
30

colors depend on the presence of impurities. If 
its pores are as small as nano size orders the 
capillary condensation process of water vapors 
happens.  Given its abundant presence in buil-
dings with historic and artistic value, this has 
led to a particular interest in understanding the 
processes of marble changes as its preservation 
and restoration. The reasons for deterioration 
and degradation of stone are mainly erosion 
and weathering. The main aggressive elements 
are water and rain. About 15 years ago the first 
experiments were carried out in the Scientific 
Laboratory of the OpificiodellePietreDure in 
Florence in order to test the possibility of a new 
approach to the problem of protecting marble 
and limestone monuments and artifacts ex-
posed outside from acid attack [2]. Water that 
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1. Introduction 
Protection of cultural objects of marble, tra-

vertine and other stone types is an ongoing 
concern in the international scale, due to the 
great value that they carry. Marble is a material 
that is found constantly in the building, whether 
for structural purposes (columns, floors, etc.) or 
decorative (friezes, reliefs, statues, etc.). Marble 
is a noble material with a special charm and 
easily processed, but is sensitive to changes in 
natural atmospheric agents or others resulting 
from urban and industrial activity. Marble 
is formed through a process of metamorphic 
sedimentary rocks such as limestone and do-
lomite[1]. The marble is a small porous mate-
rial, which is constantly building, whether for 
structural purposes or decoration. The marble 

This study focuses its attention on the chemical treatment of marble samples in order to create 
conditions for the protection of cultural heritage objects that consist of these materials. Water 
penetration, or its vapor condensation in the pores of these material leads to the formation 
of crystalline ice embryos, which depending on the environmental conditions create internal 
tensions and disrupt their micro-structure. Their consolidation was carried out by a three stages 
treatment, starting with 5 % calcium acetate solution for 60 minutes at 200 °C. The second 
stage occurs after a draining step at 700 °C and for 30 min, and involves the samples treatment 
with 5 % ammonium sulphate solution. After the application of the same draining procedure 
as previous, it followed with the third stage which includes the treatment with ammonium 
oxalate, followed by the same draining procedure. The marble samples were subjects of: 10, 
20, 30, 40, and 50 treatments respectively, revealing each time weight increase. Their porosity 
and specific surface area, assessed by gas porosimetry measurements, continuously decrease 
at until the last treatment.
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penetrates the pores of the stone interior due 
to the capillary forces has adverse effects both 
physical and chemical. It assumes that in the 
pores of the stone biological effects occur as well 
[3]. The materials used until now to preserve 
marble include polyesters, acrylics, urethanes, 
silicones, alkoxysilanes and other organic/
inorganic polymers [4]. It is very important 
that the applied materials should have a good 
penetrating ability, good use on the construc-
tion site and also to be matched with biological 
requirements [5]. In this study we consider 
the penetration of solutions with concentrati-
ons of 5% [6] in them, and the precipitation of 
the dissolved substances from them, onto the 
pore surfaces.  In this 
way, crystallization 
centers are formed, 
which grow further as 
a consequence of the 
deposition of cations 
and anions present. 
Theoretically, the ove-
rall process is com-
pleted when the pore 
volume approaches 
zero. Very important 
in this process is the 
fact that the mate-
rial which will be 
deposited is similar 
to the pore material, 
leading therefore to a 
better adhesion. This 
study is oriented on 
the restauration of 
buildings and mo-
numents of art that 
as a result of the 
impact of external 
factors have suffe-
red damage of their 
str ucture, being 
subjected to „micro 
erosion“. In our stu-
dy we considered the 
chemical processing of the marble samples, and 
performed characterization of their porosity by 
gas porosimetry, to determine the effectiveness 
of the consolidation method. According to the 

acquired results in our laboratory, we draw 
conclusions and give recommendations for fur-
ther applications of this procedure in the field 
of protection of heritage and cultural marble 
objects. The essential of our sample treatment 
is the obtaining of insoluble precipitates inside 
the pores, which is tracked by fast sampling 
gravimetric determination as well as by poro-
simetric method. 

Vcum= nads  *  Vmax                              (1)

During our experiments using the volumetric 
methods with cylinder scalable we collected the 
following data summarized in Table 1.

Number of 
treatments

0 10 20 30 40 50

m    (g) 3.33 3.74 3.85 3.76 3.74 3.65

V (cm3) 1.2 1.3 1.3 1.4 1.4 1.3

d (g/cm3) 2.7 2.8 2.9 2.6 2.6 2.8

table 1:  Density values for the marble samples from 0 to 50 treatments.
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Figure 1: a) Density values for the marble sam-
ples from number of treatments. B) Specific sur-
face by the number of treatments for marble. C) 
Differential distribution of pore size for marble.
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table 2: The pore volume and specific surface values of the marble 
treatments number.

In this table are shown the pore volume and 
specific surface values of the marble treatments 
number, based on nitrogen adsorption mea-
surements.

Number of treatments Vporescm3/kg S specific m
2/g

0 173.68 8.23

10 171.92 6.91

20 201.67 5.93

30 134.75 6.17

40 125.85 3.43

50 98.34 2.74

Figure 2: A) The pore volume values of the marble treatments number. B) The porosity values of the 
marble treatments number.

As shown by Figure 2 A, with the increasing of 
the number of chemical treatments, the overall 
pore volume decreases. During this trend, some 
anomalies are observed, especially after 20 
treatments, where the sample porosity slightly 
increases due to the temporary increase of the 
porosity as a consequence of the formation of 
big crystals within the existing pores. This fact 
is obvious on Figure 2B. These “new pores” are 
filled up with depositing material due to the 
latter treatments.

3. Experimental Section 
For the marble treating experiments, marble 

slabs that to build the pyramid of the cultural 
center of Tirana during 1986-1988 in Albania 
were used. The marble samples employed in 

this study are cut in parallele-
piped form blocs with lengths of 
25 ± 1mm, w idths and 
thicknesses of 7 mm. To re-
move the attached dust, the 
prepared samples were di-
pped in distilled water for 
2-3 hours followed by drying 
to 6 hours at 70 °C, 6 hours at 
100 °C and 12 hours to 125 °C. 

The sample consolidation was 
carried out by a three stages tre-
atment, starting with 5% calcium 

acetate solution Ca (CH3COO)2 • H2O for 60 
minutes at 20°C. The second stage occurs after 
a draining step at 70°C and for 30 min, and 
involves the samples treatment with 5% am-
monium sulphate solution (NH4)2SO4. After the 
application of the same draining procedure as 
previous, it followed with the third stage which 
includes the treatment with ammonium oxalate
 (NH4)2C2O4 • H2O, followed by the same drai-
ning procedure. The marble samples were sub-
ject of: 10, 20, 30, 40, and 50 treatments re-
spectively, revealing each time weight increase. 

The steps of this treatment can be explained 
by the following reactions:

1.
Ca (CH3COO)2 + (NH4)2 SO4  →CaSO4   +  2NH4 C2H3O2

2. 
CaSO4  +  (NH4)2C2O4→ CaC2O4  +  (NH4)2SO4



Figure 3:Nitrogen adsorbed quantity device scheme.

4. Conclusions
The marble sample from the slabs of the Tirana 

Cultural Centre “The Pyramid” was used. The 
marble samples consolidation is done in three 
stages treatment starting with 5 % calcium 
acetate solution (Ca (CH3COO)2•H2O) for 60 
minutes at 20 °C.  The second stage occurs 
after a draining step at 70 °C and for 30 min, 
and involves the samples treatment with 5 % 
ammonium sulphate solution (NH4)2SO4. After 
the application of the same draining procedure 
as previous, it is followed with the third stage 
which includes the treatment with ammonium 
oxalate (NH4)2C2O4•H2O, followed by the same 
draining procedure. The marble samples were 
subjects of: 10, 20, 30, 40, 50 treatments re-
spectively, revealing each time weight increase. 
By applying the method of marble samples accu-
rate treatment and by following the progress of 
weight increase it is reached in the parameters 
optimization, such as: the optimization the 
drying time after each impregnation and the 
optimization of the treatment number based 
on the gravimetric method. Our consequent 
measurements revealed progressive sample 
weight increase within 50 treatments. These 
sample weight increase occur due to the depo-
sition of the insoluble substances inside and in 
the samples surface.
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The formed calcium oxalate formedinside 
pores are highly insoluble; its solubility in 
water at a temperature of 13 °C is 0.00067 g 
/100 g water [8]. Soluble components such as 
ammonium acetate, ammonium sulfate, etc., 
being very soluble in water are removed by 
ordinary washing, leaving only the deposited 
calcium oxalate, which stepwise closes the pores 
of the material. The sample porosity and their 
specific surface area are assessed by nitrogen 
adsorption measurements. The porosity and 
specific surface values for the marble samp-
les are shown in Table 2 (Fig. 2A and Fig.2B). 
In order to define the specific surface area, 
it must be accepted that the adsorbent form 
(one layered or multilayered) does not affect 
the surface structure change. For this one and 
for many other reasons is considered that nit-
rogen (at 77K) is the more suitable absorbent 
for determining the specific surface standard. 
The gas absorbed amount is measured by a 
glass devices displayed in Figure 3. In similar 
way the desorption isotherm is recorded while 
setting the sample under vacuum. The obtained 
data, by this process lead to the adsorption and 
desorption isotherms and to the calculations 
of the parameters of the adsorbent, the pores 
volume, specific surface, and pores integral and 
differential distribution.  



  Optimal conditions for samples drying are: 
T = 70 °C and time 30 min. 

During this work we determined the structu-
ral changes as a consequence of the treatments 
by: measuring the samples density and porosity 
before and aft er processing. Th e increasing of 
the sample density is directly related to the dec-
rease of their porosity showing thus an inverse 
proportional relation to each other (Fig.1A and 
Fig.2A). Marble samples adsorption-desorption 
isotherms measurement proved capillarity con-
dition Peq> 0.8P0. Based on the diff erential cu-
rve it clearly shows that the untreated samples 
pores distribution varies from 9-10 nm. Th us for 
samples with 10, 20, 30, 40 and 50 treatments, 
the pores diff erential distribution by size results 
respectively within the range 8-9 nm, 9-11 nm, 
13-16 nm and 4-5 nm.  Porosity displacements 
of the samples radius are observed aft er 40 
treatments, showing a gradual reduction of the 
capillary eff ect reducing therefore the structu-
ral damages that may result from temperature 
changes. From the fi rst 10 treatments resulted a 
decrease in the samples volume (as theoretically 
expected). While within the interval of 10 to 20 
treatments, the sample volume increase unlike 
from the expectations. Th is is probably of the 
large crystals and their cavities resulting at this 
stage of treatment. Th e increase of the number 
of treatments reduces the cavities, fi lling them 
by smaller crystals and changing thus their 
geometry. Aft er 50 treatments, the samples 
pores volume resulted the lowest compared to 
the previous treated samples. With this method 
we confi rmed that by increasing of the number 
of chemical treatments an overall reduction of 
the travertine sample porosity can be achieved.
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