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SUMMARY: The spreading kinetics and adhesion of liquid
alkenyl succinic anhydride (ASA) on different surfaces repre-
senting materials commonly used in paper machinery (steel,
polyurethanes), a possible antifouling material (polytetra-
fluoroethylene), materials in paper products (cellulose, starch)
and two model surfaces (silica and hydrophobed silica) was stu-
died. Contact angles were measured both in air and in aqueous
environment. The contact angle of ASA on all solids in air was
≤90o; ASA generally spread better on hydrophilic surfaces than
on hydrophobic surfaces. For ASA on solids immersed in water
the trend was opposite to that in air and the difference between
hydrophilic and hydrophobic surfaces was much greater; on
hydrophilic surfaces the contact angle was ≈170°, while on
hydrophobic surfaces the contact angle was 25°–50°. However,
one material (polyurethane 2) didn’t follow the general trend;
even though this material was very hydrophilic, spreading of
ASA on it in air was similar to what it was on hydrophobic
materials. Combined effect of pH and Ca2+-ions on spreading of
ASA were studied at pH 3 and pH 10. At pH 3 there was no
very significant change in the spreading. However, at pH 10
the spreading of ASA on hydrophilic and hydrophobic surfaces
was nearly equal. From the results it can be concluded that best
way to prevent fouling on paper machines by hydrophobic sub-
stances, such as ASA, is to maintain the process surfaces wetted
by water and to choose surface materials that stay hydrophilic
as consistently as possible. However, the results imply that at
high pH in the presence of calcium ions the nature of surface no
longer has any significant effect on the spreading of ASA. This
suggests that in this case surface contamination cannot be avo-
ided by choosing appropriate surface chemistry, but the compo-
sition of ASA should be changed.
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Contamination by deposits in paper machines can cause
major problems for both manufacturing efficiency and
product quality (Nguyen 1998). When alkenyl succinic
anhydride (ASA) or other hydrophobing chemicals are
used in papermaking, they tend to form sticky deposits,
which are commonly found in the paper machine press
section and in the pre-dryers (Nguyen 1998, Koskela et
al. 2003, Neimo 1999, Petander et al. 1998, Knubb &
Zetter2002).
ASA emulsions are widely used as hydrophobing agents

in alkaline papermaking (Gess 1992). Therefore, in order
to obtain further knowledge about the contamination
problems caused by hydrophobing chemicals, we have
studied the spreading and adhesion of ASA on different
surfaces. It has been reported (Isogai 1999, 2000) that
even when so-called reactive sizes (ASA and AKD) are
used, the rate of covalent bond formation between the
sizing agent and hydroxyl groups of fibres is rather low.
This implies that spreading and adhesion of the hydrop-
hobing agent play key roles both in developing sizing and
in forming troublesome contaminants.

Dynamic contact angle measurements were used for
the determination of the spreading kinetics and adhesion
of ASA on selected model surfaces in air and in water.
The effects of pH and Ca2+-ion concentration in the water
were also studied. These are essential parameters that
affect the hydrolysis reactions of ASA and formation of
calcium compounds (Wasser 1987, Savolainen 1996).

Surfaces used in this study included model surfaces
and some materials that are typically present on paper
machines. Previously we have shown that the surface
hydrophobicity/hydrophilicity has a major effect on
spreading of ASA (Lindfors et al. 2005). Here we have
chosen the surface materials so that they present different
levels of hydrophilicity. On the basis of the results
obtained, contamination behaviour of ASA on different
surfaces and its dependence on process conditions can be
further explained.

Materials and Methods

Contact angles and surface tensions
A CAM 200 contact angle goniometer (KSV Instruments
Ltd, Helsinki, Finland) was used for determination of
contact angles and surface tensions in the way described
by Lindfors et al. (2005). The size of the ASA drops was
approximately 10 µl in air and 30 µl in water.

Surface tensions and contact angles were calculated by
Axisymmetric Drop Shape Analysis (ADSA) using soft-
ware delivered with the instrument. This analysis is based
on fitting experimentally determined drop profiles to the
full equations for drop profiles of pendant drops (surface
tension) and sessile drops (contact angle) derived from
the Young-Laplace equation. The fitting method is based
on the principle described by Jennings and Pallas (1988).

Atomic Force Microscopy, AFM
AFM measurements were performed using a NanoScope
IIIa Multimode scanning probe microscope (Digital
Instruments, Inc. Santa Barbara). The images were scan-
ned in tapping mode in air using commercial Si cantile-
vers (Digital Instruments) with a resonance frequency of
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about 300 kHz. The only image processing used was flatte-
ning. Four images were recorded for each surface and repre-
sentative micrographs were chosen for presentation. The
roughness of the surfaces was evaluated by determination of
the roughness factor, r, from the 3D-AFM-images:

where Sdr is the ratio between the real interfacial area and
the projected area

Time-of-Flight Secondary Ion Mass Spectrometry,
ToF-SIMS
The ToF-SIMS spectrometer PHI TRIFT II at Top
Analytica Ltd., Turku, Finland was used. The instrument
and the experimental procedure are described in
(Schueler 1992). High-mass-resolution spectra in positive
secondary ion mode over the mass range 2-2000 Da were
acquired using a Ga ion gun. The primary ion current
was 600 pA. The acquisition time was 2 min and the time
per channel 138 ps.

Alkenyl succinic anhydride, ASA
ASA was supplied by Ciba Specialty Chemicals, Raisio,
Finland. According to the supplier, the purity of the ASA
was ≈99%. Its melting point was ≈5°C. The density of
ASA was determined to be 0.956 kg/dm3. The ASA was
not further purified. The composition of the hydrocarbon
chains was approximately 50% C16-olefin and 50% C18-
olefin. No dispersants were used in the preparation of the
ASA. Molecular peaks corresponding to chain lengths
C16 and C18 were observed in the positive ToF-SIMS
spectrum of ASA. This verified its composition (Lindfors
et al. 2005). The ASA was used as delivered.

Cationic starch
Cationic starch (CS) with Mw 8.8x105 and degree of
substitution 0.2 was synthesized at the laboratories of Ciba
Specialty Chemicals, Raisio, Finland by reacting potato
starch with 1-chloro-2-hydroxy-3-trimethylammonium-
propyl chloride. For details, see Tammelin et al. 2004.

Water
The water was purified UHQ water in equilibrium with
air (prepared with ELGA PURELAB UHQ). Its conduc-
tivity was ≈5.6 µS.

Substrates
The silica surfaces were those of smooth silicon wafers
(from Okmetic Oy, Helsinki, Finland) (Kekkonen,
Stenius 1999). They were cleaned in the following way:
The wafers were first immersed in alkaline solution (10
min at 75°C–85°C) and acidic hydrogen peroxide solu-
tion (10 min at 75°C–85°C) (Kern, Puotinen 1970). After
that they were rinsed with water and ethanol. The advan-
cing contact angle of water on the SiO2 surface was
20°±2°. Hydrophobic silica surfaces were prepared by
methylating the SiO2 surface; the cleaned and dried surfa-
ce was immersed in 0.05% dichlorodimethylsilane in
xylene for two hours. The method is described in greater

detail by Elwing et al. (1987). The advancing contact
angle of water on the methylated surface was 100°±2°.
Standard deviations are based on five measurements.

The steel was austenitic stainless steel type AISI 316L,
previously used in paper machine contamination tests by
Carpén et al. (2004). Steel surfaces were purified in
ultrasonic cleaner in ethanol for 5 min, after which they
were rinsed with UHQ water and dried with nitrogen gas.

Polyurethanes were provided by Albany International.
Both samples PU1 and PU2 were made of same polyuret-
hane (prepolymer+polyol). This kind of polyurethane is
commonly used in paper machine press felts (Slater et al.
2001). Materials PU1 and PU2 have different surface
energy generated by introducing a “spacers” in the PU2
polymer matrix.

The polytetrafluoroethylene (PTFE) surface was a
commercial type (from Vink Finland Oy). A plate of
PTFE was heat treated between glass plates under a
weight in an oven in 400–500˚C for 1–2 hours. During
the heat treatment the surface of the PTFE became
macroscopically smooth. However, some nano/micro-
scale roughness did appear, apparently due the release of
gaseous by-products during heat treatment. The contact
angle of heat treated sample was around 30–40 degrees
higher than that of the original PTFE.

The cellulose surfaces were prepared by depostion of
Langmuir-Blodgett multilayers of trimethylsilylcellulose
(TMSC) of films on hydrophobised SiO2 (Schaub et al.
1993). TMSC was dissolved in chloroform and spread on
water. TMSC layers were deposited on the hydropobic
SiO2 by fourteen immersion/withdrawal cycles. The
TMSC layers on the SiO2 were desilylated above 10%
H2SO4 for 10 min. Before contact angle measurements in
water the cellulose surfaces were kept in UHQ water
overnight (for swelling to equilibrium with water).

Surfaces of cationic starch were prepared by adsorp-
tion on a cleaned SiO2 wafer immersed in a 0.1g/l aqu-
eous solution of CS for 90 min.

The morphology of all surfaces was characterized by
AFM and the chemical composition of SiO2 model surfa-
ces was verified by ToF-SIMS analysis.

Advancing contact angles of water on all used surfaces
were recorded. Results are presented in Table 1. The
surfaces were classified as hydrophilic and hydrophobic
depending on whether the water contact angle was
smaller or larger than 90°.

Sample surface θw R θ Y Nature of surface
Degrees Degrees

Hydrophilic SiO2 20 ± 2 1.00 20 ± 2 Hydrophilic
Hydrophobic SiO2 100 ± 2 1.00 100 ± 2 Hydrophobic
Steel 70 ± 5 1.13 72 ± 5 Hydrophilic
Polyurethane (PU1) 102 ± 4 1.02 102 ± 4 Hydrophobic
Polyurethane (PU2) < 5 1.01 < 5 Hydrophilic
PTFE 155 ± 5 1.35 132 ± 2 Hydrophobic
Cellulose 41 ± 2 1.00 41 ± 2 Hydrophilic
Cationic starch < 5 1.00 < 5 Hydrophilic

Table 1. Contact angles of water and the nature of different surfaces (standard
deviations based on five measurements). θw = measured advancing contact angle
in air. θ Y = contact angle corrected for roughness (Eq [2]). r = roughness factor
(Eq [1])
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Results

Surface topography
Topographical AFM images of the surfaces are presented
in Fig 1. From the images it can be seen that native and
hydrophobed SiO2, cellulose and starch are very smooth.
Steel, PTFE and polyurethane surfaces all exhibit clearly
greater roughness. Roughness factors r of each surface
were calculated using Eq [1] and are presented in
Table 1. The effect of roughness on contact angles was
estimated using the Wenzel equation (Adamson, Gast
1997):

where θW and θY are the contact angles measured on the
rough and smooth surface, respectively. Theoretical con-
tact angles on smooth surfaces, θY were calculated from
the measured angles. Both values (θW and θY) are presen-
ted in Table 1. From these values it is clear that PTFE is
the only surface on which roughness contributes signi-
ficantly to wetting behaviour.

Surface and interfacial tensions
The surface tension of ASA and the interfacial tensions
of ASA in water and water solutions at different pH and
Ca2+-ion concentrations were measured. The results are
shown in Fig 2. Drop shape images recorded for ASA at
pH 10 were such that it was impossible to determine
interfacial tension.

Wetting dynamics
When evaluating the kinetics of spreading of ASA on sur-
faces, a minimum of five measurements were performed
on each substrate. Maximum spread in the measurements
was observed with hydrophilic surfaces (ca. ±5°, for more
details see Lindfors et al. 2005). Here we restrict the pre-
sentation to representative curves for each case.

Fig 3 shows the spreading of ASA on the surfaces
immersed in water. On all surfaces a reasonably well
defined contact angle equilibrium was reached within
one minute. This was the case under all other measure-
ment conditions, too. Angles used for calculations of
work of adhesion were taken at t = 1 min. In water attain-
ment of equilibrium was somewhat slower on the hydro-

Fig. 1. Tapping mode AFM images of sample surfaces. Note that different scales are used for different surfaces.

Fig 2. ASA surface and interfacial tensions in different chemical environments (pH
was adjusted with HCl and Ca(OH)2 solutions). Standard deviation = 0.2 mN/m
(five measurements). Interfacial tension for ASA at Ca 0,1 M pH 10 could not be
determined.

Fig 3. Time depence of contact angles of ASA on the surfaces in water.
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phobic surfaces than on the hydrophilic surfaces, most
likely just because the final contact angle was much
lower. As could be expected on the ground of our pre-
vious results (Lindfors et al. 2005), ASA did not wet the
hydrophilic surfaces (final contact angle 145°–175°)
while it did spread on (without completely wetting) the
hydrophobic surfaces (final contact angle 25°–50°). In
air (Fig 4) the results were also consistent with our pre-
vious study; spreading on the hydrophobic surfaces was
faster and resulted in higher final contact angles than on
the hydrophilic surfaces. However, there was one clear
exception to this. On the hydrophilic polyurethane sur-
face (PU 2), ASA behaved like on hydrophobic surfaces.

In fact, the contact angle was even greater than it was on
hydrophobic SiO2 and hydrophobic polyurethane surface. 
We showed in our earlier paper that altering pH and
adding CaCl2 had almost no effect on the spreading of
ASA on a hydrophilic model surface and that adding
CaCl2 had clearly more significant effect on spreading of
ASA on a hydrophobic surface than changes in pH. It
was also evident that this effect increased with increasing
Ca2+ concentration. Here we used 100 mM CaCl2 and a
hydrophobic SiO2 surface to further study these effects.
Measurements were performed with the CaCl2 solution at
pH 3 and at pH 10. Results from measurements at pH 3
are presented in Fig 5.

It was impossible to determine the contact angles at
pH 10 since the shape of the ASA drops was irregular. An
image of an ASA drop on a hydrophobic surface in 100 mM
CaCl2, pH 10 is shown in Fig 6. From the figure it is possi-

ble to estimate that contact angle was approximately
110°–120°

Contact angles of ASA in 100 mM CaCl2 at pH 3 were
also recorded for hydrophilic SiO2, steel, PU 1 and PU 2.
Results are shown in Fig 7. Measurements in the same
CaCl2 concentration at pH 10 were also performed for
these surfaces, but, again, the calculation of contact
angles from the images failed. Fig 8 shows an image of
ASA on a hydrophilic SiO2 surface in 100 mM CaCl2,
pH 10. We estimated the contact angle to be approxima-
tely 110°–120°.

Discussion

Surface and interfacial tensions
The interfacial tensions were considerably lower than the
surface tension of ASA. When the ASA was contacted

Fig 4. Time depence of contact angles of ASA on the surfaces in air.

Fig. 5. Spreading of ASA on hydrophobic SiO2 at pH 3 and different CaCl2 concen-
trations.

Fig 6. ASA drop on hydrophobic SiO2 in 100 mM CaCl2, pH 10 (t = 1 min.).

Fig 7. Time depence of contact angle of ASA on different surfaces in 100 mM
CaCl2, pH 3.

Fig 8. ASA drop on hydrophilic SiO2 in 100 mM CaCl2, pH 10 (t = 1 min.).
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with aqueous solutions at pH 3 and pH 10 only minor
changes in the interfacial tension were observed, compa-
red to the value determined in pure water. When the ASA
drop was kept in contact with these solutions for 5 min,
the interfacial tensions decreased to some extent. These
changes in interfacial tensions probably are due to hydro-
lysis and dissociation reactions of ASA. We have earlier
shown that dissolved hydrolysis products do not signi-
ficantly affect the results recorded after 1 min contact
time (Lindfors et al. 2005). However, ASA molecules
located at the l/l interface are rapidly hydrolysed when
contacted with the aqueous solution.

The interfacial tensions in CaCl2-solutions prepared
with no pH adjustment (roughly neutral, pH ≈ 6) were
considerably smaller than those in pure water. It was also
obvious that the effect of Ca2+ on the interfacial tension
was greater and much faster than the effect of pH
changes. Presumably, Ca2+-ions react with ASA at the l/l
interface, forming an adsorbed compound that results in
a significantly lower interfacial tension than that of pure
ASA. At pH 3 the reduction of interfacial tension was not
as significant as in the neutral solution. This implies that
reactions of Ca2+ with ASA are not significant at this low
pH. At even higher pH (10) determination of interfacial
tension was impossible because the shape of the ASA
drop was so irregular that drop shape analysis with CAM
200 failed. We believe this was due to enhanced reactions
of Ca2+ with ASA, which resulted in the formation of a
very sticky compound.

Wetting dynamics
Effects of pH and Ca2+-ions (in particular, the combined
effect of these factors) were of special interest in this
study. From Fig 5 and Fig 7 – and comparing these to
Fig 3 – it can be seen that the effect of adding calcium
ions at low pH on the spreading of ASA is not very large.
Nonetheless, the contact angles of ASA on hydrophilic
surfaces were smaller than in pure water, while on
hydrophobic surfaces the contact angles were larger than
in water. This means that spreading dynamics on hydro-
philic and hydrophobic surfaces became more similar.

At pH 10 ASA is prone to rapid reactions with Ca2+,
and the spreading dynamics of ASA on hydrophilic and
hydrophobic surfaces were much more similar than at
lower pH. Determination of exact contact angles under
these circumstances failed, but from Fig 6 and 8 it can be
seen that the contact angle of ASA on hydrophobic sur-
face roughly equals the contact angle on hydrophilic sur-
face. From this we conclude that under these circumstan-
ces, where ASA will form a very sticky compound, the
nature of surface has no effect on the spreading of ASA.
This means that with respect to fouling behaviour,
hydrophilic and hydrophobic surfaces are similar.

Adhesion of ASA
The work of adhesion (WAa) of ASA to a solid in air is
given by:

Adhesion was calculated here using the Dupré equation:

Correspondingly, the work of adhesion of ASA to a solid
in water and aqueous solutions is

Work of adhesion of ASA on the surfaces in air and water
is presented in Fig 9.
Again, it has to be pointed out that due to the hydrolysis
reactions discussed above, adhesion values in aqueous
environment cannot be exact for ASA. Nevertheless,
there are clear differences between hydrophilic and
hydrophobic surfaces. Adhesion of ASA was negligible
on hydrophilic surfaces compared to hydrophobic surfa-
ces in water. In air there were not so large differences
between hydrophilic and hydrophobic surfaces. However,
adhesion on hydrophobic surfaces was smaller than on
hydrophilic surfaces. On PTFE clearly lowest adhesion
values were observed, which was expected because of the
very low surface energy of this material. The distinctly
lower adhesion of ASA on the PU 2 surface than on other
hydrophilic surfaces in air should also be noted.
Behaviour of PU2 surface was most probably because of
its different surface energy, compared to PU1, generated
by introducing a “spacers” in the polymer matrix.

Conclusions
Low adhesion of fouling compounds to the surfaces of
process equipment is a key to avoiding contamination of
these surfaces. When the wet end of paper machine is
considered the level of adhesion should be minimized
particularly in aqueous environment.

As in our previous study, there was almost no spreading
of ASA on hydrophilic surfaces immersed in water and the
work of adhesion to these surfaces was extremely small.
ASA spread fairly well on the hydrophobic surfaces in
water and the adhesion was markedly larger than to the
hydrophilic surfaces. This confirms our earlier recommen-
dation to choose surface materials that stay hydrophilic as
consistently as possible for wet end applications. In places
where wet and dry conditions vary with time materials
with desired surface chemistry and improved topography
could be used because of lower adhesion values of fouling
substances on these surfaces also in dry conditions

Fig 9. Work of adhesion of ASA on different surfaces, in air and in water.
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The effect of pH on the spreading of ASA is not very sig-
nificant. Ca2+-ions clearly have a stronger influence on
the spreading than pH. The influence of these parameters
alone is notable only on hydrophilic surfaces. On the
other hand, the outcome of combining high pH and cal-
cium is very remarkable. Under such circumstances sig-
nificant changes occur in the spreading of ASA on both
hydrophilic and hydrophobic surfaces and the nature of
the surface does no longer have any effect on the sprea-
ding of ASA. This suggests that surface contamination
cannot be avoided in these conditions by just choosing
right surface chemistry. The composition of ASA or the
formulation of ASA emulsions should be changed.
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