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Abstract In this work, we evaluate the water vapor
transmission rate (WVTR), the permeability (P),
solubility (S), and diffusion (D) coefficients of Paraloid
B44, Paraloid B72, and Incralac coatings in the
temperature range of 5–35�C. The Arrhenius func-
tion—diffusion activation energy and preexponential
factor—has also been determined from the data:
DB44 ¼ 35:2 cm2 s�1 exp �25 kJ mol�1=RT

� �
; DB72 ¼

9:5 cm2 s�1 exp �23 kJ mol�1=RT
� �

; DIncralac ¼
622:8 cm2 s�1exp �28 kJ mol�1=RT

� �
. These resins

are important coating materials, for example, for
conservators to protect metallic artifacts, such as
statues, against corrosion. Despite Paraloid B44 and
B72 resins being considered as reference materials in
conservation practice, that is, new coating materials
(either water vapor retarders or transmitters) are often
compared to them, there are no comprehensive data
for the quantities describing the vapor permeability (P,
S, D) of these materials. The measurements are based
on the ISO cup-method using substrate/coating com-
posite samples. The strength of this technique is that it
can also be used when the coating is non-self-support-

ing; nevertheless, P, S, and D can be deduced for the
coating layer itself, and it seems to be a standardizable
procedure for comparative performance testing of
coating materials. Paraloid B72 layers exhibited higher
WVTRs—from 39 to 315 g m�2 day�1 as the temper-
ature increased from 5 to 35�C—compared to Paraloid
B44 and Incralac coatings—from 17 to 190 g m�2

day�1, respectively. The transmission rate parameters
were also compared to the results of corrosion tests.
Incralac was the most effective corrosion inhibitor,
and the performance of the B44 was better than the
B72, which is in good agreement with the transmission
rate tests.

Keywords Acrylic resins (Paraloid B44 and B72,
Incralac), Water vapor transmission rate (WVTR)
measurement, Water vapor permeability (P) and
solubility (S), Diffusion coefficient of water vapor (D),
Activation energy of water vapor diffusion

Introduction

Several kinds of polymeric resins are used in the art
conservation practice, mainly in conservation and
bonding. The main question is in all cases the protec-
tion efficiency of the resins against the deterioration of
the objects. One of the most important tasks is the
corrosion protection of cultural heritage.1–3 Protective
coatings made of these resins are applied to prevent
corrosion.4,5 It is, however, also necessary to take into
consideration the visual appearance and visualization
of the objects in addition to corrosion protection. This
principle poses a restriction on the applied coatings,
mainly the type and the thickness of resins. The size
and the complexity of the shape of the object deter-
mine the coating method. Acrylic polymers, such as
Paraloid B72, Paraloid B44, and Incralac, are largely
used, for example, in art conservation because of their
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reversibility, long-term stability, easy applicability
(they have negligible harmful volatile emission), good
adhesion to the substrate, and hydrophobicity. Con-
servators apply them as coatings, consolidants, or
adhesives. Moreover, Paraloid B44 and B72 are used
as references when introducing new materials in the
conservation practice.6–18 The available water vapor
permeability data of these materials, such as water
vapor transmission rate (WVTR) or moisture vapor
transmission rate (MVTR), permeability coefficient
(P), solubility or absorptivity coefficient (S), and
diffusion coefficient (D), scatter significantly and are
measured under different conditions. Generally, they
are not determined for the coating itself, but WVTR is
only measured for the substrate/coating composites
with various resins and these data are used for the
coating qualification. In order to provide useful and
reliable data, we have determined all these quantities
in the temperature range of 5–35�C.

The aim of most of the coatings in art conservation
is to protect surfaces of artifacts, such as statues,
paintings, buildings, and organic materials like wood
and paper. One of the most important physical
properties of the coatings is the water vapor transmis-
sion rate (WVTR).5,11,19–24 In some cases, low WVTR,
and in other cases, high WVTR is desired. For exam-
ple, in the case of wall paintings, the water inside them
exchanges with the outer environment in the form of
vapor through the porous structure. The hindering of
this exchange by low WVTR coatings leads to the
gathering of soluble salts, causing deterioration of wall
paintings.24,25 In the case of metal artifacts, however,
complete isolation from the environment (corrosion
resistance) is preferred; that is, in the latter case, the
application of low VWTR coatings is required.

Obviously, the water vapor transmission of the
coatings cannot be studied on the original object. First,
the valuable objects cannot be involved in experiments;
second, it requires too much time to see the result, i.e.,
the signs of corrosion. Accordingly, there are two
possibilities to study the effectiveness of the coatings,
that is, their WVTR. Either we choose a substrate
material (mainly metals) to hold the coating and we
measure its corrosion, or we try to measure the WVTR
of the coating directly. The first method is a test
mimicking the real situation, however, it is very time
consuming even in the case of accelerated aging.26 The
second method is much faster, as we will demonstrate
in this work, and accordingly provides the possibility to
test a huge number of coatings in a reasonable time.
For this reason, a good practice can be to test the resins
by using the latter method to select the best candidates,
and then do the final selection with the first method
(i.e., accelerated corrosion testing of coatings on metal
surfaces), if necessary.

Many published works produce useful stand-alone
data, which usually compare coatings using highly
specific goals and customized testing regimes to deal
with the multiple numbers of variables within the test
procedures. There remains a need for developing test

procedures that support conservation aims and enable
comparative performance testing of coating materi-
als.26 The present work introduces a test procedure
that supports conservation goals and facilitates com-
parative performance testing of coating materials. The
evidence-based information obtained from the exper-
iments could be helpful for professionals working with
these materials both in museums and industrial fields.

The measurements are based on the ISO cup-
method using substrate/coating composite samples.
The strength of this technique is that it can also be
used when the coating is non-self-supporting; never-
theless, P, S, and D can be deduced for the coating
layer itself. From the temperature dependence of these
quantities, by applying the well-known Arrhenius
equation, we give the activation energies and the
preexponential factors for water diffusion in Paraloid
B44, Paraloid B72, and Incralac resins.

To perform a real-life test, we subjected metallic
samples to a standardized salt solution immersion
corrosion test and investigated them using a scanning
electron microscope equipped with an energy-disper-
sive spectrometer (SEM/EDX).

Accordingly, the paper is organized as follows: In
the Materials and methods section, we describe the
materials and the experimental methods we used. In
the Calculations section, we show how the permeability
and solubility coefficients of the coating layer—in our
case, resin—can be calculated if we measure the
WVTR and the solubility of a substrate and the
substrate/coating layer composite. Using these, the
diffusion coefficient can then be calculated. In the
Results and discussion section, we summarize the
experimental findings and give the values of the
coefficients at different temperatures. Then, we show
the results of the corrosion tests. The paper closes with
the Conclusions section.

Materials and methods

Materials

Three different, frequently used resins, Paraloid B44
(Kremer Pigmente), Paraloid B72 (Kremer Pigmente),
and Incralac (Kremer Pigmente) have been compared.
The resins are originally solids; therefore, they must be
dissolved in different solvents (e.g., acetone, xylol,
petrol) to make them suitable for application. In our
case, the resins were dissolved in acetone (Honeywell,
assay minimum 99.5%) with different concentrations:
15 g Paraloid B44 and B72 dissolved in 100 ml acetone,
and 40 g Incralac dissolved in 100 ml acetone, that is,
15 and 40 weight/volume percent (w/v %) solutions,
respectively. Laminated paper (40 g m�2 paper lami-
nated with 20 g m�2 low-density polyethylene) was
used as a substrate.27
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Methods

Coating techniques

In practice, the applied coating technique depends on
the size and shape of the metallic object, and on the
properties of the resin. Immersion and brushing are
routinely used by the conservators, but these methods
are not suited for a standardized certification proce-
dure. As a consequence, it was necessary to develop a
method for layer preparation to build the coating with
appropriate quality and, very importantly, repro-
ducibility; that is, the coating layer has to be uniform.
Accordingly, we used a purpose-built spin-coating
machine to coat the substrate membranes having a
surface area of 25 cm2. The necessary speed of rotation
was determined experimentally prior to the cup
preparation. This speed depends on the viscosity of
the solution and the wetting between the substrate and
the solution. In our experiments, 2500 rpm was used
for the resin solutions. This trial is necessary in all cases
when a new resin is tested, or a new solution is used.

The WVTR depends not only on the coating
technique and the material of the coating but also on
its thickness. Therefore, the surface coverage, homo-
geneity, and thickness of the resin layers on test
samples were analyzed by optical microscopy (Zeiss
Axio Scope.A1, Carl Zeiss GmbH), by scanning
electron microscopy (HITACHI S4300-CFE, Hitachi
High-Technologies Europe GmbH) and by monitoring
the mass increment of the substrate with an analytical
balance (KERN ADB 200-4, KERN & SOHN
GmbH). The reproducibility of the thickness is also a
key issue. As the substrates had a fixed surface, we
always dropped the same volume of solution on the
substrate surface by an automatic pipette to deposit the
same amount of material, hence the same thickness. In
the case of the Paraloid B44 and B72, 0.6 ml solution
was dropped, whereas three times 0.6 ml was dropped
for the Incralac, which resulted in a layer thickness of
3 lm (± 3%). The thickness was determined from the
surface area, the density (Paraloid B44: 1174 kg m�3,
Paraloid B72: 1150 kg m�3, Incralac: 899 kg m�3), and
the mass of the resins obtained as the difference in the
coated and uncoated substrates. From every test run,
one coated sample was also checked with microscopic
techniques before the tests to make sure that the full
surface of the substrate was covered with the resin
layer, and to double-check the calculated thickness.
These results confirmed the precise surface coverage
and thicknesses.

To examine if the results obtained for the coatings
prepared by the spin coating can be applied in general,
we also used brushing as it is the most frequently used
technique in art conservation.23 In this case, we
dropped 0.6 ml on the substrate surface with an
automatic pipette, and the whole surface of the
substrate was covered by using a soft brush. The
thicknesses of the coating layers were 10 lm (± 20%).
The reproducibility of the layer depends on the

practice and experience of the person who prepares
the layer. On the other hand, it gives the possibility to
evaluate the protective properties of coatings in which
conditions are closer to the ones made in practice. This
fact causes higher uncertainty values for coatings
prepared by brushing. Nevertheless, since the coatings
are brushed on plane surfaces during the tests, it is
expected that sufficiently homogeneous layers can be
built for testing purposes.

Water vapor transmission rate measurement

The water vapor transmission rate is measured on the
basis of the standardized cup method EN ISO 7783-1.28

The procedure consists of the following steps. Some
amount of hygroscopic material, 15 g CaCl2 (Honey-
well Chemicals, assay minimum 97.0%), is placed in a
cup covered by the membrane of which WVTR is to be
determined. On the top of the membrane, a ring
template, with an inner diameter of 5.64 cm, defines
the exact test surface. Mechanical clamping seals the
sample to the dish. The whole system is kept in
controlled atmosphere: constant pressure, ambient
humidity, and temperature. The amount of water
vapor flowing into the cup through the membrane
and absorbed by the hygroscopic material is deduced
as a function of time by measuring the increase in mass
of the cup-membrane-hygroscopic material set-up by
an analytical balance in regular time intervals. To
increase the accuracy of the measurements, five paral-
lel tests were performed in each experiment.

Knowing the exposed surface of the membrane A,
25 cm2, the water vapor transmission rate can be
calculated as follows:

WVTR ¼ DW
ADt

g m�2 day�1
� �

where DW is the mass of the absorbed water during
time Dt.28–35

The mass of the absorbed water by the CaCl2 was
measured with high accuracy by the KERNADB 200-4
analytical balance.

The constant temperature and relative humidity
were provided by a climate chamber (Xi’an LIB
Environmental Simulation Industry, model TH-50A).

Immersion corrosion test

To determine the corrosion resistance of the acrylic
resins, a laboratory immersion corrosion test, based on
the ASTM G31-72 standard, was performed.36,37

Homogenous 30% Zn and 70% Cu brass samples
(dimensions: 14 mm width, 26 mm height, 1 mm thick-
ness) were cleaned with deionized water and brushed
with 0.2 mL of 15 w/v% Paraloid B44, B72 and 40 w/
v% Incralac solutions. For thickness measurement, a
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part of the coating was removed with acetone, and the
height profile was measured with an Ambios XP-1
profilometer. The coating thickness was 20(± 3)
microns for each sample. Three pieces of coated brass
sheets for each resin type and three uncoated samples
were then placed in a glass flask with a supporting
device which ensured that the brass sheets were kept
fully submerged in the 5 wt% NaCl (Lach-ner, assay
minimum 99.5%) solution in distilled water during the
7 days of exposure time. The tests were conducted at
35�C.

After the corrosion test, the samples were cleaned
and then analyzed by a HITACHI S4300-CFE scan-
ning electron microscope equipped with a Bruker
energy-dispersive X-ray detector (SEM/EDX).

Measurement of the solubility

The gravimetric method was chosen to measure the
water uptake to determine the solubility or absorptiv-
ity coefficient in this work.24,38–40 The method is based
on the measurement of the weight gain of the sample in
contact with water vapor at constant temperature and
pressure and calculated as:

Ŝ ¼ M1
v � p ; ð1Þ

where M1 is the total mass of vapor absorbed by the
polymer sample at equilibrium, v is the volume of the
sample under test, and p is the permeant driving force.

Calculation

Permeability

Homogeneous membranes

Knowing the water vapor transmission rate, we can
also determine the permeability coefficient used often
to describe the diffusion rate through a membrane. The
basic equation for diffusion is Fick’s first equation:

j ¼ �D
@.
@x

ð2Þ

where j is the flux of the diffusion species, D is the
diffusion coefficient, . is the volume density
(concentration).41 Combining this equation and the
equation of the conservation of matter, we obtain
Fick’s second equation, which has the following form if
we consider that the diffusion coefficient is
independent of the space coordinate:

@.
@t

¼ D
@2.
@x2

: ð3Þ

In steady state, @.
@t ¼ 0 everywhere and any time,

accordingly

0 ¼ D
@2.
@x2

; ð4Þ

that is,

const ¼ D
@.
@x

: ð5Þ

Comparing this to equation (2), we may see that the
flux j is constant and thus integrating j from 0 to l along
the x direction, we get the following expression:
jl ¼ �D .2 � .1ð Þ, which we can write in a more
convenient form as follows:

j ¼ �D
.2 � .1

l
; ð6Þ

where .1 and .2 are the concentrations of the diffusion
species on the surface of the membrane. In the case of
diffusion of vapor through a membrane, the surface
concentrations .1 and .2 may not be known but only
the vapor pressure p1 and p2 on the two sides of the
membrane. If the diffusion coefficient is constant, and
if the sorption isotherm is linear, that is, there is a
linear relationship between the external vapor pressure
and the corresponding equilibrium concentration
within the membrane:

. ¼ S p; ð7Þ

we may write equation (6) as:

j ¼ �P
p2 � p1

l
; ð8Þ

where S is the solubility, P is the permeability
coefficient [17]:

P ¼ DS: ð9Þ

As the flux j measures the number of diffusing
species that will flow through a unit area of the
membrane during a unit time interval, the WVTR,
which measures the mass of transported species that
will flow through a unit area of the membrane during a
unit time interval, can be calculated by multiplying
equation (8) by the mass m of the diffusing species:

WVTR ¼ �mP
p2 � p1

l
: ð10Þ

In our experiments, the vapor pressures on the two
sides of the membrane, p1 and p2, are not known, only
the values of the relative humidity RH. By definition,
the relative humidity is the ratio of the partial pressure
of water vapor to the equilibrium vapor pressure, pe;
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the WVTR at a given temperature can be expressed in
terms of RH (see equation (10)):

WVTR ¼ �mPpe

p2
pe
� p1

pe

l
¼ �mPpe

RH2 � RH1

l
: ð11Þ

As the relative humidity in the cap, RH2, is zero, the
permeability can be calculated as follows:

P ¼ WVTRl

mpeRH1
: ð12Þ

Composite membranes

Using equation (12), we can determine the permeabil-
ity of either the substrate or the substrate/resin
composite membrane. We are, nevertheless, interested
in the permeability of the resin. As we will see below,
this can be deduced if we measure the permeability of
both the substrate and the composite membrane.

In general, a composite membrane consists of n
layers (submembranes) with thickness li. The perme-
ability, the diffusion coefficient, and the solubility in
each layer are Pi, Di, and Si; moreover, the difference
in concentration on the two sides of the submembranes
is D.i, respectively (see Fig. 1).

We may calculate the flux of water vapor in each
layer by using equation (6):

ji ¼ �Di
D.i
li

: ð13Þ

Using the relationships given in equations (7) and
(9), we get:

ji ¼ �Pi
Dpi
li

ð14Þ

for i ¼ 1; . . . ; n, where Dpi is the difference in pressure
on the two sides of the submembranes. Since the rate
of transfer is the same across each submembrane, i.e.,
ji ¼ j, the fall in pressure in one layer is:

Dpi ¼ �j
li
Pi

: ð15Þ

The total fall in pressure in the whole membrane is
obviously:

Dp ¼
Xn

i¼1

Dpi ¼ �j
Xn

i¼1

li
Pi

ð16Þ

For the whole membrane, we may write:

Dp ¼ �j
l

P
; ð17Þ

where l ¼
Pn

i¼1

li is the total thickness of the membrane.

Comparing equations (16) and (17), we get:

l

P
¼

Xn

i¼1

li
Pi

: ð18Þ

Therefore, in the case of a substrate/resin composite
membrane, we have:

lr
Pr

¼ l

P
� ls
Ps

; ð19Þ

where the subscripts ‘r’ and ‘s’ denote the resin and the
substrate, respectively, from which Pr can easily be
calculated.

Solubility

Homogeneous membranes

The Ŝ water solubility coefficient determined by
gravimetric method described in the ‘‘Measurement
of the solubility’’ section is a measure of the mass of
permeant molecules absorbed by a unit volume of the
sample per unit of partial pressure; accordingly, its unit
is kg m�3 Pa�1. (See equation (1)). The definition of
the solubility S in equation (7) is, however, a bit
different, as S is a measure of the number of permeant
molecules sorbed by a unit volume of the sample per
unit of partial pressure, and so its unit is 1 m�3 Pa�1.

Therefore, obviously, Ŝ divided by the mass of the
absorbed molecule m equals S:

S ¼ Ŝ

m
: ð20Þ

P1

D1 D2 Dn

l1 l2 ln

S1
Δ  1 Δ  2 Δ  n

S2 Sn

P2 Pn

Fig. 1: Scheme of a composite membrane consisting of n
layers
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Composite membranes

In the case of a composite membrane, shown in Fig. 2,
only the overall solubility coefficient of the whole
composite can be directly measured. The solubility
coefficient of the substrate (homogeneous membrane)
can, however, also be directly measured. In the case of
a binary composite membrane, e.g., a substrate/resin
layer in our case, these two data provide us with the
possibility to calculate the solubility coefficient in the
resin.

According to equation (7), the solubility coefficient
can be expressed as the ratio of the volume density of
the water molecules in the sample and the pressure
(permeant driving force): S ¼ q=p. The density of
water molecules in the substrate/resin composite can
be calculated as:

. ¼ M1
v �m ¼ .smAls þ .rmAlr

A ls þ lrð Þm ; ð21Þ

where .s and .r are the volume density (its unit is
1 m�3) of the water molecules in the substrate and
resin, respectively, and A is the cross-sectional area of
the substrate, hence also the resin layer. Dividing
equation (21) by p and considering that S ¼ q=p, we
get:

S ¼ Ssls þ Srlr
ls þ lr

: ð22Þ

As the parameters S, SS, ls, and lr can be directly
measured, Sr can be calculated.

Diffusion coefficient

To determine the diffusion coefficients in a coating
layer, that is, in the resin in our case, the procedure is
the following: measurement of the WVTR and the
solubility coefficients for both the substrate and the
substrate/resin layer composite; calculation of their
permeability coefficients by equation (12); calculation
of the permeability coefficient of the resin by using
equation (19); calculation of the solubility in the resin
by equation (22); and calculation of the diffusion
coefficient in the resin by using the relationship given
by equation (9).

As is well known, the temperature dependence of
the diffusion coefficient follows the Arrhenius law41:

D ¼ D0 exp � Q

RT

� �
ð23Þ

where D0 is the preexponential factor, Q is the
activation energy, R is the molar gas constant, and T
is the absolute temperature. Accordingly, by measur-
ing the diffusion coefficient at different temperatures,
D0 and Q can be calculated.

Results and discussion

Water vapor transmission rate, solubility
and diffusion coefficient

As shown in ‘‘Calculation’’ section, to determine the
permeability, the solubility, and the diffusion coeffi-
cient of the resins, we need to measure the total water
uptake (M1) and to determine the WVTR for the
laminated paper (substrate) and the laminated paper
covered by the given resin (substrate/resin composite).
As an example, Fig. 2 shows the mass increment of the
samples in time measured at 20�C, of which the slope
divided by the area of the sample yields the values of
WVTR of the substrate/resin composite. The values of
M1 and WVTR for all samples and temperatures are
given in the ‘‘Appendix Table A1.’’

Figure 3 shows the WVTR, permeability (P), solu-
bility (S), and diffusion (D) coefficients of the resins
calculated as described in the ‘‘Calculation’’ section
(see also ‘‘Appendix Table A2’’). Note that the thick-
ness of the substrate was 60 lm; m was calculated as
the ratio of the molar mass of water, and Avogadro’s
constant (m ¼ MH2O=NAÞ and the equilibrium water
vapor pressure values were taken from reference (42).

Using the diffusion coefficient data, we may con-
struct an Arrhenius function. The plot of the data
points is shown in Fig. 4 for the three different resins,
and Table 1 contains the values of the preexponential
factor and the activation energy.

We repeated these measurements and evaluation of
the data when brushing was used as the coating
technique. As the layers prepared by brushing were

35
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Laminated paper (Substrate)
Substrate/Paraloid B72
Substrate/Paraloid B44
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Δm
(m
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Fig. 2: The mass increment as a function of time measured
at 20�C; the slopes of the fitted lines divided by the area of
the samples give the WVTR values. Each data point
represents the average of the values measured in five
identically prepared samples. The length of the error bar is
comparable to the size of the symbols
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about three times thicker (10 lm ± 20%) than by spin
coating (3 lm ± 3%), consequently their WVTR val-
ues were lower, around the half of the data obtained by
spin coating. The deduced P and D values were,
however, close to those obtained from the spin-coating
experiments (within a factor of two). This confirms that
the highly reproducible spin-coating technique is suit-
able for the tests, which is not only more accurate, but
requires much less practice to use than other coating
techniques.

Using these data, and furthermore knowing the
average relative humidity of the place where the object
to be protected against corrosion (e.g., artifact, sculp-
tures) is located, the surface area of the object and the
water vapor exposure time, we may estimate the
difference in the total amount of water vapor reaching
the object with or without protective coating.

For example, the surface area of a realistic, full-
length figure of a person is about 2 m2. If we consider
an art conservation period of 20–25 years for these
objects, this means that an object protected by the
Paraloid B72 is affected by 1809–2261 L of water,
whereas in the case of Paraloid B44 or Incralac resins,
only about 958–1197 or 967–1209 L, respectively. This
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implies that, for instance, by choosing the Paraloid B72
instead of the Paraloid B44, the excess of water
reaching the object is about 851–1064 L, which must
result in much enhanced corrosion. Furthermore, when
Paraloid B72 is used as a consolidant, the WVTR of
the coating is also a key factor as salts and pollutants
could easily dissolve in water and attack the structure
of the valuable object.18 This means that extensive
study of the applied resins in art conservation practice
is highly worthwhile.

The deduced quantitative data must be valuable not
only for conservation practice, especially since these
data are hardly available in the literature since usually
only the WVTR is measured for comparison purposes;
that is, a given substrate is coated with different resins,
and then the WVTR of the substrate/coating compos-
ites is measured and compared to qualify the coatings.
The quantities describing the vapor permeability
(WVTR, P, D) are not deduced for the coatings itself.

For example, we only found two works of which
data could be used to estimate these quantities for the
Paraloid B72. Carretti et al.11 and Zhang et al.23

measured the WVTR of plaster and mortar samples
coated with Paraloid B72. Their aim was to show that
the new coating materials they studied had much
higher WVTR than that of the Paraloid B72, which is
favorable to protect wall paintings. So, they did not
determine the P or D, and did not even calculate the
WVTR for the Paraloid B72 coating itself. From their
data, we could, however, estimate the permeability
coefficient of Paraloid B72, which is 6.68 9 1012 m�1

s�1 Pa�1.11 This value is about two orders of magnitude
greater than what we obtained (5.75 9 1010 m�1 s�1

Pa�1 at 20�C). However, we have to consider that
plaster and mortar are porous materials. Accordingly,
the substrate/coating composite also suffers from
certain discontinuity, which obviously influences the
WVTR. On the contrary, the laminated paper has a
highly even surface, and so the coating resin forms a
perfect continuous film, as can be seen in Fig. 5a.

To see how the morphology of the substrate, hence
that of the coating, influences the transmission prop-
erties, we repeated our measurements with a substrate
having a significantly rougher structure than that of the
laminated paper. As Fig. 5b shows, the impregnated
paper is a purposeful choice to mimic the porous-like
structure of plaster and mortar—still having a paper as

a substrate to be able to perform the measurements
without any modification for better comparison. The
transmission measurements, indeed, showed an in-
crease in permeability value by an order of magnitude
(6.57 9 1011 m�1 s�1 Pa�1 at 20�C).

From these literature data, however, we cannot
estimate the diffusion coefficient and the activation
energy, because, on one hand, the authors did not
provide solubility data, and on the other hand, they
performed measurements only at one temperature. We
can, however, compare our results to that obtained in
polymethyl methacrylate (PMMA), which is the main
component of the Paraloid B44. This shows that the
diffusion activation energy we deduced seems to be
highly reasonable. The literature value varies in the
range of 23.9–63.2 kJ mol�1.43

Immersion corrosion test

The water vapor transmission rate measurement data
were compared to outcomes in a standardized salt
solution immersion corrosion test. The homogenous
70/30 brass sheets were coated with the three different
resins by brushing. After exposing the coated and
uncoated samples in the solution for 7 days, the zinc
and oxygen contents were measured by SEM/EDX at
different positions to study and reveal the difference in
the corrosion effect.

As an example, Fig. 6 shows the typical SEM
pictures of the covered brass sheets after the salt
solution treatment. The SEM/EDX measurements
showed that the zinc content on the surface of the
B72-treated sample decreased the most significantly,
and hardly changed in the case of the B44 and Incralac.
Similarly, the oxygen content increased the most in the
case of the B72 coating, much less in the case of
the B44, and practically did not change for the
Incralac. The extent of the affected areas and the
average zinc content clearly show that the Paraloid B44
performs better in this test than the B72, which is in
agreement with the transmission rate measurements.
In the case of Incralac-coated samples, almost no
changes can be detected. Although the transmission
rate data of the B44 and the Incralac are very similar,
the Incralac provides better protection against corro-
sion. According to the literature, this is related to its

Table 1: Diffusion activation energy and preexponential factors for the different resins determined from the
Arrhenius plot in Fig. 4

Resin Water vapor diffusion activation energy (kJ mol�1) Water vapor diffusion preexponential factor (cm2 s�1)

Paraloid B44 25 ± 0.7 35.2 ± 1.2
Paraloid B72 23 ± 0.7 9.5 ± 0.3
Incralac 28 ± 0.8 622.8 ± 19.3

The uncertainty of the values was calculated from the standard error of fitting parameters and of the layer thickness
measurements
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benzotriazole (BTA) content, which is an effective
corrosion inhibitor for copper alloys. BTA derivatives
adsorb onto the brass surface and form a protective
complex film that sufficiently prevents corrosion; that
is, the Incralac not only isolates the brass from the salt
solution but also passivates the surface.44–48 The water
vapor transmission and diffusion parameters are ‘‘in-
trinsic’’ quantities, and the presented method can be
used to evaluate these data for coating materials.
Although, in different operational environments, the
coating performance could be altered compared to the
transmission data because of the substrate/coating
interactions.

Conclusions

Despite the fact that the Paraloid B44 and Paraloid
B77 resins are reference materials, that is, new coating
materials are often compared to them qualitatively,
there are no comprehensive data for the quantities
describing the vapor permeability (P, S, D) of these
materials. In this work, using our transmission rate

measurement techniques based on the ISO cup-
method, we determined these values in the tempera-
ture range of 5–35�C and calculated the diffusion
activation energy and the preexponential factors (Ar-
rhenius function) for these resins and also the Incralac,
which is also frequently used in conservation practice.
The introduced method seems to be a standardizable
comparative testing technique for coating materials (or
techniques) in conservation practice since the layer
quality, thickness, and homogeneity of the coating are
independent of the operator’s practice, hence highly
reproducible. Employing this procedure, the intrinsic
transmission properties of the resins can be deter-
mined, which makes it easier to evaluate which resin is
the most beneficial (e.g., life span, cost, ease of use) for
a given purpose, when either high or low vapor
transmission rate is required. Our results could be
useful guidelines for conservators to choose the
appropriate coating layer for different materials, i.e.,
wood, metal, stone, etc. which are in different operat-
ing environments.

With an immersion corrosion test, we showed that
the sample coated by the Paraloid B44 is much less

Fig. 5: SEM micrographs of the substrates coated with acrylic resins. Smooth and continuous layer can be formed on the
surface on the laminated paper (a). Impregnated paper (b) is more porous as well as the resin film, which causes higher
WVTR and permeability of this composite system. The insets show the surface of the uncoated substrates

Fig. 6: SEM micrographs of the salt solution immersion tested brass samples. The Paraloid B44 (a) and Incralac (c)-coated
samples show moderate homogenous corrosion. On the B72-treated (b) surface, however, extensive corrosion occurred. In
the black areas, extremely low zinc and high oxygen concentrations can be measured

J. Coat. Technol. Res., 18 (2) 523–534, 2021

531



affected by corrosion than the sample coated by the
Paraloid B72 resin. This excellent agreement shows
that the procedure we developed can be used to predict
the protection efficiency of resin layers with a high
degree of realism. The Incralac, which was developed
for Cu-based alloys as a corrosion inhibitor, also
showed very good protective properties, even better
than the Paraloid B44, although their transmission
parameter values hardly differ. This has been ex-
plained by its BTA content, which passivates the brass
surface.

We emphasize here again that this transmission rate
experimental method we used to qualify the coatings is
much less time consuming and more cost-effective than
the conventional corrosion tests, like traditional cor-
rosion tests + SEM/EDX. This makes it possible to
perform a large number of tests. Moreover, the
transmission rate experimental method is highly quan-
titative, which facilitates the decision of what coating
method and material is the most beneficial and cost-
effective in a given situation—not exclusively in art
conservation practice.

Although the method in this work was used to study
resins as coating material, the routine can be applied in
a variety of applications, for example, for sub-
strate/coating composites, when the coating is non-
self-supporting, but the quantitative data for the
coating itself is required.
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Appendix

Table A1: Measured water vapor transmission rate (WVTR) and total mass of absorbed vapor M1 for the laminated
paper (substrate) and for substrate/resin coating composites

T (�C) WVTR (g m�2 day�1) M1 (mg)

Laminated paper (substrate) 5 2.10 ± 0.13 4.87 ± 0.31
Substrate/Paraloid B44 5 1.74 ± 0.05 5.17 ± 0.30
Substrate/Paraloid B72 5 1.93 ± 0.06 5.40 ± 0.25
Substrate/Incralac 5 1.78 ± 0.06 5.10 ± 0.10
Laminated paper (substrate) 20 4.52 ± 0.14 3.27 ± 0.17
Substrate/Paraloid B44 20 4.06 ± 0.13 3.47 ± 0.30
Substrate/Paraloid B72 20 4.26 ± 0.14 3.67 ± 0.31
Substrate/Incralac 20 4.06 ± 0.13 2.82 ± 0.25
Laminated paper (substrate) 35 12.98 ± 0.65 2.50 ± 0.26
Substrate/Paraloid B44 35 11.63 ± 0.38 3.50 ± 0.29
Substrate/Paraloid B72 35 12.15 ± 0.39 3.07 ± 0.15
Substrate/Incralac 35 11.66 ± 0.36 2.70 ± 0.10

The uncertainty of the values was calculated from the standard error of the slope and the uncertainty of the weight
measurement
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chemical Impedance Study of the Corrosion Protection of
Artificially Formed Patinas on Recent Bronze.’’ Electrochim.
Acta, 83 28–39 (2012)
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