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ABSTRACT: The mechanisms of penetration onto terra-
cotta of two commercially available perfluorinated acrylates
were studied: Zonyl1225, a solvent-based perfluorinated
polyacrylate containing two unfluorinated acrylic or vinylic
monomers; and Zonyl1329, an aqueous dispersion synthe-
sized from comparable monomers plus a vinylic silane.
Two application methods were used: by immersion of the
substrate for 15 h and by multiple brush strokes, with
pauses between strokes. Application effectiveness was
assessed by measuring the depth of penetration into terra-
cotta. The results of coating were examined by optical and
electron microscopy, including elemental analysis. When
the impregnating agent was applied by extended immer-
sion, both solvent-based and aqueous dispersion exhibited

higher penetration depths with increasing concentrations.
When applied using multiple brush strokes, the solvent-
based solution exhibited the same trend as that in immer-
sion; however, the aqueous dispersion showed no penetra-
tion beyond � 0.12 mm. This limited depth of penetration
is shown to be a result of partial drying between brush
strokes, but also as a result of porosity restrictions and elec-
trostatic interactions between the positively charged poly-
mer colloids in the dispersion and the negatively charged
terracotta surface. VVC 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 110: 663–677, 2008
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INTRODUCTION

In both outdoor and indoor settings, porous materi-
als are subjected to physical, biological, and chemi-
cal wear. The chemical corrosion experienced by
porous materials outdoors comes as a result of expo-
sure to water in the form of rain, snow, or moisture.
Such exposure can lead to oxidation and hydration
reactions, accompanied with dissolution and solubi-
lization of elements and minerals.1 Physical wear is
also likely to occur, especially in outdoor settings
such as driveways and patios. Porous materials in
the household are also exposed to deterioration; this
comes primarily in the form of high staining house-
hold products (anything from coffee to oil) being
spilled onto porous masonry. Such materials are eas-
ily absorbed via capillarity and in most cases are
impossible to remove.

Today’s urban environment has led to a rapid rise
in the rate of deterioration of porous building mate-
rials. This is primarily because of the increase in
atmospheric pollution which has lead to a rise in the

concentration of organic and inorganic compounds
in the microenvironment of the porous material.2

Atmospheric pollutants lead to a darkening and
staining of stone surfaces, reducing the esthetic
appeal of a substrate. Such pollutants over a pro-
longed period also lead to structural deterioration of
porous substrates.3–8 Pollution effects are com-
pounded by areas of high abrasion, mainly in the
form of floor tiles around the house or work envi-
ronment. In most cases such surfaces need to be pro-
tected against both oil and water along with being
able to tolerate a certain amount of abrasion while
still being able to offer the repellencies required.
In the case of baked clays such as terracotta, the

migration of soluble salts into the substrate leads to
efflorescences as the saline solution moves through
the pore network toward the surface.9 Degradation
of the terracotta then proceeds as the salts crystallize
at the surface or below it.10 Concurrently, organic
particles responsible for the darkening or soiling of
the surface are cemented by these recrystallized
salts. Reducing the rate of decay of such materials
therefore requires both hydrophobic and oleophobic
treatment.11

Of the protective measures currently available, flu-
orine-based coatings are the most effective. Fluori-
nated polymers furnish materials with special
properties, such as low refractive index and
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dielectric constants,12 low surface energy,13 high
chemical and thermal stability,14 and all-round
weatherability.15 Comb-shaped perfluorinated poly-
mers, with close packed fluoroalkyl groups, can
impart a surface energy of less than 10 mN m�1,
preventing the adhesion/absorption of contami-
nants.16 Such properties of fluorinated polymers
have seen them rise in importance with regards to
the conservation of both ancient and modern build-
ings and monuments.

Ideally, stone protectants should exhibit not only
water and oil repellency but also transparency, col-
orlessness, weatherability, and permeability to water
vapor and gases.17 Most of these polymer-based pro-
tectants take the form of dispersions of the polymer
in a continuous medium, either as a solution in an
organic solvent or as a polymer colloid of a hydro-
phobic polymer in water.15,18,19 These coatings need
to exhibit breathability (water-vapor transmission)
and thus have repellency without complete blocking
of pores, as happens when a paint forms an imper-
meable film.20

One of the most important factors in stone coat-
ing is that surface coatings should exhibit a high
penetration depth and low solids content.21 No
coating is permanent, especially when exposed to
the outdoors; consecutive applications are usually
required, with the time between applications deter-
mined by the durability of the coating. Many key
properties in stone care hinge on a deep penetra-
tion depth for the protective polymer. Porous sur-
faces will decay over time, especially in areas of
high wear; as the decay progresses, new layers of
the substrate surface are revealed. A deeper pene-
tration will ensure protection regardless of the
depth the deterioration has reached. Over a period
of time this also reduces the cost of reapplication.
Ascertaining what properties control depth of pen-
etration, and the mechanisms of this process, will
give an insight into the performance of the coating;
deeper penetrating coatings will require fewer
reapplications.

Penetration depth is controlled both by the
chemical nature of the coating and of the substrate
and any subsequent interactions, but should also
be affected by the application method. Substrate
properties such as porosity, affinity of binding to
polymer, and chemical composition are usually
beyond control, especially with natural stones. A
porous material can take up water (or impregnat-
ing agent in this case) by coming into contact with
the impregnating agent and without any external
pressure. This occurs through capillarity and is
affected by the size and shape of pores as well as
the structure of the porous network.22 Our study
looks at how penetration depth is influenced by
some controllable features of the coating process,

particularly the mode of application and the chemi-
cal formulation.
A high density of polymer (per unit volume of

substrate) with a small penetration depth suggests
the coating is not efficient and is likely to alter the
optical properties of the stone leading to skin forma-
tion. This is where the surface layer of the coating
solidifies to form a skin, underneath which remains
a liquid; this layer acts as a barrier to penetration.
Higher penetration depths will mean that the coat-
ing density is reduced.
The aims of this work are to link application

methods of coatings, their medium (solution or poly-
mer colloid) and polymer properties to the depth of
penetration. Understanding such fundamental rela-
tionships will allow for the creation of improved flu-
orinated coatings specifically devised and tailored to
a particular substrate.
Here we report on the relationship between the

method of applying an impregnating agent and the
interactions involved in the coating process to the
penetration depth into a substrate. This is achieved
by testing two methods of application onto terra-
cotta: brush and immersion. Measurements of the
diffusion of each impregnating agent into the terra-
cotta can be rationalized in terms of the substrate
properties, the chemical formulation of the coating,
and the application method. Two chemical formula-
tions of fluorinated acrylates as used: cationic water
dispersion (a polymer colloid) and a solvent-based
solution.

MATERIALS AND METHODS

Terracotta characterization

Terracotta pavers of 13 mm thickness were used in
all experiments; these were cut down to size accord-
ingly. All terracotta was provided by Guiraud
Frères, F-31250, Revel, France.

Capillary absorption

This was determined by using the gravimetric sorp-
tion technique, using the so-called ‘‘Normal’’ proto-
col.23 Initially, the stone sample is dried at 1108C
for 48 h under vacuum. The surface to be treated is
then laid on a filter paper pad approximately 1 cm
thick, which has been partially immersed in water
at room temperature and pressure. By weighing
specimens after 10, 20, and 30 min and 1, 2, 4, 8, 48,
72, and 96 h, the amount of water absorbed by cap-
illary forces and thus the capillary absorption coef-
ficient can be determined. This was done with
solutions of both white spirits and Milli-Q water, as
used to dilute the two coatings before being applied
to a surface.

664 YOUSSEF ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



The amount of capillary absorption of a solvent is
found using:

Qcap ¼ ðMi �M0Þ
S

(1)

where Qcap is the mass of absorbed solvent per unit
surface area of the substrate, Mi is the sample mass
at time t, M0 is the dry sample mass, and S is the
area of the substrate surface in contact with the par-
tially immersed pad. The absorption coefficient A is
obtained if capillary absorption follows a simple dif-
fusion process, in which case:

Qcap ¼ At1=2 (2)

Absorption by complete immersion

This method was carried out by gravimetry, using a
modified version of the Normal protocol.24 The
stone sample, having previously been dried at 1108C
for 48 h under vacuum, is completely immersed in
either solvent/dispersant or polymer solution/dis-
persion, under constant stirring; this is especially im-
portant in the case of the dispersion, which will
separate on standing. Terracotta tiles were immersed
in the impregnating agent at 0, 0.5, 5.5, and 10.5%
solids of both Zonyl1329 and Zonyl1225. All experi-
ments were conducted at room temperature and
pressure. Measurements were taken at 0, 10, 20, and
30 min and 1, 4, 6, 8, 24, 48, and 96 h.

The fraction of coating absorbed, Qimm, at time t,
is found from:

Qimm ¼ Mi �M0

M0
(3)

where Mi and M0 are as defined earlier. A plot of
Qimm against t gives an absorption curve that shows
the difference in uptake of both polymers.

Mercury porosimetry

Intrusion porosimetry, to obtain information on pore
size, was implemented using a Micrometrics Auto-
pore II (9220).

X-ray diffraction analysis

An elemental analysis of two terracotta cross-sections
from the same piece was performed to see if the sub-
strate/polymer interactions were uniform with depth.
Two segments, surface and mid-section, were cut
using a diamond saw and analyzed using a Shi-
madzu XRD-6000 (Kyoto, Japan), Ni-filtered Cu Ka
radiation (k ¼ 1.5406 E), generator voltage of 40 kV
and current of 30 mA. Samples were scanned at
room temperature as solids and the scanning range

was varied from 2y ¼ 38 � 708, at a scanning rate of
1.28 min�1.

Surface charge analysis

Pore surface charge was analyzed by crushing the
terracotta in an impact mill and then sieving
the sample to a particle size range between 150 and
200 lm. The milled terracotta was then analyzed
using an Electro Kinetic Analyzer (EKA) from Anton
Paar (Richmond, VA). Using a cylindrical cell, with
a 25 lm PA filter, the electrolyte solution was made
up using the same mono-acid used as a pH control-
ler in Zonyl1329, and MQ-water at pH 4.6–4.7.

Zonyl1 characterization

Molecular weights

A number average molecular weight (Mn) range for
Zonyl1329 and Zonyl1225 was measured using an
Agilent 1100 series SEC (Santa Clara, CA), with Agi-
lent Chem Station GPC data analysis software, col-
umns 2 � PLgel 5l MIXED-C þ Guard column, run
at 408C, flow rate 1.00 mL min�1, injection volume
100 lL, run time 23.5 min, equipped with a refrac-
tive index detector and poly(methyl methacrylate)
standards for calibration. Zonyl1329 measurements
were performed in acetone and trifluoroacetic acid
at 10 g L�1. Zonyl1225 was measured in
tetrahydrofuran.

Photon correlation spectroscopy

The particle size distribution of the water dispersion
was analyzed using a Brookhaven PCS BI-200SM
Version 2 goniometer (Holtsville, NY) with 633 nm
35 mW HeNe laser equipped with a BI-APD Ava-
lanche Photodiode Detector and PC1 B1-9000AT EN
correlator at 258C. Data were fitted using both the
CONTIN and NLLS methods (see below). A refrac-
tive index of 1.45 was used for the aqueous disper-
sion.25 Samples were made up between 0.06 and
0.1% solids (which is judged sufficiently dilute to
avoid aggregation) and the count rate did not exceed
5 � 105 s�1. It will be recalled that photon correla-
tion spectroscopy (PCS) measures the z-average
hydrodynamic radius.

Thermal analysis

The glass transition temperature(s), Tg, and the fluo-
ropolymer isotropization (Ti) and crystallization (Tc)
temperatures were determined for both Zonyl1

products through differential scanning calorimeter
measurements (TA Instruments DSC Q2000, New
Castle, DE, cycled at 38C min�1 from �60 to þ1008C,
and isothermal at þ1008C for 5 min, N2(g) flow rate
at 50 mL min�1) on dry samples of mass 6–8 mg. To
ensure samples were completely dry, solutions of
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Zonyl1 were dried at room temperature in Teflon
pans for 48 h, before being placed at room tempera-
ture under vacuum for a further 48 h.

Surface tension

Surface tension measurements were conducted at
concentrations of 0, 0.5, 5.5, and 10.5%, at 258C, on a
NIMA ST500 surface tensiometer (Coventry, UK),
using the Wilhelmy plate method.

Zeta potential

Zeta potential and conductivity were determined
using a Zetasizer Nano Series ZS from Malvern
Instruments Ltd (Worcestershire, UK), with folded
capillary cells and standard operating procedure.

Rheology

A Rheometrics Advanced Rheometric Expansion
System (ARES) rheometer (Piscataway, NJ) was used
to measure the viscosity of Zonyls1 at room temper-
ature. Undiluted samples were placed into a stain-
less steel vessel (diameter ¼ 34 mm), and strain
sweep measurements were taken using a 4-blade
vane impeller (diameter ¼ 32 mm, height ¼ 25 mm);
viscosity was monitored using the RSI Orchestrator
v.6.5.8 program. The angular frequency was 10 rad
s�1, and the strain was increased from 1 to 800%.

Solution preparation

Both Zonyl1 formulations used incorporate a For-
alkyl1 perfluorinated monomer, which has a fluori-
nated carbon number that ranges from 8 to 14 units;
the polymers are crystalline in nature. The Zonyls1

exist as comb-shaped polymers with fluorocarbon
segments. Figure 1 shows the typical structure for
both Zonyls1; the aqueous dispersion also contains
an alkoxy silane which is not present in the polymer
solution. Solutions are made up accounting for the
difference in solids content, 25 and 30% by weight

for both polymer solution and aqueous dispersion,
respectively.

Solvent-borne coating – Zonyl1225

Zonyl1225, an impregnating agent of translucent
polymer in butyl acetate (implying that it is a true
solution without aggregates), was made up at con-
centrations of 0.25, 0.5, 1.5, 2.5, 3.5, 4.5, 5.5, and
10.5% solids; this equates to dilution ratios of 1, 2,
10, 14, 18, 22, 30, and 42%, respectively. These were
prepared by diluting commercial product in white
spirits (Diggers, Australia) and stirring for 1 h.

Aqueous dispersion coating – Zonyl1329

Zonyl1329, a commercially available impregnating
agent, is a milky amber-colored aqueous dispersion
(polymer colloid). The formulation of this proprietary
polymer is such that there are no components added
to improve properties. However, trace amounts of
solvent (<0.5%) may be present as remnants of the
synthesis stage. Samples were made up at concentra-
tions of 0.25, 0.5, 1.5, 2.5, 3.5, 4.5, 5.5, 7.5, and 10.5%
solids; this equates to dilution ratios of 0.83, 1.67,
8.34, 11.67, 15.00, 18.30, 25.00, and 35.00%, respec-
tively. These were prepared by diluting the commer-
cial product in Milli-Q water and stirring for 1 h.

Application methods

Application methods were varied to test its effect on
the depth of penetration. Coatings were diluted and
then applied using two methods: by immersing the
terracotta in the diluted coating and by applying the
diluted coating with a brush.

Immersion

The terracotta was cut into 57 mm squares, then
cleaned twice by soaking in distilled water for 24 h
before drying in an oven at 1108C for 48 h. All experi-
ments were conducted at room temperature, � 208C.
After drying, tiles were hung in a 150 mL Zonyl1

solution by a piece of cotton thread about 5 cm from
the bottom, above a magnetic stirrer running at a
low to medium speed. It was important to ensure
that the stirring was not too vigorous, to avoid air
bubbles forming and clinging to the tile and thus
hindering penetration. The tiles were immersed for
15 h, on which they were removed from the solution
and hung in a fume-hood to dry for 48 h. All experi-
ments were run in triplicate.

Brush

Terracotta was cut into 200 � 100 mm2 rectangles
and soaked in distilled water twice, each for 24 h.
Tiles were then dried in an oven at 1108C for 48 h.

Figure 1 Formulae for Zonyl
1

coatings used; M1 and M2

are acrylic and/or vinylic comonomers, and R1 is a ester
group.
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Solutions were applied onto the top (i.e., smooth
surface) of each individual terracotta piece at
400 g m�2 (by which is meant applying the amount
of coating equivalent to applying 400 g of diluted
coating solution to 1 m2 of tile surface) using an
Oldfields Promaster brush with a 50 mm bristle
head, at room temperature of � 208C. A single coat
was defined as four brush strokes-two strokes on
each half of the terracotta rectangle. The initial
stroke showed the greatest deposit of coating; the
initial brush stroke was rotated across all four cor-
ners to minimize any skewness in the application
results. Coatings were applied until the loading
amount of 400 g m�2 was exhausted. Complete pen-
etration of both coatings into the substrate took
between 2 s and 2 min. The brush loaded with coat-
ing was weighed after each coat, to ascertain the
amount of coating applied per tile. Tiles were then
dried for 48 h in a fume-hood. All experiments were
run in triplicate.

Cleaving and staining

Figure 2 shows a schematic of the complete experi-
mental process from coating to measuring the depth
of penetration. Measurements of penetration depth
were made on the cleaved tile. The area of most im-
portance and that for which all data are presented is
the top surface; cleaving thus needs to be conducted
with minimum impact to the surface. Once coated
and dried, tile segments were then cleaved into
pieces of roughly 2–3 cm in length, by placing the
chisel at the bottom of the terracotta tile and apply-
ing pressure with a hammer.

The cross-section was then stained with a blue
water-based food coloring by applying one drop at
approximately 1 cm intervals to the center of the
cross-section (immersion) or to the bottom of the
cross-section (brush). This equated to roughly three
drops of dye per tile cross-section. Once applied, the
dye diffused from the center region, staining the
cross-section, and ceasing to spread only in areas
where it had contacted the perfluorinated coating.

The newly formed boundary was quite distinct, hav-
ing been created by the water-based dye making
contact with the hydrophobic perfluorinated coating;
this boundary gives the penetration depth.

Depth of penetration measurement

Once the dye had completely dried (� 2 h), meas-
urements of the depth of penetration were made by
taking five equidistant measurements from the top
surface to the dye front. In this case the top surface
is examined, as it is the surface most likely to be
exposed and therefore coated with a protective coat-
ing when used. It should be noted that there will
likely be penetration inhomogeneities on a micron
scale, within any one sample; this is purely because
of the complexity and heterogeneity of pores across
a sample. Despite this, the qualitative difference is
insignificant. Although measurements could have
been taken across the entire section of terracotta, it
was felt that taking all measurements from the same
region of the terracotta piece meant that any bias
would be constant for the entire set. Measurements
were taken using vernier calipers under a magnify-
ing glass, by laying vernier calipers on the surface;
the slant of the calipers can then be adjusted to take
into account any change in angle on the terracotta
section. These values were then plotted as depth
(mm) as a function of % solids. Use of a more pre-
cise measurement technique such as quantitative
light microscopy would not have served any pur-
pose because of the rough nature of the terracotta
surface: preparing a profile for light microscopy
would require grinding down to a flat surface,
which would alter the original profile, rendering
such measurements meaningless.

Scanning electron microscopy

Evidence of skin formation were investigated by
examining the cross-section using scanning electron
microscopy (SEM) with a Phillips XL 30 field emis-
sion gun. The SEM had an energy dispersive X-ray
spectrometer (EDX) attached for elemental analysis

Figure 2 Experimental time-line: coating is applied by multiple applications of a brush on the top; terracotta is then
cleaved revealing the cross section; after staining with blue aqueous dye, the depth of penetration of the coating is visible
and measurable under low optical magnification.
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to detect fluorine found in the coating. All speci-
mens were coated with a 20 nm gold coating using
an Edwards E306A sputter coater.

RESULTS AND DISCUSSION

Characterization

Absorption by capillarity

Data for the capillary absorption for both white spi-
rits and water as seen in Figure 3 show a marked
difference in absorption coefficients. For water, A
¼ 0.0032 g cm�2 s�1/2 compared with that of white
spirits, where A ¼ 0.0018 g cm�2 s�1/2. Such a differ-
ence in penetration rates can be ascribed to the
hydrophilic nature of the terracotta: unlike water, a
nonpolar solvent such as white spirits will have little
interaction with the pore surface.

Absorption by immersion

This method is typically used to test the efficacy of
pretreated samples; in this case, however, it was
used to look at the uptake of both solvent/dispers-
ant as well as the polymer solution/dispersion at
concentrations used in the brush and immersion
process.

The steep leading edge of the absorption curves is
a familiar feature which is used to determine the
absorption coefficient. This is associated with a dif-
fusivity function which increases rapidly with water
content.26 With increased density and viscosity, as is
the case with higher concentrations, there is a
decrease in the maximum absorption by weight frac-
tion (Qimm) of impregnating agent. This is visible in
the absorption curve by immersion in the water-
based dispersion (Fig. 4). There is, however, no
visible increase or trend when this was conducted in

solution. Although the rates of absorption have little
variation between both polymers, the maximum
(Qimm) is different for the aqueous- and solvent-
based polymers, with the aqueous dispersion show-
ing a higher rate of absorption. Accompanying this,
we see small anomalies between differing concentra-
tions of the same coating: the aqueous dispersion at
0.5% concentration shows a higher Qimm value than
that of water. Although we have no definitive expla-
nation for this behavior, present only over a small
range, we speculate that it arises from complex sur-
face interactions between the various water-soluble
species present; its presence is immaterial for the
purposes of explaining the differences in absorption
rates.
Absorption data for the polymer solution do not

show a typical plateau, instead taking up to 120 h to
reach the saturation achieved by the water-based
dispersion. The aqueous dispersion achieves total
saturation within the first 10 h; this is not the case
with the solvent-based polymer. This difference is
ascribed to an effect of the solvent polarity, as dis-
cussed in connection with data from absorption by
capillarity.

Viscosity and molecular weight

A large difference in molecular weights was found
between both dispersion and solution. This will
affect the ability of the polymer to coat both the sur-
face and the pores on evaporation of the dispersant/
solvent, but will not play a great role in determining
the depth of penetration in immersion measure-
ments, other than the effect the value has on
viscosity.
Viscosity will usually be a function of the molecu-

lar weight. The polymer dispersion showed a range
of between 6 � 105 and 1 � 106 g mol�1 compared

Figure 3 Water and solvent capillary absorption curve
for terracotta.

Figure 4 Water/solvent/polymer absorption curves for
terracotta by immersion at varied concentrations.
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with the polymer solution which had a range of 2
� 104 to 5 � 104 g mol�1. Regardless of the large
molecular weight differences, it was found that both
viscosities for the undiluted system were quite low
(Fig. 5). Thus, it is expected that viscosity effects in
this system will play an unimportant role. Both pol-
ymers exhibited shear thinning behavior.

Zeta potential for pores and particles, pH,
conductivity, and particle size

The pH of the terracotta pores as determined with
EKA (Fig. 6) showed a slightly negative surface
charge, ranging between �2.4 and �1.6 mV for
Milli-Q water at pH of 4.6–4.7, that is, within the
range of that used in the brush and immersion pro-
cess for the water dispersion. The surface charge of
the polymer dispersion as a function of concentra-
tion shown in Figure 7 showed a positive zeta
potential that was between 60 and 70 mV. With a
negative pore surface and positive charge on the

particle surface, electrostatic forces are likely to
play an important role in affecting penetration
depth.
The pH of solutions used in the coating process

showed little variation with concentration (Fig. 8),
with no concentration showing a pH outside the
range 4–5; therefore, one could not expect there to
be a great difference in zeta potential for particles
across the different concentrations. Conductivity
measurements showed an increase with concentra-
tion (Fig. 9) up to a maximum of 2 mS cm�1 at
10.5% solids. Particle size measurements (Fig. 10)
showed the presence of two populations, the smaller
at � 0.07 lm and the larger at � 0.4 lm.
The radius of gyration of the polymer coils in the

organic solution (Zonyl1 225) was not measured,
but can be estimated from standard models for chain
dimensions and typical values for characteristic
ratios to be � 102 nm, orders of magnitude smaller
than pore sizes.

Figure 6 Pore surface charge of terracotta at acidic pH as
used in the coating process.

Figure 7 Surface charge of the cationic Zonyl1329 as a
function of concentration.

Figure 8 pH of water-based dispersion with varying sol-
ids content.

Figure 5 Strain sweep behavior of both Zonyl1 products.
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Porosimetry

Mercury porosimetry data shown in Table I show a
median pore diameter (area) of 0.109 lm and a po-
rosity of 33.2%. This is an important detail when
dealing with the penetration of colloids as in the
water based dispersion, as this sets the maximum
penetration physically possible for a colloid popula-
tion of a given particle size. The pore-size distribu-
tion yielded by mercury porosimetry is shown in
Figure 11, and shows that the porosity is bi-modal,
with the majority of pores being below 0.44 lm (as
measured down to a limit 0.006 lm).

Thermal properties

DSC data (Table II) showed the presence of two
glass transition temperatures (Tg) on the second
heating for the solvent-based impregnating agent,

whereas only a single Tg was evident in the case of
the water-based dispersion. The isotropization tem-
perature (Ti) was found to be 528C for the polymer
solution and was not measureable for the dispersion.
On cooling, crystallization exotherms (Tc) were
found at 468C for the polymer solution and 478C for
the polymer dispersion. As discussed later, crystalli-
zation probably only affects the penetration depth
with respects to the brush application and will not
have any influence on the immersion depth of
penetration.

Surface tension

The surface tension as a function of concentration
plotted in Figure 12 shows a surface activity for the
dispersion that was almost double that in the poly-
mer solution. Surface activity of the impregnating
agent is likely to affect the wetting ability and hence
the depth of penetration. This can be seen through a
simplified capillary pressure equation for noncylin-
drical pores:27

Pc ¼
2ðrsg � rs1Þ

r
(4)

Here Pc is the capillary pressure, rsg the surface
energy at the solid–gas interface, rsl the surface

Figure 9 Conductivity of water borne dispersion as a
function of concentration.

Figure 10 Volume particle size distribution of water dis-
persion obtained by deconvoluting data from using
dynamic light scattering (DLS).

TABLE I
Mercury Porosimetry Analysis

Median pore diameter (area) (lm) 0.109
Media pore diameter (volume) (lm) 0.3741
Bulk density (g cm–3) 1.978
Apparent (skeletal) density (g cm–3) 2.962
Porosity (%) 33.2

Gauge pressure ¼ 4.8 � 103 Pa.

Figure 11 Mercury porosimetry data, showing a bi-modal
terracotta pore size distribution.
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energy at the solid–liquid interface, and r the radius
of the pore.

From the results shown in Figure 12 it is expected
that the higher surface tension found with the aque-
ous dispersion suggests poor wetting ability in com-
parison with the solvent-based polymer because of
the lower adhesion forces.

X-ray diffraction

X-ray diffraction of two sections was conducted (Fig.
13) in order see if there was any significant chemical
difference between the exposed surface layer and
the bulk terracotta. The terracotta was found to con-
sist primarily of quartz, anorthite (calcium alumino-
silicate), and kaolinite. There was no difference
between both diffraction plots, and thus we assume

little change with surface polymer interaction as the
polymer front proceeds forward.

Depth of penetration (immersion)

Figure 14 shows a typical image of a cleaved and
stained cross section from the immersion method.
Penetration measurements are taken from the top sur-
face of the section, as this is the region that will be
exposed in an outdoor setting and therefore needs
protection. In immersion, penetration occurs from all
possible sides; this explains the unstained regions to
the side and bottom of the image: since Figure 14
shows a section of the complete cleaved tile, the pene-
tration depth around the perimeter is not continuous.
Figure 15 shows penetration depth as a function of

concentration of polymer for both Zonyls1 with appli-
cation by immersion. Not unexpectedly, both coatings
show increasing penetration with increasing concen-
tration; this is governed and can be explained by sim-
ple diffusion. At the lowest concentration of 0.5%
solids, both coatings show the same penetration depth.
This effect occurs well below the recommended appli-
cation level of the products, and is therefore not signif-
icant. A possible expalanation is that the pore network
of the terracotta could begin to change at such a depth
below the surface (which is exposed during the manu-
facturing process), although this is purely speculation.
The slopes of penetration depth against concentra-

tion of these plots show that the polymer solution
has a slope that is 2.6 times steeper than that of the
aqueous dispersion. This is at first surprising, con-
sidering the absorption by immersion data in Figure
4 shows a higher rate of absorption by the aqueous
system. Such a high penetration of the polymer solu-
tion compared with the aqueous dispersion could be
because of any or all of the solubility of the polymer

Figure 12 Surface tension trends for both polymers.

Figure 13 XRD from the surface and bulk.
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in solution and interactions between polymer and
substrate. Such observations can be rationalized in
terms of other factors that are likely to affect the
polymer dispersion, as discussed later.

The lower depth of penetration as seen with the
polymer dispersion compared with the polymer so-
lution presumably arises from more than one effect.
One of these is probably the adsorption of the posi-
tively charged particles as determined by zeta poten-
tial measurements (Fig. 7) onto the negatively
charged surface both within the pores and on the
surface (Fig. 6). This will restrict pore size and there-
fore restrict penetration. However, in the immersion
measurement, penetration continues to take place as
smaller particles work their way past adsorbed par-
ticles deeper into the pore network.

The polymer solution is completely soluble in the
nonpolar white spirits as opposed to the aqueous
dispersion, where the polymer chains are in dis-
crete particles. Such differences means that poros-
ity of the terracotta will not affect the depth of
penetration of the polymer solution as strongly as
it would the aqueous dispersion; hence we see a
difference in overall penetration depths yet similar
trends. Such trends are probably because of the
more mobile smaller population of particle sizes
<0.1 lm (Fig. 10) having more time in the immer-
sion experiment to penetrate deep into the net-
work. The larger population of � 0.4 lm will
experience porosity-limited penetration, as the ter-
racotta has a median porosity of 0.109 lm (Table I).

The differences in surface activity between both
polymers could also have a dramatic effect on the
penetration depth as seen with the immersion proce-
dure. Given that both the solid–gas surface energy
(rsg) and the radius remain constant for both appli-
cations, then from eq. (4), the only difference
between the effects of each polymer will be the sur-
face energy at the solid–liquid interface (rsl). Despite
the higher surface tension of the aqueous dispersion,

it can be speculated that the aqueous dispersion will
have a greater affinity for the surface, as seen in Fig-
ure 4, where the aqueous dispersion shows a much
higher weight fraction percent (Qimm) value for the
dispersion than the solution. This is due to the
hydrophilic nature of the material. Thus it will
spread more easily, giving a lower surface energy at
the solid-liquid interface (rsl). This gives a higher
capillary pressure (Pc) and thus greater penetration
properties. Unlike the brush application case dis-
cussed later, with the immersion there will be little
change with surface tension, as the polymers do not
undergo any evaporation or loss of medium.

Depth of penetration (brush)

Figure 16 shows the depth of penetration plotted
against the concentration for the solvent-based system

Figure 14 A cross section of terracotta immersed in the
polymer solution and stained with blue dye (center), pene-
tration measurements are taken from the surface (top).

Figure 15 Depth of penetration as a function of concen-
tration for coating by immersion, for both polymer solu-
tion and aqueous dispersion.

Figure 16 Depth of penetration as a function of concen-
tration for coating by brush, for both polymer solution
and aqueous dispersion
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when applied by brush. Again, it is expected that
higher polymer concentration in the coating would
lead to higher penetration depth. While Figure 16
shows the polymer solution exhibiting the expected
trend, the aqueous dispersion displays a featureless
depth of penetration across all concentrations.

From the capillary absorption data in Figure 3, one
would expect the terracotta pore network to favor a
higher penetration depth for the aqueous dispersion.
By comparing absorption coefficients of the aqueous
dispersion, Qcap ¼ 0.0032 g cm�2 s�[1/2], which is
almost double that of the polymer solution, where
Qcap ¼ 0.0018 g cm�2 s�1/2, it would at first be
expected that the terracotta should have more poly-
mer imbedded within the network. This, however, is
the opposite of what is seen in Figure 16. The next
step is to look at the viscosity differences between
both polymer mixtures as applied to the surfaces (Fig.
5), since significant viscosity differences would obvi-
ously affect penetration. However, the applied poly-
mer mixtures have low viscosities, approaching those
of the pure continuous phase/solvent, and there is lit-
tle difference between these. This suggests that
adsorption effects of the cationic aqueous dispersion
onto the negatively charged terracotta pore surface, as
seen in Figure 6, might explain the observation that
the water dispersion has the lower penetration depth.

The existence of a negative charge on the terracotta
surface, as seen in Figure 6, compared with the posi-
tively charged colloids in the dispersion in Figure 7,
suggests that particles are likely to stick to any free
surface found within the pores as a result of the
attractive charges. The presence of such particles
within the pores reduces the median pore diameter
below the average of 0.109 lm (Table I), making fur-
ther penetration by the dispersion unlikely.

The brush application differed slightly in the
amount of brush strokes required to obtain the cor-

rect loading of impregnating agent onto the terra-
cotta, as seen in Figure 17. Here the polymer
solution required more brush strokes to obtain the
same loading. Although this would play a marked
effect on the penetration depth as the downward
pressure of the brush strokes force solution further
into the pore network, it is also a function of the
polymer viscosity (Fig. 5) and the holding ability of
the bristles to both polymers.
This unexpected lack of dependence of depth on

applied concentration with brush application can be
interpreted to arise from a series of phenomena
working collectively to prevent any further penetra-
tion beyond � 0.12 mm. With both coatings, individ-
ual side chains at the surface/air interface can
arrange themselves upon drying in various
ways depending on the length of the side chain
(��CnF2n þ 1),

28 the length and nature of the spacer
or the main chain flexibility.29 These crystalline seg-
ments comprising the fluoroalkyl side chains are
what give perfluorinated polymers such low surface
tensions relative to amorphous polymers.30 Similar
crystallization temperatures, as recorded by DSC in
Table II for both polymer solution and aqueous dis-
persion of 468C and 478C, respectively, suggest the
common perfluorinated chains shared by both are
likely to undergo partial crystallization between
brush strokes, as applications were conducted with
drying of the previous coating. In this case, the fluo-
roalkyl groups would be oriented to the outermost
layer of the polymer/air interface, which makes it
likely that any subsequent application of coating will
lead to the deposition of polymer on top of the pre-
vious layer with little to no diffusion of polymer.
The existence of such a layer at the surface does

not allow for future retreatment if the need arose.
Typically a surface impregnated with Zonyl1 is
retreated by adding specially designed fluorinated
surfactants at small concentrations to the coating;
this lowers the surface tension of the solution,
thereby increasing the wetting properties and thus
allowing the coating to penetrate the hydrophobic/
oleophobic surface. Such retreatment is not possible
with such a polymer-clogged surface. The data in
Figure 12 show a surface tension approximately
twice as high for the aqueous dispersion as that for
the polymer solution; therefore the wetting proper-
ties of the polymer solution should be greater in
comparison with the aqueous dispersion.

TABLE II
Thermal Analysis for Both Zonyls1

Tg (8C) Ti (8C) Tc (8C)

Zonyl1225 �9 52 46
37

Zonyl1329 47 – 47

Figure 17 Number of applied coatings required for
400 g m�2.
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SEM microscopy was employed to garner evidence
for or against this postulate. Figure 18 shows a typical
SEM image of a cross section of untreated terracotta.
Figure 19 shows a SEM micrograph of the cross sec-
tion brush-coated with 240 g m�2 of the aqueous-dis-
persion coating. This shows a layer (smooth region)
formation on the surface, supporting the postulate of
a polymer layer forming on the surface of the terra-
cotta. The presence of this polymer layer in this
brush-coated substrate probably occurs because the
fluoroalkyl-chains prevent any water from penetrating
into the pores, thus preventing penetration of the
polymer; this is termed autorepellency and leads to
skin formation in perfluorinated acrylates.

Figure 20 shows an SEM image of a cross-section
of terracotta brush-coated with the polymer solution;
here there seems to be very little difference com-
pared with the untreated cross-section of Figure 18.
Although crystallization will take place in both coat-
ings, it has no effect on the polymer solution, as its
good solubility in white spirits suggests that any
application of another coat will only redissolve the
crystallized segments. This allows for penetration to
continue unhindered, explaining why we do not see
any evidence of skin formation when looking at the
solvent-based coated cross section of Figure 20. The
resulting lack of auto-repellency explains the rise in
polymer penetration with increasing concentration
for the polymer solution observed in Figure 16.

Autorepellency will only affect application meth-
ods which allow for polymer/air interface to form
on the substrate; this includes brush. Autorepellency
should not affect techniques that require a single
application, such as flow coating.

Another possible explanation for the independ-
ence of concentration for the dispersion is as follows.
The smooth polymer layer as seen on the top of the
cross-section SEM micrograph in Figure 19 for the
water-based dispersion might be explained by sur-
face pore blockage that commences with particles

being both chemically and electrostatically bound to
the substrate. The presence of an alkoxy silane in the
water dispersion formulation and its absence from
solvent-based coating leads us to believe that addi-
tional interactions involving the alkoxy silane and
silicon in the terracotta could lead to pore blockage
and therefore restrict penetration. Alkoxy silanes are
added into the formulation the water dispersion to
improve the polymer/substrate compatibility based
on the hydrolysis and condensation reactions with
silanol groups found on the substrate.11 These
alkoxy silanes have also been used as consolidants
for atmospherically corroded stone, incorporating
the same hydrolysis/condensation reactions.30

The hydrolysis reaction of the alkoxy silane, which
is catalyzed in acidic conditions, allows the hydro-
lyzed group to undergo a condensation reaction

Figure 19 Cross-sectional view of terracotta brush-coated
with the aqueous dispersion at 240 gm�2 showing a layer
(smooth region) formation on the surface.

Figure 20 Cross-sectional view of terracotta brush-coated
with 240 g m�2 of the polymer solution; here there is no
evidence of a layer formation.

Figure 18 Cross-section of untreated terracotta obtained
using SEM; arrow in insert here and in later figures indi-
cates the direction in which the micrograph is taken.
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with other silanol groups found in both polymer
and substrate. The reactions are as follows:29

Hydrolysis: ASiAðOAR2Þ3 þ 3H2O ! ASiAðOHÞ3
þ 3HOR2ðR2 ¼ alkyl groupÞ ð5Þ

Condensation: ASiðOHÞ3 þASiðOHÞ3 ! ASiðOHÞ2
AOASiðOHÞ2 þH2O ð6Þ

It should be noted that alkoxy silane condensation
reactions are pH sensitive, and that the condensation
reaction is the rate-limiting step for silanes at the
acidic pH used, that is, pH between 4 and 5; this is
well known within the sol-gel method, and is appli-
cable in this case to the current system.31–35 In
Zonyl1329 a monoacid is added to stabilize the
alkoxy silane and function as condensation inhibi-
tor.36 Therefore, when Zonyl1329 is applied, the sil-
ane reaction will not act immediately; however, the
condensation rate should increase as the water is
removed, whether through evaporation or further
penetration [eq. (5)]. The only foreseeable influence
the presence of an alkoxy silane will have on the
rate of penetration would be by modifying the polar-
ity of the polymer. Therefore, its presence in only
the water dispersion and absence from the solvent
based Zonyl1225 makes little immediate difference
to the penetration depth.

These reactions might lead to pore blockage and
eventually skin formation if the colloids are bound
to the surface by both processes, and are sufficiently
large to block the pores. While no such effect was
observed with immersion coating of the water-based
dispersion, it is conceivable that the above reactions
might take place only with the changes in ionic
strength and pH occurring as the coating dries
between applications. The ionic strength of the aque-
ous dispersion increases with increasing concentra-
tion as observed the conductivity measurements in
Figure 9, but there is only a slight effect on the sur-
face charge of the particle (Fig. 7).

Pore blockage was assessed by looking at the par-
ticle sizes for water dispersion and correlating this
to median pore size of substrate (Table I). Being in
solution with no aggregates means the solvent-based
coating is exempt from such interaction. Particle size
distribution measurements were conducted using
dynamic light scattering (DLS) and data were fitted
using the CONTIN method,15 the results of which
are shown in Figure 10. It is essential to be aware
that DLS, because it does not physically separate by
size, cannot give an unambiguous particle size dis-
tribution, and instead the time-dependent scattering
intensity comprising the raw DLS data is inverted to
a size distribution making various assumptions. This
inversion is a mathematically ill-conditioned prob-

lem: a correct answer can only be obtained with
infinitely precise data over an infinite range, and the
inversion procedure is prone to numerical artifacts.
Any features in a size distribution produced by DLS
software must be tested for artifacts by varying the
basic assumptions as to the form of the distribution
(e.g., CONTIN versus NLLS37,38) and numerical pa-
rameters in the inversion such as integration range.
The bimodal distribution in the size distribution found
in the water dispersion remained stable over different
integration ranges for both CONTIN and NLLS, sug-
gesting the bimodality was not a DLS artifact.
The data in Figure 10 show two populations, with

the largest being � 0.4 lm. This suggests that pores
less than 0.4 lm will filter the majority of the par-
ticles, acting as a sieve for the larger colloids. Con-
sidering the median (area-average) pore size is
approximately five times less than this population at
0.109 lm (Table I), it is easy to see how this can be a
limiting factor to maximum depth of penetration.
Figure 21 shows an SEM micrograph of an untreated
surface, like that shown in Figure 22 shows a magni-
fied pore on the same surface. The presence of
smaller pores is immediately evident on magnifica-
tion of the larger surface pores, which can also be
seen on the surface of the terracotta. It is within
these pores that the polymer sieving is expected to
take place, ultimately blocking the larger surface
pores, which are on average � 20 lm in diameter. It
should be noted here that although pores less than
0.4 lm will block the majority of particles, all
smaller pores shown will reduce the impregnation
depth of polymer, by restricting free flow. Since this
does not occur for immersion application of the
water-based dispersion, any such effect must be
induced by the changes in ionic strength and/or pH
during drying.

Figure 21 SEM image showing porous untreated terra-
cotta surface; pores seen as white circular regions due to
charging of the surface under electron microscope.
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Figure 23 shows the results of EDX spectroscopy
within 50 lm from the surface for untreated and
treated cross-sections. Untreated terracotta shows of
course a high concentration of silicon present as
quartz, as seen in the X-ray diffraction pattern in
Figure 13. Whereas the treated surfaces show the
presence of fluorine imparted by the polymer. The
detection of fluorine is greatly enhanced in the aque-
ous dispersion because of the higher concentration
on the surface and thus lower penetration depth.
This is not as visible in the polymer solution arising
from the higher penetration depth, and thus smaller
concentration on the surface. Interestingly, there is
little to no compositional difference as one moves
down through the terracotta cross-section as seen in
Figure 13. This will limit any chemical interactions
with polymer because of mineralogical differences.

The fact that the solvent system is still good at
surface protection, despite the greater penetration
depth, and hence lower local concentration, shows
that very little fluorine is required to impart hydro-
phobic properties to a surface.

CONCLUSIONS

In this work, we have shown the influence of the
application method on the depth of penetration for
two perfluorinated acrylates: an aqueous-based dis-
persion of colloid particles (Zonyl1329) and a poly-
mer solution (Zonyl1225). The two methods of
applying the coating were chosen to select the two
major groups of coating applications: immersion (a
single-application technique) and brush (a multiap-
plication technique). It was found that using immer-
sion increases the depth of penetration into a porous
substrate such as terracotta, and that penetration
depth differs depending on the formulation of the
coating. Data for the solvent-borne system show that

good surface protection can be obtained with low
polymer concentrations in the substrate.
It was found that the aqueous dispersion forms a

skin when applied by brush. Such a skin prevented
any penetration beyond � 0.12 mm in the system
studied here. This effect may be amplified by cova-
lent bonding of the polymer to the silicon in terra-
cotta during the drying process between
applications, but also seems to be limited by the lim-
ited pore size of the terracotta which restricts the
larger sized particle population. Such pore restric-
tions seem to be exacerbated by electrostatic attrac-
tion, as seen with the positively charged particles
coming adsorbing onto the negatively charged terra-
cotta at pH between 4 and 5. The solvent-based
Zonyl1225 did not show any such formation, with
the trends in penetration depth remaining the same
across both techniques.
Such work, looking at the coating behavior of dif-

ferent formulations of fluorinated acrylates, will
allow us to elucidate the mechanisms involved

Figure 23 EDX spectra of untreated and treated cross sec-
tions between 0 and 50 lm from the surface.

Figure 22 SEM image of a pore, average sized pore
ranges between 20 and 40 lm.
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between porous substrates and coatings that have
been designed to impart both hydrophobic and oleo-
phobic properties. This will lead to better synthesis
design to suit not only surface properties of sub-
strate based on porosity and chemical composition
but also the ability to design fluorinated coatings
with high depth of penetration in mind that will suit
a wide range of application methods ranging from
immersion to spray techniques.
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