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ABSTRACT 

The main objective of the research was to evaluate the durability of water repellent treatments applied on four 

different Portuguese carbonate stones (Ançã, Coimbra, Miocénico and Lioz) exposed for 19 years under an urban 

environment. The water repellent products tested were a silane (Dynasylan NH40) and a siloxane (Tegosivin 

HL100). 

At the end of the exposure period, the water repellent behaviour of the treated surfaces was assessed by means 

of the water absorption under low pressure (pipe method), microdrop absorption time, static contact angle and 

colorimetric measurements. 

Since most of the stone specimens exhibited dark stains due to the presence of biological colonization, it was 

necessary to apply a biocide (Preventol® Ri 80) on the treated surfaces to remove the biological colonization 

before the evaluation of the water repellent treatments. This allowed for a proper characterization of the 

remaining hydrophobic properties of these treatments. 

After 19 years of natural outdoors exposure, the water repellent treatments showed a significant drop of initial 

effectiveness at the stone surface level. However, their effect remains present at a deeper level. The macroscopic 

comparison of protected and non-protected areas indicate that both water repellent products mitigated the 

development of biocolonization and soiling on the Ançã stone after this long exposure period. 

The paper also discusses the influence of removing biological colonization using a biocide treatment on the 

hydrophobic properties of water repellent treatments and concludes that its influence may depend on the 

procedures adopted for its application and removal. 

 

KEYWORDS: carbonate stones, conservation treatments, water repellent products, durability, biologic 

colonization, long-term natural exposure. 

1. Introduction 

The vast stone heritage requires a thoughtful 

approach to its conservation and preservation. In 

general, a conservation action aims to extend the 

lifetime of an object and preserve its value and 

characteristics over time. Since water is one of the 

most damaging agents to porous inorganic 

materials, such as stone and brick, the application 

of water repellent products on exposed surfaces is 

frequently considered as a treatment able to 

protect the object’s surface from water related 

damage, preventing and reducing its impact. 

The main function of a water repellent treatment is 

to reduce the wettability of the treated surfaces, 

thus preventing water from entering into the 

porous network of the material reducing the 

surface’s time of wetness compared to an untreated 

surface, which should result in a general reduction 

of soiling and the development of biological 

colonization [1]. 



2 

Nonetheless, these treatments have some 

drawbacks, such as their irreversibility and the 

potential of giving rise to solutions with risk of 

incompatibility due to alterations on the water 

transport properties and colour of the treated 

material. Thus, the decision to treat a stone object 

with water repellent products should be carefully 

considered and supported on the assessment of the 

potential effectiveness, risk of incompatibility and 

durability of the treatment. 

The aim of the paper is to present and analyze the 

durability of water repellent treatments that 

resulted from the application of two commercial 

products applied on four different portuguese 

carbonate stones (Ançã, Coimbra, Miocénico and 

Lioz) exposed for 19 years in an urban environment. 

The water repellent products tested were a silane 

(Dynasylan NH40) and a siloxane (Tegosivin HL100). 

The durability assessment integrates the initial 

effectiveness and colour of the treated surfaces and 

the results of the monitoring performed after 15 

months of exposure, by Ferreira Pinto [2], and after 

19 years of exposure. 

The water repellent behaviour of the treated 

surfaces was assessed by means of the water 

absorption under low pressure (pipe method), 

microdrop absorption time, static contact angle and 

colorimetric measurements using the CIELAB 

system. 

2. Materials and exposure site 

2.1. Stones 

The four carbonate stones treated and exposed are 

naturally found in Portugal and are present in many 

cultural and historic buildings in Portugal. 

The Ançã stone is a fine-grained homogeneous 

cream white limestone, with high. The Coimbra 

stone is a heterogeneous carbonate stone with 

yellowish colour, mainly constituted of dolomite. 

The Miocene stone is a yellowish calcareous stone, 

it is mainly constituted of dolomite and presents 

some vacuoles. The Lioz stone is a very compact 

grey stone, with low porosity and is mostly formed 

by calcite [2]. 

Table 1 summarizes the main physical properties of 

the tested stones. 

Table 1 – Stone physical properties [2] 

Stone 

Open 

porosity 

[%] 

Real 

density 

[kg/m3] 

Bulk density 

[kg/m3] 

Ançã 27.2 (±1.1) 2711 (±3) 1972 (±29) 

Coimbra 17.8 (±3.3) 2853 (±44) 2344 (±101) 

Miocene 15.4 (±1.7) 2846 (±17) 2408 (±46) 

Lioz 0.9 (±0.2) 2709 (±9) 2685 (±9) 

 
Two types of specimens of each stone were treated 

and exposed: 

- type I – slablike specimens with irregular 

shape and varying surface area (177-

282cm2) and thickness (0.5-4cm); 

- type II – rectangular prisms with 

approximately 25cm2 area (mostly 5x5cm) 

and 2cm thickness. 

2.2. Water repellent products 

The two water repellent products tested were: 

- Dynasylan NH 40 S, made by Huls, a 

monomeric alkylalkoxysilane in ethanol 

ready to use product. This product is 

identified with N; 

- Tegosivin HL 100, made by Goldschmidt 

AG, a modified siloxane diluted in white-
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spirit (1:11 in volume). This product is 

identified with H. 

Both products were applied by brush on all testing 

specimens by Ferreira Pinto [2], under laboratory 

conditions. 

The tested treatments consisted of two applications 

of the products, with a 4 hour interval between 

them, with the same procedure being repeated 2 

days later. 

2.3. Exposure site 

The stone specimens were exposed for 

approximately 19 years in Lisbon, at the top of a 

building near the Lisbon Airport and facing high 

traffic roads, Figure 1. 

Table 2 - Climatic yearly averages for the test site, 1997 
to 2017 [4] [5] [6] [7] [8] [9] 

Temperature [°C] 
Relative 
humidity 

[%] 

Average 
Annual 

Precipitation 
[mm] 

Min Av. Max 

7.3 17.6 30.5 71.8 826 

 

 
Figure 1 – Stone specimens mounted on the exposure 

site (after 19 years of exposure, 2017) 

3. Experimental Methods 

After the exposure period (19 years), the specimens 

were removed from the exposure site and were 

inspected visually. Laboratory tests were carried out 

to monitor the treated surfaces and to assess the 

durability of the water repellent treatments. 

The monitoring of the treated surfaces was 

performed using the same tests and procedures 

previously adopted both for the assessment of the 

initial colour variation and effectiveness and the 

monitoring of the treated surfaces after 15 months 

of exposure. Details of the experimental procedures 

and the previous results can be found elsewhere [2] 

[3]. 

Due to the presence of biological colonization on 

the stone surfaces after 19 years of exposure, Figure 

1, a biocide was applied on the treated surfaces of 

all specimens. The surfaces were visually observed 

and characterized before and after the application 

of the biocide. A portable fluorimeter, “Biofinder”, 

was used to control the effectiveness of the biocide 

treatment. 

3.1. Water repellent effectiveness 

The effectiveness of the water repellent treatments 

was assessed by the increment of the water 

repellence and the reduction of the water 

absorption by the product, using the microdrop 

absorption time, contact angle and water 

absorption tests. 

The microdrop absorption time (using as reference 

an unpolished glass and expressed in percentage) is 

based on the test procedure described in RILEM II.8. 

It consists of the ratio between the absorption time 

of a number of microdrops placed on the tested 

surface and the evaporation time of a similar 

amount of microdrops placed on a reference 

surface (a rough glass), which makes it possible to 

compare results from tests carried out under 

different environmental conditions, [2]. In this 

paper, 12 microdrops were used in each test. 

The contact angle test is based on the test 

procedure described in RILEM 58 VTP and was 
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measured under stereo microscope, Figure 2. In this 

paper, 3 different measures of am and hm (the base 

and height of the microdrop, respectively) were 

taken for each surface to determine the static 

contact angle (Equation 1). 

 
Figure 2 – Static contact angle measurement 

𝑨𝑪 = 𝟐 𝐚𝐫𝐜𝐭𝐚𝐧 (
𝟐 𝒉𝒎

𝒂𝒎
)   (1) 

The water absorption time (pipe method) is based 

on the test procedure described in RILEM II.4, which 

aims to measure the amount of water absorbed 

after a set amount of time (60 minutes in this 

paper), Figure 3. 

 

Figure 3 – Water absorption time – using a pipe (RILEM 
II.4) 

3.2. Colour variation 

The colour variation was evaluated quantitatively 

using the CIELAB colour space, Figure 4. For the 

measurements, illuminant D65 and 10 degree 

standard observer were used. 

The CIELAB colour space is composed of three 

parameters: L* for lightness (0=black; 100=white) 

and a* and b* for the colour components (a* for 

green-magenta; b* for blue-yellow). The 

measurements were made using a portable 

spectrocolorimeter (model X-Rite SP68). In this 

paper, at least 20 measurements were made for 

each surface. 

Equations 2 and 3 were used to determine the value 

of chroma (C*; colour saturation) and the total 

colour difference (ΔE*), respectively. The total 

colour difference was determined considering as 

reference the colour of the untreated surfaces. 

𝑪∗ = √𝒂∗𝟐+𝒃∗𝟐            (2) 

𝜟𝑬∗ = √𝜟𝑳∗𝟐 + 𝜟𝒂∗𝟐+𝜟𝒃∗𝟐 (3) 

 
Figure 4 –CIELAB colour space, [10] 

3.3. Biocide application 

Due to the presence of biological colonization on 

the stone surfaces, a large spectrum biocide 

product, PREVENTOL® Ri 80 made by LANXESS, 

diluted on a water solution (3% mass), was applied 

on the surface of the tested specimens. PREVENTOL 

RI80 is a concentrated liquid preparation of 

quaternary ammonium salts, formulated with alkyl 

benzyl dimethyl ammonium chloride, with a broad 

spectrum of activity covering fungi, bacteria and 

algae and lichens. 
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The biocide solution was applied under laboratory 

conditions (T≈20°), by soft brushing for 5 to 10 

minutes and for 2 to 3 minutes on specimens type I 

and type II, respectively. The specimens were then 

left to rest for a minimum period of 3 to 4 weeks 

(under laboratory conditions) 

A portable fluorimeter, “Biofinder”, Figure 5, was 

used to measure the fluorescence levels before and 

after the biocide application to confirm its 

effectiveness and the death of the microorganisms. 

Measurements were done under “wet” and “dry” 

conditions for each surface. Past experience 

showed that the wet to dry ratio (W/D) is a viable 

method to confirm the effectiveness of biocides. A 

W/D ratio of 1 means that the microorganisms are 

dead, while a higher ratio means the biological 

agents are still present and active, [11]. Once the 

biocide effectiveness was confirmed, the surfaces 

previously treated with the biocide were brushed 

for 1 to 2 minutes with water to remove detached 

microorganisms (considered dead) and remains of 

biocide product. 

 

Figure 5 – Biofinder, a prototype portable fluorimeter 

4. Results 

4.1. Assessment of the biocide efficacy 

After approximately 19 years of exposure, the 

treated surfaces of the Ançã and Lioz stones were 

the least covered by biocological colonization, while 

the Coimbra and Miocene treated surfaces were 

strongly colonized, something that was recorded on 

both types of specimens. 

Before the biocide application, the fluorescence 

levels measured on Ançã and Lioz treated surfaces 

presented a W/D ratio close to 1, while on the 

Coimbra and Miocene stones the measured W/D 

ratios were higher than 2, Figure 6. These results 

meant that Coimbra and Miocene surfaces 

presented significant and active biological activity 

evaluated by this method. Although the presence of 

biological colonization was not very relevant on the 

Ançã and Lioz surfaces, the biocide was also applied 

on them to enable a comparative study of the 

impact of the biocide treatment on all 4 stone 

varieties. 

After biocide application, the fluorescence levels 

were measured again, Figure 6. All stone surfaces 

presented a close to 1 W/D ratio, which confirmed 

the microorganisms were no longer active. 

 

Figure 6 – Fluorescence levels - before (full bars) and 
after (checkered bars) biocide application 

4.2. Visual description of the specimens 

before and after biocide application 

Both water repellents significantly reduced the 

presence of biological colonization in the Ançã 

stone, which was more significant on the surfaces 

treated with product N. Although both treated and 

untreated surfaces of Lioz stone did not have 

intense colonization, the action of both treatments 
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on this type of stone was similar to the one referred 

for the Ançã stone. 

Product H reduced the intensity of biological 

colonization on the Coimbra stone, while the 

surfaces treated with product N were densely 

colonized. 

The Miocene stone specimens were densely 

colonized, in both the untreated and treated 

surfaces (with product H or N). 

The biocolonization present on the tested 

specimens seemed similar, since no important 

differences between them were identified by visual 

observation. 

The biocide applied on the Ançã and Lioz stones, 

Figure 7, did not appear to have promoted a 

significant visual impact and it was also not effective 

at removing the light biocolonization present on the 

surfaces treated with either the product H or N. 

The application of the biocide solution on the 

Coimbra specimens was responsible for slightly 

darkening of the surfaces, to a tone closer to that of 

the original stones, Figure 8 and Figure 9. The 

biocide application was more successful at 

removing the biocolonization present on the type I 

specimens compared to the type II specimens, 

which may be atributed to the performance of 

cleaning (including the brushing time during 

application) on the type I specimens. 

Regarding the Miocene, the biocide application has 

proved successful at removing the biological 

colonization present on both type I and type II 

specimens, with no noticeable difference on 

specimens treated with either product H or N. 

 
 

 
Figure 7 –Lioz type I specimen treated with N, before 

(top) and after (bottom) biocide application 

 

 
Figure 8 - Coimbra type I specimen treated with N, after 

19 years of exposure 

 
Figure 9 – Coimbra type I specimen treated with N, 

after removing biocolonization with biocide 
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4.3. Behaviour of the water repellent 

treatments after exposure and biocide 

application 

Table 3 presents the values of the microdrop 

absorption time and static contact angle 

determined after biocide application at the end of 

the 19 years of outdoors exposure, in comparison 

with the values obtained after treatment and after 

15 months of exposure by Ferreira Pinto [2]. Figure 

10 presents the values of the water absorption time 

(after 1 hour) for the same time periods. 

Table 3 – Microdrop and static contact angle, before and after exposure 

Stone - specimen 

Product H Product N 

MD - Microdrop 
absorption time [%] 

CA - Contact angle 
[°] 

MD – Microdrop 
absorption time [%] 

CA - Contact angle 
[°] 

MD0 MD1 MD3 CA0 CA1 CA3 MD0 MD1 MD3 CA0 CA1 CA3 

Ançã 

I 68 144 38 - - - 152 116 2 - - - 

II 126 114 - 114 107 52 141 112 - 132 98 52 

II 124 133 2 109 113 3 148 77 1 130 61 20 

Coimbra 

I 117 127 8 - - - 123 35 8 - - - 

II 105 78 35 100 56 53 143 6 11 127 22 62 

II 102 66 - 107 49 43 160 12 - 129 23 54 

Miocene 

I 119 114 25 - - - 149 26 23 - - - 

II 118 54 - 95 40 40 124 20 38 112 28 34 

II 76 49 37 99 58 32 115 12 - 122 23 34 

Lioz 

I 68 87 1 - - - 138 49 4 - - - 

II 100 48 9 75 48 3 152 24 5 104 35 5 

II 112 44 - 74 54 5 162 28 - 98 35 5 
0 – before exposure; 1 – after 15 months of exposure; 3 – after 19 years of exposure and biocide application 

     
Figure 10 – Water absorption time after 1 hour 

Ferreira Pinto [2] concluded that, in general, both 

products had lost their initial efficacy after 15 

months of exposure, with the exception of the Ançã 

stone specimens treated with H (which were still 

stable) and with N (still retained some 

effectiveness). The data obtained in this research 

shows that after 19 years of exposure the 

effectiveness kept dropping over time, for both 

products and for all stone varieties, at the stones’ 

surface level. 

The data obtained with the water absorption test 

after 19 years of exposure, Figure 10, showed a 

similar behaviour compared to 15 months of 

exposure. This suggests that both treatment 

products still maintained a significant portion of 

their effectiveness at a deeper level for all stone 
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varieties, even after 19 years of exposure, despite 

the loss of effectiveness at the surface level. 

Table 4 presents the total colour and chroma 

variation measured before treatment and after 15 

months of exposure by Ferreira Pinto [2] and after 

biocide treatment at the end of the 19 year 

exposure. 

The results measured with the spectrocolorimeter 

showed a general reduction of the total colour and 

chroma variation during the first period of 

exposure. After 19 years of exposure, however, 

both parameters have increased in general, except 

the Ançã specimens treated with product H. 

Table 4 - Total colour and chroma variation over time 

Stone – 
Product 

ΔE*0 ΔE*1 ΔE*3 ΔC*0 ΔC*1 ΔC*3 

Ançã - H 5.05 6.30 3.86 3.16 2.32 -0.07 

Ançã - N 5.33 2.40 3.94 3.83 -1.50 -0.87 

Coimbra - H 2.40 2.10 11.48 0.60 0.27 2.77 

Coimbra - N 3.10 4.10 7.88 2.18 -0.20 3.97 

Miocene - H 6.77 2.80 8.57 4.16 -0.49 2.25 

Miocene - N 2.33 1.80 7.54 1.84 0.15 6.53 

Lioz - H 6.05 1.00 7.57 3.44 -0.40 5.09 

Lioz - N 3.29 1.10 6.15 1.29 0.23 4.18 

0 – before exposure; 1 – after 15 months of exposure; 3 – 
after 19 years of exposure and biocide application 

4.4. Influence of removing biological 

colonization, using biocide, on the 

hydrophobic properties 

According to Moreau et al. [12], a biocide that 

contains quaternary ammonium salts, which act as 

a surfactant, will increase the wettability of surfaces 

previously treated with a water repellent, reducing 

the surface hydrophobicity and increasing the water 

absorption, because the biocide reduces the surface 

tension of the material. However, this effect is not 

permanent, since it can be reverted by the 

elimination of the biocide using water based 

cleaning methods, [12]. Some authors have 

obtained good results using scalpels, brushes and 

poultices to remove all of the dead biomass and 

biocide residue, followed by washing with distilled 

water and using scalpels and brushes again, [13]. 

The presence of biocolonization itself can possess a 

biodeteriorative or bioprotective effect, which 

depends on the substract and type of 

microorganisms, and its presence can increase or 

reduce the water uptake. 

Table 5 presents the values of the microdrop 

absorption time and static contact angle 

determined before and after removing the 

biological colonization with biocide application. 

The results showed that removing the biological 

colonization promoted a reduction of the 

microdrop absorption time on the Ançã and Lioz 

stones and an increase on the Coimbra and Miocene 

stones, regardless of the hydrophobic product used 

in the treatment. The static contact angles 

measured follow the same trend, with the 

exception of the Ançã samples treated with N, 

which increased slightly. 

The results measured in the water absorption test, 

Figure 11, showed a reduction for the Coimbra and 

Miocene stones after the removal of the biological 

colonization, while the Ançã stone showed 

increased absorption, which might be due to the 

presence of biocide remains on the surface, [12]. 

The visual observation of the tested specimens did 

not point out for relevant differences between 

them in terms of the type of colonization, although 

different colonies might be forming it. Thus, the 

presence of different species of microorganisms on 

the Ançã and Lioz specimens and on the Miocene 
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and Coimbra specimens does not seem as being a 

reasonable justification for the variation of water 

absorption measured. 

The procedures adopted for the biological removal 

might be a potential cause for the diverse influence 

that the biocide application had on the remained 

hydrophobic properties of the specimens treated 

with both products, on Ançã and Lioz stones, and 

Miocene and Coimbra stones. The procedure did 

not consider the diversity of the specimens in terms 

of porosity, water absorption and intensity of the 

biological colonization. It was established in order 

to assure similar conditions for the biocide 

application within each group of specimens (type I 

and type II). 

On Ançã and Lioz specimens, the procedure may 

have led to higher amounts of biocide applied than 

necessary and/or not complete elimination of the 

biocide by brushing with water. 

On the other hand, the procedure seems to have 

been adequate for the removal of the existing 

biological colonization on the Miocene and Coimbra 

specimens, both in terms of amount applied and its 

removal, since it was not identified a relevant 

reduction of the hydrophobic properties of the 

water repellent treatments applied on these stones. 

The results pointed out that the less colonized 

specimens (Ançã and Lioz stone specimens) might 

have had some biocide remains, which affected the 

results obtained in the tests used for monitoring. 

Since both Coimbra and Miocene stones presented 

more intensive biocolonization after 19 years of 

exposure, these results suggest that removing the 

biological colonization with biocide application 

promoted a more accurate characterization of the 

remaining hydrophobic properties of the specimens 

treated with both products.  

Table 6 presents the total colour and chroma 

variation measured before and after removing the 

biological colonization using a biocide. After 

removing the biocolonization on the surface, most 

stone specimens presented significantly lower 

values of total colour variation and the Ançã 

specimens showed chroma variations close to those 

of the original untreated stone. 

Table 5 – Microdrop and static contact angle, before and after removing the biocolonization using biocide (19 years of 
exposure) 

Stone - specimen 

Product H Product N 

MD - Microdrop 
absorption time [%] 

CA - Contact 
angle [°] 

MD - Microdrop 
absorption time [%] 

CA - Contact 
angle [°] 

MD2 MD3 CA2 CA3 MD2 MD3 CA2 CA3 

Ançã 

I 64 38 - - 3 2 - - 

II 36 - 63 52 11 - 30 52 

II 22 2 51 3 1 1 22 20 

Coimbra 

I 1 8 - - 0 8 - - 

II 1 38 21 53 1 11 26 62 

II 3 - 12 43 1 - 16 54 

Miocénico 

I 1 25 - - 1 23 - - 

II 4 - 25 40 4 38 29 34 

II 5 37 22 32 4 - 23 34 

Lioz 

I 5 1 - - 8 4 - - 

II 31 9 54 3 13 5 27 5 

II 13 - 40 5 16 - 32 5 
2 – after 19 years of exposure; 3 – after 19 years of exposure and removal of the biocolonization using biocide 
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Figure 11 – Water absorption time after 1 hour, before and after removing the biocolonization using biocide 

Table 6 - Total colour and chroma variation before and 
after biocolonization removal, using biocide 

Stone – 
Product 

ΔE*0 ΔE*2 ΔE*3 ΔC*0 ΔC*2 ΔC*3 

Ançã - H 5.05 8.07 3.86 3.16 2.11 -0.07 

Ançã - N 5.33 10.31 3.94 3.83 -2.03 -0.87 

Coimbra - H 2.40 11.84 11.48 0.60 0.58 2.77 

Coimbra - N 3.10 17.69 7.88 2.18 -3.26 3.97 

Miocene - H 6.77 17.06 8.57 4.16 -4.68 2.25 

Miocene - N 2.33 13.32 7.54 1.84 -1.64 6.53 

Lioz - H 6.05 10.61 7.57 3.44 2.99 5.09 

Lioz - N 3.29 9.23 6.15 1.29 3.45 4.18 

0 – before exposure; 2 – after 19 years exposure; 3 – after 

19 years of exposure and removal of the 
biocolonization using biocide 

5. Conclusions 

The main objective of this paper was to evaluate the 

long term effectiveness of water repellent 

treatments after 19 years of natural outdoors 

exposure in an urban environment. 

The testing procedures used for monitoring the 

treatments were the same tests originally used by 

Ferreira Pinto [2] to allow a direct comparison of the 

results obtained at every step of the experiment. 

After 15 months of exposure, Ferreira Pinto [2] 

concluded that even though the silane product (N) 

was more efficient right after treatment, it was less 

durable than the siloxane product (H) in the tests 

carried out after 15 months of exposure, by which 

time the siloxane treatments applied on the Ançã 

stone were the only ones to remain stable. 

After 19 years of outdoors exposure, the 

hydrophobic properties initially provided by the 

treatments are no longer present at the superficial 

level but are still present at a deeper level, 

regardless of the water repellent product applied. 

The Coimbra and Miocene specimens presented 

surface soiling and heavy biological colonization 

after being exposed outdoors for 19 years, while the 

Ançã and Lioz specimens were able to remain 

relatively similar to their original visual appearance, 

regardless of the water repellent product applied. It 

should be noted that the Ançã specimens exhibited 

some pitting detected at micro scale. 

The research also highlighted the importance of 

adopting an adequate procedure for the biocide 

application that takes into consideration the 

intensity of the biological colonization to be 

removed, the intrinsic properties of the stone 

(absorption and drying behaviour) and an effective 

water based cleaning method able to assure the 

complete removal of the biocide residues. 
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