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1 Introduction

1INTRODUCTI ON

The research performed during the three years of PhD atudg Department of Physics

and Astronomy (DIFA) of the University of Bologna part of a longerm project
developed at the Nuclear Magnetic Resonance (NMR) Laboratotli®fdepartment

which goal is the advancement of theoretical approaches, methodologies, algorithms, and
applications of Magnetic Resonance for fluids in Porous Media (shortly MREM)

The MRPM Community is now a vast community of scientists from all over the world,
who recognize in Magnetic Resonance an instrument of choice for the chasictemf

porous media and of fluids inside in a vast range of different materials. The scene was
different in 1990, when a series of conferences on these themes was promoted at the
University of Bologna. Now this conference series is called Internatimatina MRPM
conferences and is spread all over the world; after being held in many countries in Europe,
USA and New Zealand, the ®2dition will turn back to Bologna in September 2016.



1 Introduction

One can say that now MRPM studies have acquired the dignity of entezdisciplinary
discipline.

Now, MRPM methodologies have become increasingly important tools to investigate
pore space as well as surface and fluid properties in a wide class of heterogeneous high
surfaceto-volume ratio systems, of natural or synthetigyin, of organic or inorganic
nature. Porous rocks, porcelains, zeolites, colloids, emulsions, gels, suspensions, as well
as biological systems as bones, cartilage, calld foods are in the mainstream of
materials studied2]i[5]. Structure, fluidflow properties, water absorption, water
diffusion and exchange among compartments are typical phenomena examined.

This thesis is an example of the different fields in which the same techniques, methods of
data acquisition and algorithms for data analysis can be applied to get unique information,
from system characterized by a wide raafigcale lengths, which in some cases can span
from a few nanometers to the macroscale level, and by compartments in which water can
be confined under different regimes of diffusion and exchange.

From the beginninghese techniques and interpretation models were applied to both solid
porous media and biological systems that, for many aspects, can be considered as porous
media. In this thesis the same methods of data tacking and analysis will be applied to both
rocksand biological systems. The biological systems will be solid porous media, as bone
and corals, but also human cells.

The growth of MRPM from the end of the 1940s was bound for years to the development
in oil industry of Nuclear Magnetic well Logging (NMlprojects. The idea on the basis

of these projects was to detect the NMR signal of oil and water down in theltslat

the depth of thousands of meters, to evaluate the fractivo-wihiter in the pore space of

the rock formation around the well. Inetbe first works the origin can be found of

10



1 Introduction

techniques later developed for applications other than well logging or petrophysical
studies, that is, fiektycling and exsitu techniques. This last technique allows one to get
NMR signal from samples placed sigte the magnet. Part of this thesis will be devoted

to apply this technique.

The MRPM work at Bologna began in the raidjhties. New correlations were found
among parameters from NMR relaxation measurements and such oilfield parameters as
porosity, permability to fluid flow, irreducible water saturation, residual oil saturation,

and surfaceo-volume ratio, and fast algorithms were developed to give the different
NMR parameters. Interest in valid interpretation of data led to extensive work also on
theinversion of multiexponential relaxation data and the effects of inhomogeneous fields
from susceptibility differences on distributions of relaxation times. In the last few years
extensive developments were made of combined magnetic resonance imaging and
relaxation measurements in different fie[d$.

The last advancements, object of this thesis, regard measurements in highly homogeneous
magnetic fields anth the presence of the magnetic field gradient of sisgled devices.

The experiments performed are single and ndiftiensional NMR experiments. In
particular, during this thesis project twdimensional correlation analyses have been
settled and explted, including relaxatiomelaxation, relaxatiomiffusion, relaxation
exchange. These techniques allow one to study suidaeelume, tortuosity and

connectivity in solid porous media and water exchange and compartmentation in cells.
The most importan MRPM techniques appliedn this thesisare Relaxometry,

Diffusometry and Imaging (MRI) ofH nuclei of liquid water confined inside the pore

space of the porous material. Everybody knows MRI, due to the huge impact it has had

11



1 Introduction

on medicine, thanks to itsnpressive diagnostic power. Nevertheless, very few experts
know that MRI can be applied to visualize in a ft@structive manner internal sections

of porous media saturated with waf@}, with the possibility of 3D reconstructions of the
structure of the pore space occupied by waWhile imaging allows one to get
information at the sampiscale, relaxation data give information at the pswale.
Relaxometry and MRI can be combined in Relaxatioaging, which allows the
spatiallyresolved study of NMR parameters connected witlptite spaceDiffusometry
allowsoneto measure apparent seliffusion coefficient of water inside the pore space,
and measurements performed allowing increasing diffusion times allow one to determine
surfaceto-volume ratio and tortuosity of the pores.a&darements allowing for increasing
exchange time allow one to determine connectivity among pores. These techniques are
alsoapplicable by means of portable instruments or instruments that can in any case be

transported for measurements in situ.

A part ofthis thesis is devoted to Cultural Heritage applications. Until regearsno

one would have thought of employing NMR techniques for materials and objects of
historicalartisticarchaeological interest. This was true because for the study of materials
people thought mainly of NMR Spectroscopy, a technique for high resolution in
chemistry. The scene changed when it was thought to apply to Cultural Heritage the
wealth of knowledge and technology developed in the field of MRPM, that can now be
profitably appied to the preservation of the Cultural Heritgd@¢ for both laboratory
researchand in situ diagnosis on porous media like rocks, ornamental stones, bricks,
cements, mortars, wood. What makes MRPM appealing for Cultural Heritage is the

capabilty of probing in nordestructive and nemvasive manner water molecules inside

12



1 Introduction

the pore spaci]. It is well known that water is the main deteston agent for porous
materials, in which gases and water can diffuse from the environment. This gives rise to
the dissolution of the binder and the creation of internal mechanical stresses. Water also
dissolves pollutants from the atmosphere, causimjcacorrosion of stone. Quantitative
measurement of the moisture contained in a porous material and of lengths characteristic
of the pore space can be analyzed before and after treatment with protective and/or
consolidatve product, and followed in timein such a way that they can furnish
information useful for diagnosis and therefore for planning the most appropriate
conservation, restoration, and maintenance procedtnesesults presented in this thesis
demonstrate the great advancements that MRPMdedermine, as compared to the
traditional methods, in the study of the waserface interactions in the presence of
conservative products, their uniform or remiform distribution inside the samples, the
efficacy of protective and consolidative treatitse This research has been performed in
coll aboration with the AICNtRIOt wtfo Fdior @ecleq
Germany in collaboration with the research group at the Department of Macromolecular
Chemistry of the RWTH University of Aachen.

The same techniques applied to stones of interest to cultural heritage can be applied to
other porous media. In this thesis they have been applied to the skeletons of corals and
human (or animal) bone$hey are solid porous media, with a nmisitiale legth of pore

sizes.If the pore space is saturated with fluids contairfidgnuclei, MRPM methods

allow one to quantify the porosity at different scale lengths.

In the case of the coral skeletons, important correlations have been found between the

porosityat the macroscale and the level of acidity of the sea water when the corals have

13



1 Introduction

grown Important conclusions have been drown about a possible acclimation process of

the corals in a world subjected to climate change, with ocean warming and acidification,

This research has been performed in collaboration with the group of M&idlogy of

the Department BIGEA (University of Bologna).

In the case of bones, the goal of the project was to propose and test an innovative and
norrinvasive procedure for the diaosis of osteoporosis by means of a portable; low

cost, low field NMR instrument. The results show that the values of an important

parameter, the bone volumetotal volume ratio, determined with the proposed

procedure are consistent with the valuesiobtafor comparison withlCT analysis. This
research has been performed in collaboratic
Biomediche-l st ituto Ortopedico Rizzoli o of Bologn
For the analysis of bones, as well for the samples examined for the rese&alural

Heritage, NMR singlesided instruments have been utilized.

Forsome aspest al so cell s can be considered as dp
there are not solid surface to confine water, but membranes. The relaxometry can be used

to detetthe changes of the cellular environments and the water compartmentalization. In

this thesis results are reported of the analysis of changes of a cellular population under

stress. The behavior of the NMR signals (in terms of relaxation times and relgtia¢

fractions) allowed us to distinguish three phases, consistent with the results of optical
microscopy analyses. This research has been performed in collaboration with the group

of Biophysics of the Department of Physics and Astronomy of the Uniyexfdgologna.

14



1 Introduction

In summary time-domain and spatially resolved NMR techniqdeseloped in the field

of Magnetic Resonance fdluids in Porous Medishave been successfully applied to
study various porous systems of different nature and origin, camgahydrogeous

fluids. The unifying principle of this work is showing how the NMR analyses performed
with these techniques can be extended to a multiplicity of porous material and how these
methods are able to investigate the structure of the pace sind other features in a non
destructive manner, on the intact sample, from the macroscopic scale to the nanometric
one. Moreoverthe resilts of this thesis demonstratigat the same experimental NMR
procedures can be successfully applied to perfosearehes in important topics that deal

with the Sustainability of Environment and Human Healthcare.

An important part of my work during the PhD, beside contributing to the planning of the
experiments, to data acquisition and interpretation, has beenedetot (i) the
implementation of the technology of mudtimensional data acquisition and analyais

the NMR laboratory of the Department DIFA; (2) the setup of the ssigied NMR
instrument, constituted by the NMR MOUSE, the lift for its automatic mmaré, and

the console for NMR experiment acquisition. An important experience on the use of this
instrument has been acquired during my research period (6 months) spent in Germany

(University of Aachen an&orschungszentruwf Jilich).
This thesis consts of6 chaptes. The firstone is this Introduction. In the second chapter

the theory of mono and multiimensional timedomain NMR is exposed. The third

chapter describes the experimental setups and instruments used. The fourth chapter is

15



1 Introduction

related to theesearches devoted to the Environment Sustainability, the fifth to the Human

Healthcare. In the last chapter the conclusions are summarized.

16



2 Nuclear Magnetic Resonance in Porous Media

ZNUCLEMRGNETI C
RESONANREPBPOROUS
MEDI A

The physical phenomenon 8fl Nuclear Magnetic relaxation, in moleculfmids, is

mostly caused by dipolar interactions between nuclear spin of nuclei that constitute the
fluid. In various hydrogemus liquids, the main source of relaxation is the dipolar
relaxation of protons of the same molecule. Usually smalkcules (in this case water
molecules) are characterized by a fast rotational diffusion that makes the correlation time
short and thus the relaxation is weak. In this chapter, relaxation and diffusion processes

of hydrogemusfluid confinedin porous media are discussed.

21Rel axation of fluids i n por ous

NMR relaxation and diffusion are fundamental phenomena for investigating the dynamics
of nuclei and their interaction with surrounding environment. In fluids that saturate
porous media, sue physical processes participate in the relaxation. The most significant
contribution is related to the diffusion at the surface of pores, where spins experience
relaxation at the boundary of liqugblid [9], [10]. In order to describe thizehavior the

surface relaxivity parameter J, related tc

17



2 Nuclear Magnetic Resonance in Porous Media

the solidliquid interface, is considered. The so called surface relaxation is the physical
phenomenon that characterized the interaction between the sofidce and the
molecular fluid[11].

Considering a fully saturated pore of volumgwith a surface layer of liquid of thickness

d and volume V = dS whereSis the total surface of the pore, the effective relaxation is

an average between the contribution of the bulk and the surface, since the water molecule
moves between the bulk volume of the pore and the thin layer at the surface. Relaxation
parameterd; , are described by the following equation

p p QIY_ p
Th ~ o Q,Vﬁ Eq.1

Where indexeb denotes the bulk relaxation aathe relaxation at the surface. Defining

t he sur f aegx 1deolthe abovwe equagion pecome the welbwn equation

” “Y
h O Eq. 2

wi t e njd sunface relaxivity foif: andT, relaxation respectively. This relationship is
justified by the assumption of fast diffusion according to which molecufieseiquickly
between the surface and the bulk volume. This assumption is valid in a wide class of
porous media saturated with water as reported in literdfitp [13], [14], where the
validity of this assumption is verified by the comparison between Mercury Injection

Porosimetry (MIP) and NMR analyses.

18



2 Nuclear Magnetic Resonance in Porous Media

22Di f fnusoifo fl uids i n porous med:i

The porous structure of the medium confines the motion of fluid molecules and often this
feature determines a reduction of the measured diffusion coeffibign{15], called

apparent diffusion coefficient, respect to its bulk vddgeThe bulk diffusion coefficient

is an important parameter to describe the translational diffusion under the condition of
randomBrovni an motion. The Ei nst dmucholagedrard i ni t i

times that characterize molecular collisions
(i o in C Qoo Eq.3

Where< é >is the mean square displacement of diffusing mektules over all initial r(0)

AT A EET Al 06j 6q biT OEOEIT 1 Oh AEI EO OEA AEI Al OE
indicating the bulk condition.

In porous media, since the solid matrix is not permeable by water, the motion of fluid
molecules is estricted. In particular, for an open porous material with interconnected
pores, the apparent diffusion coefficiddft) shows two dferent behavics depending

on the time interval given to molecules for diffusing.

At short diffusion timg/16], molecules diffuse a distancBo(t)'? that is comparable to

the characteristic length scaléthe pre and, for this reason, molecules are sensitive only
to the confining geometry of the pore. The attenuation of the diffusion coefficient results
to be

0¢ 0 Q¢ Al Eq.4
o p 0 0= g.

19



2 Nuclear Magnetic Resonance in Porous Media

Where A is a dimensionality constait ( —F for spherical pores). The secadmehavior

occurs when the diffusion mean square displacement is larger than the pore &iBe. In t
situation, if pores are wetlonnected, diffusing molecules move around the grains in such
a way that the total distance in order to achieve a displacenietdrger tharx. Thus,

the reduction oD(t), at long diffusion time, approaches a constaitie related to the

tortuosity factor U according to the foll owi
0 00 H p -
o | q.

For porous media saturated with fluids characterized by spherical pores interconnected,

the attenuation of the diffusiaoefficient follows the equatiofl7]:

T Covy p Qo

’O(‘-: QMT a\_ P | O —

T P — . — EQG
p T COY p 0o

Wh e r iga fitfing parameter with dimensions of time and it represents the typical time
that the molecules need to diffuse a macroscopic distaaceeach the tortuosity limit

[18] d  1%Do.

23Twai mensi onal NMR

Usually, the onadimensional NMR concerns an experiment in which signals are acquired

as a function of a controlled variable parameter of the specific rf pulse sequence used. On
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2 Nuclear Magnetic Resonance in Porous Media

the contrary, the muldimensional NMR, in pdicular two-dimensional NMR, refers to

an experiment performed by controlling two different variable parameters. In order to
obtain the tweparameter correlation function, a twomensional Inverse Laplace
Transform (ILT) is required. The twdimensional WIR methods exploited in this thesis
regard the following two correlation functions: ExchaRpaxation (B-T2) and
Diffusion-Relaxation (BT>).

In a conventional 2ENMR experiment, where the two dimensions are the parameters x
and y, a data matrix M is sgled for variable times: andt». The relationship between
acquired data and the correlation functie(®, y)is given by a Fredholm integral of the
first kind with the tensor product kernel

0 tFrt OG0 ot O ot QoQ Eq.7
Wherek; and k. are continuous and smooth functions. For fluids in connected porous
media, characterized by diffusion between pores, the diffusion phenomenon cannot be
assumed as independent from relaxationiamscribed19] by equatiorq. 8.

Indeed, the evolution of magnetizatiom the presence of diffusion and relaxation

phenomena is described by the Bléabrrey equatiorn20]:

—a i © aim ‘' cikt Eq.8

where pis the bulk relaxation rate and m is tfedative differenceof the magnetization

andits equilibrium. The acquired signalis 6 _ & il Q.
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The generatolution of theEq. 8 can be written as a sum of eigenmades

~

a i C o Eq.9
whereaaar e t he weights of the ejapaonmaaedes i n t h
eigenfunctionsantinor mal i zed iwigbnivalupsarae :orthogona
, o P
(@ % 1| T_ Tt Eq10

with the boundary condition at the pore surf@8e % "% T wheret is the unit
vector normal to the pore surfaBeGenerally, the two eigensystems relateditandT:
processes are different because the surface

and forTo.

2.3.1Relaxation correlation: T1-T2 relaxation-relaxation

The typical T:-T> experiment uses the IBPMG as pulse sequence. In this case spins
show two different dynamics. In the first periadthe magnetization evolvescording

to a Ty process and it is described byniodes. At the end of this period, the magaion
mif,ta) is

~ o - — Eqg.11
ap Mo % »C g
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where ais determined by thmagnetizatiomt t he end o fo(r)t=hle f i r st
The second period start s \whemidgnetizhtiento the2 p ul
transverse plane and the pin dynamics follows ardcess governed by-modes. The

CPMG echo signam(r,ta,ts), evolves according the Eq.12.

Eq.12

G wko Fo 0% »C

where ® _ ap M % »QU In the timedomain, the signal is the integral of the

magnetization:

Yo fe a »ofe Qt i C Eq.13

Using the notation%eo [ L % QU where%s is the complex conjugate &,

i % p %o %o %o p . Theplrepresents a constanction within the pore.

After a Laplace inversion, the resulting spectrum is
[ P P% % % sl T VTV ™R Eqg
hh

Sgmml s with i = | are c-didgomald di agonal and
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2.3.2Relaxation correlation: T>-T2 exchangerelaxation

A T»-T2 experiment uses pulse sequence composed by two CPMG with a time interval
 interposed. D u rairefated tot theefirstt PM@ sequenceheo d  t
magnetization dynamics is described bynb d e i$). Af the end of the period, the
magnetizatiooml(, t;) results to be:

Gp oo % »C Eq.15

After the time interval m, wher aeprdcdsg magnet i
another train of CPMG pulses is used for acquiring data. The evolution of the detected

signalm(, ta, b) is:

a o fo % »C Eq.16

where @ _ Gp MWD % »'QU In the timedomain, the signal is the integral of the

magnetization:

Yo fe G »ofe Qu i C Eq.17

Using the notation%o [ L %[ QU where%o is the complex conjugate &,

i % p %o %o %o p .Theplrepresents a constant function within the pore.

After a Laplace inversion, the resalji spectrum is
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y
i P % % % (%es % pC
AR Eq.18

7N AARTEON N

Dur i ng t hspingrelax aaatdingpo the Pprocess, thus, the magnetization
dynamics is described bymodes. Whegp =Y B $6o0los p and the spectrum is

N po% % p 1N VYV g

and only diagonal signal s surieniswcentrolled/hen o
by the nororthogonality betweefo and %0 , and offdiagonal peaks appear in the

resulting map.

Further details about the specific experiment performed in this thesis are discubged in
section3.2.2.2

2.3.3Diffusion-relaxation (D-T>)

The correlation functio®-T> is often studied by the use of a STIPMG, a Stimulated
Echo sequence followed by a CPMG sequence, with Pulsed Field Gradients (PFG). In
this situation, the spin dynamics has two diffeteehaviors The first is encoded by the
first gradient pulse and the second is decoded by a second identical gradient after a time

interval o@. Thus, the magn®)tsi zation after

25



2 Nuclear Magnetic Resonance in Porous Media

Gp ihm 0% 1 G C Eq.20

wheredd I 2% . 'Q 4%%o0 »'O» Tij corresponds to decay time constants

and L-modes describe the magnetizatiditer a time interval-, a secondidentical
gradientis pulsed. Then, the secopart of the sequence is a CPMG, thus spins are

governed by " modes. The echo signal(r, 3, t) evolves according to

a v B 0% »C Eg.21

where® _ G p »icha % »'QU The resulting timelomain signal over the total

volume is

"Y haho G »hoha QU i AC Eq.22

wherei 11 OpsQA Weolileos) 2o %o P .
Further details about the specific experiment performed for this thesis are discussed in
the sulsection3.2.2.3

24Lapl ace I nversion

In NMR relaxametry and diffusometry most of data analyses are performed by the use of
a Laplace inversion in order to obtain the distribution of relaxation times or diffusion

parameters. Tik kind of inversiornis ill-conditioned and small noise can drastically affect
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the resulting distributiofi21]. One of themost commorway to solve this problem is
described in thisubchapterwherethe essential mathematiés approaching t ILT

problem is presented.

2.4.10ne-Dimensional Laplace Inversion
The onedimensional Laplace inversion consist in the determination of the relaxation

times distributiorA(T) from the acquired dataskt(f), andd0 * Q0 "YQ'Y -,
whereT is the relaxation constant aftis the noise. In discretized matrix form, the

previous equation can be rewritten as

0 0b O Eq.23

M is the data vector aridthe noise vector. MatriK is the kernel and is thediscretized
version of A(T). Thus,M andK are known and the true solutidnsatisfies the criterion

A 0voE ,,where&£i s t he vector norm and 0 is
real caseseveral solutionsatisfy the criterion. In order to findumiquesolutionacertain
criterion is chosen (i.e. stability against noise) areballarization metho[22] is applied.

A fit to the data is obtained through the minimization of the following expression:

A) L OE | ADA Eq.24

where the first term calculat¢he difference between the data and theafid the second

is the regularization terms contfindslal ed
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smoothsolution with a small Zhorm£6 A& The minimizatio is usually accelerated by

the use of Singular Value Decomposition (SVD) of the madrix

2.4.2Two-Dimensional Laplace Inversion

Two-dimensional NMR experiments are performed by controlling two different
parameters: andt, of the pulse sequenchklost of seqences are designed in order to
acquiredatathat exhibit ebehaviordescribed by th&q. 7, where the kernddis split into

two independent componerksandko,

Ezlg 0 E zHJE z R .
z g Z Z £q.25

Here x and y are the distribution parameteisTZandD). In this case, gevious equation

can be writtenin matrix notation as:

O 0OV 0O Eq.26

whereM andE are twedimensional data matrixe$ data and noise, respectively. The

elements of the kernel matrixes are defined by O+t ho and O
Q¢
SVD of matricesK: andKzis performed to reduce their dimensidimen the minimization
of

A) 0L OL A | AOA Eq.27
is calculated.
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The tensor product nature of the kermélis an advantage because for 2D NMR
experimensizes of K matrix make not possible thieectcomputation of the SVD. When
the SVD is calculated fdk; andK>, the twedimensional inversion problenk(. 26) is
converted to the ordimensional caseeQ. 23).
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3 Instrumental Setups

SINSTRUMENSEALWUP S

In this chapteNMR instrument&nd pulse sequencesed folinvestigating porous media

are described. ring my doctorate | exploited the possibility to manage different
instruments in NMR laboratories of Bolog(@epartment of Physics and Astronomy,
Department DICAM, University of BolognaJ his instruments are: a relaxometer based
on a Jeol €H 60 electromagneta tomograph based on the Artoscan permanent magnet
and a NMR MOUSE Profile PM10. Moreover, | spent aqeeabroad, in Aachen and
Julich, Germany, where | had the opportunity to deepen my knowledge aboutsaerde
NMR by the use oMOUSE Profile PM25 (Research Centre of Julich). In the same

Institute, | also realized MRI on a tomograph based on a Var@arsonducting magnet.

31l nstrument s

3.1.1Single-Sided NMR: the MOUSE Profile

The NMR MOUSE (MObile Universal Surface Explorer) is a sirgjted NMR
instrument[23], [24]. Unilateral magnets are characterized by a strong magnetic field
gradient G perpendicular to the magh surface. Therigure 3.1 depicts the basic

operational principle of the instrument.
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Figure3.1 - Sketch of the operational principle of the MOUSE). sensitive volume(2)
magnetic field B and (3) the cail.

The radiofrequency coil, that generates theaBd acquires the relaxation signal, is
located between the Northern and the Southern magnetic pokesnagnet is based on

a U-shape geometry. In order to improve tiomstancy of the magnetic field gradient, the
two magnets of the 48hape are split intfour magnetic blocksThe sensitiveszolume is

17 mm x 17 mm in the XYplane for the MOUSE PM10 and 25 mm x 25 mm for the
PM25.The thickness can be varied in the rab§8-300 um changing parameters as the
pulse length and the acquisition sampling rate. Inside the sensitive volume, the magnetic
field Bo=0.327 T for both the PM10 and the PM25, corresponding to a Larmor frequency
for *H nuclei’ o = 13.9 MHz. The fundamentalfeature is the strong magnetic field
gradient that is @o= 14 T/m for the PM10 anddzs = 7 T/m for the PM25as declared

by the constructor

An interesting felure concern the capability to wathe distance h of the daespect to

the sensitive volume through the insertion of spacers between the coil plate and the
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surface of the magnet. Fore PM10 the maximum value bfis hio = 10 mm, while for
PM25 hs =25 mm. The distance h allows to conduct NMR analyses insdmgle, just
approachig the instrument to the samples. wall paintingg25], or just leaving the

sample on the instrument plate.

o

Figure3.2: MOUSE PM10 mounted on a lift and KEA Il spectrometer

Furthermore, exploiting this characteristic, it is possiblecthange the depth of the
sensitive volume inside the sampléseful information about NMR parameters can be
acquired as functions of the depth by repeahNidR experimers at different position
inside the sample. With the use of a hglecision automatelift, piloted by the Prospa
software, it is possible to move the MOUSE stes of order of micrometerdn this
way, the singlesided apparatus can acquiM®R Profileswith micrometric resolution
[26] and a maximum depth of the order of centimeters.

In this thesis, the MOUSE was controlled by a KEAIl spectrometer. The KEAII is a

complete NMR digith spectrometer suitable for performing a wide variety of NMR
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experiments. It consistdf many mules depicted Figure 3.2 all powered from a 24 DC

input. It is connected to the PC via USB interface andntasaged by the software.

3.1.2Electromagnet Jeol

The apparatus located in the NMR laboratory of the Physics and Astronomy Department
of the University of Bologna, is an -imuse relaxometer based on a C66L H
electromagnet controlled by the POVMR portable console (Stelar). Measurements
reported in thisthesis were performed at a frequency of 20.15 MHzfrnuclei
corresponding to ad3= 0.473 T.The coil has a cylindrical shape and it is located between
polar expansion of the magnet where the field has the maximum homogeneity. The
sensitive volume has diameter d = 8 mm and a thickness | =5 mm.

The acquisitions performed by theoftwareAcqStelarNMR/FFC developed by Stelar.

3.1.3Artoscan Tomograph

The Artoscan (Esaote S.p.A., Genova, Italy) is a tomograph characterized by a 0.2 T
permanent magnet, opéirg at 8 MHz for!H nuclei. An important feature is the
dimension of the magnébrethat allows toanalyze samplesf sizes up talO cm. The

high homogeneity of the magnetic field and the possibility to use coil with different sizes

make this instrumeniseful also for NMR relaxometry studies.
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Figure3.3: MRI apparatus based on the Artoscan Tomograph

3.1.4Halbach Magnet: Benchtop MRI tomograph

The Benchtop MRI Tomograpk based on a cylindrical Halbach magrcharacterized

by alarge sensitive volume in laighly homogeneoustatic magnetic field BO = 0.6T,
perpendicular to the cylinder axis. The magnet is composed by several individual block
of permanent magnets aligned according to the geometry depiceleimatic oFigure

3.4a.
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Figure3.4: a) Sketch of magnet geometry. b) Magnet. ¢) Tomograph

The cylindrical coil is placed inside the magnet with the axis parallel tmdgmet axis.

The diameter of the coil is 60 mm and the height of the region in the homogeneous BO is
h = 60 mm. The instrument is designed for MRI analyses of medizensamples, but |

used this instrument for 2DMR relaxometry analysisA KEA Il spectometer
connected to a Personal Computer was used for piloting the experiment. The Benchtop
MRI Tomograph is located in the NMR laboratory of Agrosphere Department of the
Research Centre of Juelich, Germamjoreover, h the same researcGentre |
performeal magnetic resonance imaging experimemnt¥arian tomograph based ona 1.5

T superconducting magnet suitable for analysis of large sample-{ivoistudy of trees).

32Pul se sequences

In this subchapter, NMR pulse sequences are described. In particulawyirfg
descriptions are referred to pulse sequences dedicated to-sgedeinstruments and

executed by the KEAII spectrometer.
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MRI experiments in this thesis were performed by the use of a basic Spin Echo Multi
Slice sequence and no further specifaad about imaging experiments are described in
the following section.

3.2.10ne-DimensionalNMR Pulse Sequences
3.2.1.1CPMG i Transverse Relaxation Time

One of the most frequently used RF sequence for characterizing the transverse relaxation
time Tz is the CPMG pulseequencg?7], [28]. A sketchof the sequence is presented in
theFigure3.5.

: 3tE' t

Figure3.5: Sketch of theCPMG pulse sequence.

It consists of an initial “~ /2 pulse followed
two ~ p uid calledte, echotimeThe °~ pul se refocuses the mag

due to B inhomogeneity and it forms an echo of ignal at the measuring time t =2 t
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Through the transmission of a traineof

signal of the CPMG echo train governed by theelaxation procesgq.28.

Eq.28

wheret=nh wi t h n = 1, 2, 3, é

3.2.1.2Saturation Recoveryi Longitudinal Relaxation Time

For instruments based on inhomogeneous magnetic fialdise pequences designed to
measure the longitudinal relaxatiomé T. generally consist of threwain parts. The first

is a preparation stage, during which one or meoadiofrequencypulses move the
longitudinal magnetizatiomway from its equilibrium state. The second is cafreg
evolution periodbecause the magteation return in theequilibrium statethrough a
relaxation process. The last igletection period, in which the longitudinal magnetization
is converted, by a / flse, into a transverse magnetization, in order to measure the
system state achieved during the previous stage.

The most usedsequencedor determining T1 are thénversion Recovery(IR) and
SaturationRecovery(SR). In this thesis, measurementslod fongitudinal relaxation time
were performed by Jeol C60-lHand Artoscan, using aiR sequence and by MOUSE,
usinga SR sequence. A sketch of tiER executed by NMR MOUSE is shown kigure
3.6.
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LA AR,
M,
/ ' t

Figure3.6 Scheme of th&aturation Recovergulse sequence.

The sequence depicted in the figure above is composed by a saturation recovery (encoding
sequence) and a CPMG (detecting sequence). Indeediirst stage consists ian
application ofa train of” / palses, in order tpre-saturate the transverse magnetization.

In the second period during a free evolutiontime interval U the longitudinal
magnetization grows from zero to its maximum valugtMoughan exponentiatime

dependencédescribed by the equation

ot 0 p C Eq.29

After anot her ’the Bngpudinasnagneétibatointo theoXY pldne a
CPMG sequence isxecutedfor the signal detectiorOncethe signal is acquired, the
entire sequence is repeated varyirejuesof t he fr ee @dnvooderud i on

sampling the buileup curve ofthe longitudinal magnetizationFor obtaining an
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appropriatesampling i s vari ed | o theacquitedprodesssexpécied b e c a u
to be an exponential

Extrapolating for t = 0 the magnetization value of acquired CPMGs it is possible to follow

the trend of the longitudinal magnetizatio(/) and to estimatdhe longitudinal

relaxation timeslistributionthrough Laplace Inversion of data

3.2.1.3Stimulated Echoi Diffusion coefficient

The stimulated echo sequenceoften used toinvestigatethe diffusion coefficientof
molecular fluid429]. Inorder to exploifong diffusion timesrespect to Spiiccho based
sequences, during tliiffusion periodthe magnetization is stored irdrectionwhere it

decays due toilrelaxation proces3 heskedch of thesequence is depictead Figure3.7.

>

T A TtE‘ t

Figure3.7: Sketch of the Stimulated Echo sequence.
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The first pulse isa / Rftera t jasezond) /xiappliedwith the consequent rotation

of the ycomponent of magnetization into theaxis, in whichthe relaxation occurs

according thetimeconstant. Thi s period is all owedthet o evol v
stored longitudinal magnetization is converted intmgv@rse magnetization by the use

of another /x ulse In the last stage, the signal is acquired I6PMG sequence

The signal attenuatiozaused by the diffusion processcurredduring the evolution time

interval o result to be:

Y C OO Sy
“ v ® 5 Eq. 30

G is the intensity of thefield gradient, D the diffusion coefficientp t he gyr omagnet
ratio andt is the encoding time

In the case of molecular fluids filled porous media, the Stiradl&cho sequence makes

possiblethe evaluation othe SVR of the confining geometa0]. Indeed, varying the

value ofgpparameter, thbehaviorof the diffusion coefficient Dp) ¢ amalyzbdm

order to obtain an estimation of thé&/$ according to theEqg. 4 described in the

SubchapteR.2

3.2.2Two-DimensionalNMR Pulse Sequences
3.2.2.1Saturation Recoveryi CPMG: T:-T, Correlation

The analysis of FT2 correlation function was performeay the MOUSE PM2%on

porous media filled with wateifhe pulse sequenaesed for this study idescribed in
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subsectiorB.2.1.2with an important differencén the sequence previously descripte:
CPMG is executed only fox&rapolatingavalue of the magnetization, while, in this case,
thesequence is entirely stored for each value bf this way, by repeating the SEPMG
varyingt for mtimes, andacquiringsignals through the use nfechoes othe CPMG
sequence, a dataatrix Y of sizesnx n is stored.

For the evaluation of the;T> correlation map, the data matrix is processed accotding
the method described in the subchajtdrby a 2DILT. In this case, kernels related to

relaxationprocesses are land k with

An example of a data matrix Y and the corresponding-dimmensional Laplace
transformation is depicted kigure3.8.

]
Log, (T ) [s]

Figure3.8: Example ofT;-T» data matrix Y on the leftand the resulting map on the right.
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3.2.2.2CPMG i CPMG: T2-T2 Relaxation-Exchange

The pulse sequence performed for the study of relaxatichange correlation function
[31] is skeched inFigure3.9.

x, n

llll LN

i

t ' ' t,

/\/\/\/\A -
{s o

Tm tE t

Figure3.9: Sketch of the CPM&PMG sequence.

Three main periods are distinguished. During the first period, a CPMG is perftomed
encoding the fst dimension of Trelaxation process. At the end of the first stage,/a2
pulserotates the magnetization along the longitudinal axis and a time inter(raixing
time) is waited. During this time the magnetization evolution follows therdcess. At
the end of the second period, another CPMG sequence is applied iticoddtect the
signal. The CPMGCPMG sequence is repeated foitimes, each time increasing the
number of echoes of the first CPMG and acquiring the signaldmhoes of the second

CPMG. When the experiment is finished, a data matrix Y of sipes is aqquired.For

the evaluation of the 2fT> correlation map, the data matrix is processed according the

method described in the subchap2e# by a 2DILT. In this case, kernels related to

relaxation processes arednd k with
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M Q and 0 Q .
In general, the exchange process is detectable through the map by the presence of off
diagonal peaks for values tf longer than the shorten Telaxation class. Usually these
peaks are symmetric respect to the principal diagonal and their coordinates are
representative of relaxation rates of different classes of poresh®&utterpretation of
2D exchangeelaxation maps is not trivi§B2]. The reasonsiinthe interaction between
exchange and relaxation processes during different periods of thes@gisance. Indeed,
the relaxation probed during the encoding periodsplies that exchange can never be
restricted to the mixing period and must also be considered during the encoding periods.
As a consequence, ttwo-dimensional relaxation exchange n@gnotbe irterpreted
as pure exchange mapsit asexchange probability densities. Moreovdue to this
behavior relaxation exchange maps avéien non symmetric and peakpositions are
shifted from the cross coordinates of the apparent relaxation degsfied on the

diagonal

3.2.2.3Stimulated Echo - CPMG: D-T» Correlation

The diffusion coefficient D of Aydrogemusfluid can be mapped in correlation with the
T2 relaxation processlhe specific sequence executed by NMR MOUSE PM25 is a
Stimulaed Echa” CPMG[33], [34]. As in the case of SRPMG sequence, the sequence
used for this study ithe same of the one describe in the-dmeensional experiment of
Stimulated Echo sequencEigure 3.7, subsection3.2.1.3 Also in this situation the
CPMG is acquired and number of echoes are entirely stored. The combination STE
CPMG is repeated fantimes, varying the encoding parametem this way at the end

of the experimentthd at a matri x Y of sizes mForthen i s
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evaluation of the B> exchangeelaxation map, the data matrix is processed according
the method described in the subchaj2tdrby a 2DILT. In this case, kernels related to
diffusion and relaxation processes ar@Rkd k with

Correlation DT2 maps In particular, as the value of paraeredp, time | eaved fo
diffusion process, increases, much more time is given to spins for moving. In a restricted
geometrylike inside a porous medium, the value of the diffusion coefficient is attenuated,

due to SVR of the confining pore,asafuncstioo f t he d iThukunsreasing t i me .
t he v al uceossugthe igforraatioth about the transverse relaxation process to the

one about the diffusion phenomendarpossible to distinguish different classes of pores

and follow their own diffusiofbehaviors
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4 ADVANCHERBPLI CATI ON
ENVI RONMENTAL
SUSTAI NABI LI TY

41Cul tur al Heri tage

The preservation of historical buildings and outdoor cultural assets is a necessity for the
humankind because the artworks are the testimony of our past, as well ani@mieco
resource for the present and future times. The main causes of degradation of stones, the
more important porous materials for these artifacts, are linked to cheyhigsital
processes that influence the ingress and diffusion of water (liquid or yapta the

porous structure. Water, in fact, in the condensed phase dissolyasfbllutants from

the atmosphere, causing acidic corrosion of the stone or the binder, and it is responsible
of internal mechanical stresses caused by freethaging cydes or salt crystallization

[35]i [38].

In this NMR study, | tested the efficiency of protectives and consolidants applied for
preserving carbonate stone material, of interest to Cultural Heritage, from the damage

caused by atmospheragents.
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4.1.1Protective compounds

The use of hydrophobic compounds, typically synthetic polymers, is a common practice
to protect surfaces frowater [39], [40]. However, it has been demonstrated that the
efficiency and durability of the treatmerdepend on the characteristics of the compounds
used, on the treatment procedure and on the chemioaralogical nature of the
substrate. In particular, for an effective preservation of the subptftehe protective

agent must have a uniform distribution, good penetration into the porous structure, and
low propensity to pore blockage. Last but not least, the protective compound must be
soluble in benign deent for operators and environment.

Among the protective agents used to protect porous materials, perfluoropolyethers have
many of the properties required for an ideal protection, such as high stability, water
repellency and low surface tension. Unfortiehg these compounds are soluble only in
chlorofluorocarbons (CFC) and in supercritical C@herefore their use as protective
agents for historical stone artifacts has been abandoned since 1995.

Therefore, this work was focused on the preparation ofwaloe average molecular
weight protective agent containing short pendant perfluoropolyether segments linked to
an oligo(succinamide) chain (S&FPE) in order to realize a compound characterized
by the protective action of the perfluoropolyethers and thebgity in environmental
friendly solvents. The product was synthetized and the treatments were performed by M.
Camaiti (CNRIGG, Florence).

4.1.1.1Materials and methods

Samples (5x5x2 c#p of Lecce stone, a biocalcarenite with total porosity P48%,

porosity accessible to water BB= 39% were used to test the performances of the
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protective treatments. The pespace of this stone is macroscopically very homogeneous
but there is a substantial range of pore and -pbamnel sizes: Mercury Injection
Porosimetrygives a range from 0.0im to a few micrometers, with a sharp peak at just
over 2mm.[8]

The hydrophobic treatments were performed on only oneBx5urface of the prismatic

stone samples using S®FPE and a commercial fluoroelastomer (N215) as a reference.
SC2PFPE is an oligo(ethylensuccinamide) containing low molecular pendant
perfluoropolyether segments. The compound was applied both agW/&¥solution in

a mixture of 2propanol:HO (70:30, w/w), and as 1% (w/w) suspension in a mixture of
2-propanol:HO (70:30, w/w). N215 was applied as 1% (w/w) ethyl acetate solution. For
all products the amount of solution/suspension to be applied Wwadatad considering

a final theoretical amount of active compound on the stone surface of 20 Tdien
solution/suspension was deposed on the stone sample by pipette. The solvent was
evaporated at laboratory conditions and then the stone specimensie@itie desiccator

to determine the mass of active product actually applied before subjecting them to the
tests for performance evaluations. Three samples for each treatment were prepared. All
of them were used for the water capillary absorption test amdttio were used for the
vapor permeability test and the third for the phstiability measurements. One of the two
specimens used for the evaluation of vapor permeability was later used for the MRI
analysis.

MRI images were collected using Artoscan (Ee&®p.A., Genova, Italia), a tomograph
based on a 0.2 T permanent magnet, operating at 8 MHE fouclei. Multislice Spin

echo sequences were used to obtain at the same time a number of adjacent axial sections

on each sample sufficient to cover all g@mple (thickness of each slice =5 mm, gap
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between slices = 1 mm, pixel size = 0.78 x 0.78*nRepetition Time (TR) = 900 ms,
Echo Time (TE) = 10 ms, number (N) of Scans = 8). Bright regions in MRI images reveals
the presence of water (the signal is thuthe'H nuclei magnetization). The signal in each
pixel is proportional to the water amount in the corresponding voxel only if the nuclear
magnetization is allowed to reach the equilibrium after each acquisition sequence. In
porous media, wide distribwins of longitudinal and transverse relaxation timesrid

T, due to wide distributions of pore sizes, are observed. In order to allow all components
to reach the equilibrium, it is necessary to have an echo time TE much shorter than the
shortest ¥ compaent inside the sample and a repetition time TR much longer than the
longest T component in the sample. These conditions conflict with instrumental
limitations (minimum TE is 10 ms) and measurement duration, which is proportional to
TR. MRI images were k&n at increasing intervals of time during capillary water
absorption, from one hour up to a week. Images were analyzed byhansae software

in order to quantify the water signal (in arbitrary units) inside the samples, in a scale that
was the same faall the samples. From each slice, the algorithm also created a signal
profile along the shortest side of the sample by the sum, for each row of the image, of the
values of all the pixels. In order to characterize the spatial distribution of the water in th
stone, the thredimensional view of the sample was reconstructed starting from the two
dimensional slices, by implementing an algorithm under the Enthought Canopy
environment, a Python academic free distribution for scientific and analytic computing.
MOUSE PM 25was used in order to realizelD diffusometry studgnd 2D corredtion
mapsAll the following analyses were executed with the sensitive volume ceibrad
diffusometry, the Stimulated Echo sequence was appliedRuide Length = 12 us, TR

=5 s, TE = 80 psnumber of echoes 512, t varying from 0.08 ms to 0.4 ms with 32
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steps and for each experiment the mixing tgpwas varied and it assumed the following
values (4, 12, 50, 100, 150, 200 and 401) In this way, according to theq. 3Q the

value of D¢ was calculate, for each and the SVR was evaluated following the Eq. 6.

2D NMR was performed b$TE-CPMG andSR-CPMG pulse sequences, in order to
study correlation function®-T2 and T1-T2 and respectivelyThe STECPMG was set

up with the same parameters of 1D STE with the exception of a higher number of echoes
in the CPMG sequence (4000 echoes) in order to satim@lentire relaxation signal. The
SR-CPMG was performed with the following parameters: the SR was sampled with 128
points logarithmically spaced from a value of 0.1 ms to a value of 6 s, while the CPMG
was set with the same parameters used in the-GHMG. The 2D inversion was

performed by an algorithm based thie work of Venkataramanaj#1].

4.1.1.2Results and discussion

MRI is a method, not conventional for these kind of investigations, that allows the
visualization of liquid water inside a porous material and allows to test the legmotn

the different penetration depth and distribution of the products in the different treatments.
The evaluation of the protective efficacy by URIN 158012010 metbd[42] is obtained

by water absorption through the treated face. On the contrary, the MRI analyses were
performed with water absorption through both the treated and the untreated face, giving
clear and riable results. Indeed, in the extreme condition of the hydrophobic product
concentrated on the treated surface, the absorption through the treated face would produce
dark images (typically black), because the hydrophobic compound would block the
ingress 6liquid water. On the contrary, the absorption carried out through the untreated

face would determine bright images, similar to those of the not treated samples. The
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hydrophobic treatments performed in this work never gave rise to the limit condition
expased above, and the different behavior and properties of these stone protective agents
and treatments were clearly demonstrated through the comparison of the MRI images
acquired after water absorption through both the treated and the untreated face.
Figure4.1 reports the images of an internal slice of the specimens during the kinetics of

water absorption through the treated surface.
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Figure4.1: MRI images of an internaection of the samples of Lecce stone, over time of water
absorption from the treated face. NT is the untreated sample. N215 is the sample treated with
fluoroelastomer, SCPFPEsol and SCRFPEsusp are the samples treated with-BERE in
solution and ingspension, respectively. The LUT represents the signal intensity in arbitrary units.

The images of the samples treated with the partially fluorinatgdammide(SC2

PFPE) show a more prolonged resistance to water uptake than that treated with the
fluorodastomer(N215). In fact, the images corresponding to the samples treated with
SC2PFPEsol and SCRFPEsusp appear dark (almost black) up to 2h and 4h of water
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absorption, respectively, while those of the sample treated with N215 show slow but
progressivengress of water already at 1h of absorption. After longer absorption times
(up to 192 K 8 days) water can penetrate and is distributed in the entire sample for all
the treatments, confirming the substantial absence of closed pores, in accordanee with th
high residual permeability to vapor (data not reported). By comparing the gray levels of
the images with the look up table (LUT) the final amount of water absorbed appears less
in the treated samples than in the untreated one. Quantitative data omsthefrwater
absorbed Kigure 4.2) confirm the information obtained by the images: the untreated

sample absorbs more water (about2DB86), and faster, than the treated samples.
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Figure4.2: Water mass per dry mass (%) absorbed from the treated face of the samples of
Figure4.1 as a function of time.

The higher amount of water absorbed by the untreated sample cannot be due to a different
water uptée ability of this sample (typically ascribed to different porosity and pore sizes)

in respect to the other three samples, but only to the presence of the protective agent inside
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the pore space. In fact, in the water capillary test carried out on thesaamées before
the treatment, the same untreated specimen absorbed less amount of water than the other

samples (data not reported).
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Figure4.3: MRI images of an internal section of the same samples aelstone irFigure 4.2
over time of water absorption from the untreated face.

The images of the kinetics of water absorption through the untreated-igoee4.8)

show slower and less water absorptioan the untreated one, both at short (1 h) and long
times (168 h 7 days) of absorption.

In this case, all the hydrophobic treatments give the same trend in terms of mass of water
(Figure 4.2, also for short absorption times-f0h), but the images c&famples treated

with N215 and SCPFPEsol show a nemniform distribution of water. In the case of

N215 a darker region at about 5 mm from the treated surface, well visible at long
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absorption Figued$ and Fyure4B)h indicates that the polymer is
concentrated near the treated face. On the contrary, in the case-BF®ERo0l a darker

region is visible at about 5 mm from the untreated face.
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Figure4.4: Water mass per dry mass (%) absorbed from the untreated face of the samples of
Fig.4-1 as a function of time.

This region is already visible after 1h of water absorption if the test is performed through
the untreated facg-igure4.3), and after longer times (4h) when it is carried out through
the treatedace Figure4.l). This effect is observed in the entire sample, not only in the
section shown irrigure4.1 andFigure 4.3. Figure4.5 is a threedimensional view of

this specimen in false colors, reconstructed from all the adjacent slices, after 4 hours of
water absorption through éhuntreated face. This behavior is justified with a high
propensity of SCZPFPEsol to penetrate inside the porous medium, with an accumulation
of the product at the face opposite to the treated one due to the limited thickness of the

specimen (2 cm). Sindée initial kinetics of water absorption through the untreated face
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is similar for all the treatments (inset Bigure 4.4), the accumulated protective agent

does not seem to substantially reduce the water ingress in this sample.

Figure4.5: Threedimensional reconstructed MRI image of the Lecce stone sample treated with
SC2PFPEsoal after 4 hours of water absorption through the untreated face.

As known, the velocity of water ingse is governed by the smallest pores, the results
shown above suggest that SEBPEsol is mainly distributed in meditlarge size pores.

The high hydrophobicity of SCRFPE, as suggested by the low wettability of the treated
surface, is responsible for l@ning the concentration of liquid water in the region of the
protective agent accumulation, as well as for reducing the vapor condensation. This last
consideration justifies the lower values of the vapor permeability observed for SC2
PFPEsol treatment irespect to the other two treatments (data not reported).

Finally, the different hydrophobic effect given by the three treatments is well summarized
in Figure 4.6, where for each sample an internal section is shown along with the
corresponding profile of water absorbed after 4 hours of capillary absorption through both

the treated and the untreated face.
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Figure4.6: MRI images and corresponding water content profiles of the intgice$ of the same
samples of Lecce stone reported in Figd dnd 43, for water absorption from the untreated
(left) and the treated (right) face, after 4 h of water capillary absorption. Thechldiis from
grey to yellow show increasing signal values

In order to obtain an wdepth study about limestone samples, the apparerdiffalion

coefficient behaviorwas investigated ar yi ng ¢ par amet er . For
different Stimulated Echo experiments were perfornjedo = 4, 12, 50, 10
4000msThus, from each Stimulated Echo exper.

according to th&qg. 29 For porous media saturated with fluids characterized by spherical

pores interconnected, thHeehavioro f di ffusion <coef fEQ®i ent D
Through thisrelationship,it was possible to estimate thgerage valuef the apparent
seltdiffusion coefficientas a f unct i o.iMfhediffusignal comfficertseas @

function of the obsidFgwed?.i on ti me a& are sh
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Figured7. Di ffusional <coefficient as function

Data, black points, were fitted by tla. 6, and the result is plotted as a red line. The
initial slope of the trend isdepened on the surface to volume rataf the confining
geometry. Thusassuming pores as spheres, #werage poregadiuswas estimated.

Results of this procedusreshown inTable4.1.

Ra\vg
Sample SIV 6> Y
SC2PFPE sl 2,0E+05 15
SC2PFPBusp | 1,4E+05 21
N215 3,1E+05 10

Reference 8,3E+04 36
Table4.1: SVR and average pore size estimated for Lecce stone samples.

All the treated samplesxhibit higher suface to volume ratios than the referenthis
effectcan be explained by the action of hydrophobic treatmenttbates a thin layer of

the product inducing reduction oftheaverage pore sizes.
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Last measurements on Lecce stone samples were perfoyrtieel iise of SFCPMG and

STECPMG pulse sequences in order to obtaih correlation maps T2 and DT>
respectively.
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Figure4.8: Reference samplea- M, map onthe leftandD,map f or @=4 ms on t

The Ti-T> map of the reference sample is depictedFigure 4.8. No significant
differences were noted among maps of treated samples, thus only the maps related to the
reference was reportetihe shape of th&D distribution is closely parallel to the line for

T1= T2, meaning that all the water molecules in this rock have an identig iatio

and T times are always higher than the correlatedifies. Thisbehavioris consistent

with the interpretationpresented in the subsectidri, in whichthe relaxatiorprocessn

porous medias caused by a single surfaedaxationmechanism and the distribution of

T1 and T is due to the variation of local surfatevolume ratio, or pore size$hese

results are compatible with thieose reported bj21] for Indiana limestone.
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