ion concentration
whereas the null hypothesis about hydrophilicity
was accepted by the insignificant difference of
mean contact angle among SPEEK groups.
Regarding hydrophilicity, the water
contact angle of untreated PEEK in the literature
was between 70° and 90°, similar to our
results.18,37 The untreated PEEK showed a
significantly higher contact angle than other
groups which indicated that sulfonation improved
the hydrophilicity of PEEK as reported by Huang
et al.18 However, some studies reported converse
results about increasing of contact angle after
sulfonation.27,36 Although many studies reported
different results, those studies revealed that both
the surface morphology and hydrophilic sulfonate
functional groups played an important role in
improving the hydrophilicity of SPEEK.17,18
In a comparison with different cleaning
methods, there was no difference in contact
angle hence it could assume that every cleaning
methods exhibit minimal change on both surface
morphology and/or hydrophilic SO3H functional
group. The SEM photographs of post-surface
cleaning with acetone and supersonic distilled
water stirring in the study of Zhao et al.
demonstrated similar surface morphology.19
Moreover,
another
study
showed
the
homogeneous porous surface of post-treatment
with NaOH and acetone.27 Wang et al. also
showed the same surface morphology of distilled
water immersion and NaOH immersion.37 These
findings correlated to the assumption of minimal
change on surface morphology. Regarding the
SO3H functional group, the recent study showed
the opposite results of decreased contact angle
of SPEEK-Na compared to SPEEK.37 The
alteration of sulfonate groups to sodium sulfonate
salts, as demonstrated in figure 6, may be
responsible for the results.38 Though, our results
showed the minimal influence of SO3H on
wettability that there was no difference of contact
angle among SPEEKS. These inconclusive
information about wettability could result from
different concentrations of sulfuric acid, treatment
time and cleaning methods used.
Volume ∙ 15 ∙ Number ∙ 1 ∙ 2022
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Figure 6. shows the molecular structure of
PEEK, SPEEK and SPEEK-Na.
Considering backbone vibration of PEEK
via ATR-FTIR approach, the summarized results
in table 2 confirmed the similar core structure of
PEEK and SPEEK as shown in figure 4.43,46
However, the aromatic rings at 1489 cm-1 were
not split to new absorption peak like previous
studies due to lower concentration of sulfuric acid
and immersion time used.46 After the sulfonation
reaction and cleaning methods, the SO3H
functional group was confirmed, existing in the
SPEEK by the presence of new absorption
bands, which were C=S peak, S-O peak,
asymmetric O=S=O, S=O peak and C-H in-plane
deformation. This was in agreement with
previous studies.45, 46, 49 However, broad O-H
vibration showed similar intensity in SPEEK
groups so they exhibited the same degree of
sulfonation except for SPEEK-A group.36 The
absent broad O-H vibration was related to the
acetone cleaning mechanism which will discuss
later in turbidity results.
Since the excess inorganic sulfate ion
peak which originated from residual sulfuric acid
were shown around 1080-1130/610-680 cm-1
according to Coates, the less intensity of the
sulfate ion entity in acetone immersion could be
another supporting evidence that related to
residual sulfuric acid removal performance in
measuring turbidity.43
Pure acetone immersion was found to be
the most effective method regarding the
measurement of residual sulfuric acid. It could
wash water molecules, trapped in the porous
polymer network, out from the structure but does
not dissolve SPEEK so the chemical composition
or surface morphology will not be altered by
acetone.30 As the porous structure was
completely dry and free from the water
molecules, the sulfate ion molecules were no
longer residue. This can also explain the
absence of O-H vibration, assigned to sulfonate
groups that interacting with water molecules, that
was mentioned above.
Immersion in ultrasonic deionized water
for 5 minutes showed remarkably decreased
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sulfate concentration compared with immersion
in deionized water alone, which left large
amounts of sulfate ion. According to Zhao et al.,
water immersion alone demonstrated less
bioactivity, cytocompatibility, osseointegration
,and bone-implant bonding strength compared
with acetone rinsing after water immersion19.
They concluded that rinsing with deionized water
alone showed negative effects on osteoblast
with a low pH environment, which correlates to
the results of residual sulfuric acid quantity in our
study.
Sodium hydroxide showed better cleaning
efficacy than ultrasonic cleaning. The additional
chemical reaction is involved in the cleaning
mechanism. SPEEK was neutralized by the
strong alkalinity of NaOH and the sulfonation was
inhibited. The residual sulfuric acid diffused out
from the porous structure to the alkali solution.37,
38
The sodium sulfonate salts, mention earlier,
still needs further investigation such as bonding
performance to other materials.
The CAPB surfactant group performed
better cleaning efficiency than the sodium
hydroxide group. CAPB is zwitterionics
surfactant, in which the hydrophilic head acts as
cationic or anionic depending on pH of the
environment. If the pH is below 7, it will become
cationic. On the other hand, it will be anionic if
the pH is above 7, and no charge when they
were in a neutral condition.39-41 In this situation,
the CAPB could act as a cationic due to the
acidic environment and interact with the anionic
sulfate ion so the cationic-anionic interaction
occurred.27 The reason why this substance was
included to our study is the ease of finding in
clinical situation. However, the interaction
mechanism of CAPB to SPEEK is still unknown.
According to Ma et al, the ion released
test to determine the quantity of sulfate ion
seemed to be indelicate. Consequently, the
turbidity measurement with spectrophotometer
was used in our study. Every solution was
prepared meticulously and used within the day of
the procedure so the degree of ionization would
not affect the experiment. Then the absorbance
values could be recorded and converted to
sulfate concentration accurately. The negative
control group showed the amount of sulfate ion
which it should not have had any. There were
two reasons responsible. The first one was noise
signal from the spectrophotometer. The other
was the minimal measuring error of buffer
Volume ∙ 15 ∙ Number ∙ 1 ∙ 2022
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solution which contained the spiked sulfate ion.
Although this study demonstrated the
definite efficacy of various methods in removing
the residual sulfuric acid, the information is
insufficient to conclude a reliable cleaning
technique. The standard minimum quantity or
concentration of residual sulfuric acid that will
affect in both biological aspect and bonding
performance of dental adhesives is still unclear.
Further investigation should be performed to
achieve suitable protocol for clinical application.
Conclusions
Within the limitation of this in vitro study,
the conclusions drawn are:
1. Pure acetone immersion for 5 minutes
following the sulfonation exhibits the lowest residual
sulfuric acid in PEEK porous structure.
2. Sulfonation improves PEEK hydrophilicity
but further cleaning methods showed no change in
wettability.
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