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POROSTi\fETRTC CHA NGES AND CONSEQUE NCES FOR 
DAMAGE PHENO:VIENA INDUCED BY ORGA'IIC AND 

INORGAMC CONSOLIDATION TREATM ENTS ON HIGHLY 
POROUS LIMESTONE 

Au \ tnu.:1 

Surface consolidation treatments on stone materials induce rdcvam modifications in the 
porous 5ubstrat;:s that can potentially trigger deterioration phenomena noT active in the 
sallle untreated materials. Unlike most protective products that form films on stone 
smtitces. consolidants must penetrate the first layel's of the subsuare in order to nmction. 
pnrtinlly filling the voids of the porous network. Meso- and mllcro-pol"05ities of Globigerina 
limeSTOne (Malta's highly porous sedimelltary stone). before and after lre3tments with 
severnl organic and inorgnnic consolidants were investigated by means of J';TBET 
(Hnm3Uel'-lnunett- l eller) analysIs. BEl TOtal inner superficial area TOgeTher with pon: 
size distr ibution data gave interesting infOlmatioll Oil preferential distribution of different 
products inside the open porOsity network. l he U'eatlllellt can produce in some cases small 
changes in total superficia l area (inorganic trentment). III some others cases a dmmntie 
reduction (organic) and also an unexpected relevant increase (eThylsllicate). Pore sill: 
disuibution shows shifts towards lower pore diameters tilllling a predolllinantly 1lll1ero­
porous system into a meso-porous one. These porosimenic changes have a direct 
relationsllip with tbe physica l properties of porous building Illli terials. In relation to the 
environmemal context and the direct exposure TO deteriOlation agents. the consolidaTion 
treatment can also have a negative impact for the cOllsen.,ation of works of art. 

Krywon h: BET. calcareous stone. consolidation treatment. porous materials. Malta 
Globigenna IimesTOlle 

L InlrmludiuD 
Dcterioration mcchanisms on Hamral porous stonc5 were widely invcstigatcd dUl"lng the la ~t 
decades. the main decay processes usually sought in chemical weathering:. mechanical 
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{kglmlalil'lI alld bimkltTlUnll lUlI .:ausnl by txllillsi.: <lgt:lIls likt: air vullulaUis. soluble s<ll is. 
ftillgal growth (\VinklCI. 2:013). In order to slow down detmoration. to restore the original 
physical. chcmica l and mechanical properties of damaged materials and to combat thc 
action of aggressiw agents 5everal methods of conservation interventions were developed. 
A pan of them makes use of chemical products that. applied to buildlllg.s surfaces. act a ~ a 
b:mier to extemal deterioration causes WIth the aim of ~trengthening the imrinsic defences 
of his torical works of art. From a general POlllt of view it IS possible to assen that the 
::lpplic::ltinn of protective and conso1iilating proo.lICTS has :1II impact mainly on slIIinre 
physical proper ties as colour. hydrophobiclrj. cohesion but the highly porous materials m·e 
deeply affected not only on theil" "'external inrert:1ce" bur also on their "' (.umml illferjace ... 
in other words in their pmm.ity su·ucnue A.nd also if the protective pfOduct5 should exelt 
their action only on the extemal smface~. while cOllsolidrull J1Rht ellter imide the materiflb 
by definition. literature data supports. without any doubt. evidence of substantial 
penetration of conservation materials inside highly porollS sub5trates (DoelUle E. and 
Chffol1 CA. 2010). Despite the limited thicknesi of the impregnated layer compared to the 
bulk. a wry small quanti ty of product can induce dramatic changes in physic::ll properlies of 
the entire artefact. like water uptake and vapour water penlleability. and consequently in its 
durability (Ft"lTt"im Pinto AP. and Uelgado R.odngl.le~ J .. 2(JOS) 

Several studi;'"s and inwstigations lrnw focu~sed on the evaluation ofmacfO'>copic physical 
property change5 as a result of stone conservation treatments (coloUI. water absorbance and 
water VapOlU permeability. hardness etc.). These laboratory tests on stolle samples Ol" 011 
t:xperilllelll<ll ill sil lHt~ls UII llllii<tillg nlillt:rials '.vt:rt: UO':II perfullu.:d H.':':U1dillg lu 
intemational standard methods (E~. ISO. UI\'I. UNI-NORMAL ASTM. RILEM) with 
different non-invasivc 01 quitc simple proccdtu·cs. OIangcs in macroscopic propcnies are 
strongly linked to changes in the microscopic structure of materials. nevertheless very few 
mlthors elaborate on clrnnf!:es lllduced by tre::ltments in the microscopic propenies of 
substrates by direct investigation of porosity. In fact. the mnlysis of poro,ity by optical 
methods (areal porosity determined on polished ,ections of samples). by mel"ClllY lllJection 
or ga, expansion method~ are invasiw to:cimiqlle, mId require a minimum quantity of 
IWiTeri :!1 often of the order of ~01lle gJ·ams nOT always e~ si 1y samp1erl ()Jl :!l1ef:!cts 

The aim of the present research was the investigation of changes induced by organic and 
iuorg<lllir.: cUlISUlitlll ll1 Vroduus (iLkr lllt:ir <lvplicailull 011 a highly pUIUU~ lI<lILllal slUlIt . the 
GlobigClilia Lillle~tolle. widely used as building matClial ill the Malte~e hlands. 
Modificatiol15 in tile porosity network was investigated and some considerations on the 
con·dmiolls between these dnta find wmer sOlption propelt ies were discussed. being aware 
that a difficult goal is the imerpletation and prediction of macroscopic propertie5 of powus 
media with tbe belp of microscopic pore stmcnu·e models. 

2. Materials :lnd methods 
1.1. Globig,'ril1u limestol1e 

Samples of stone of Giuvigerillll LillleS/Vlle (Glob! . acquired as Fnmkll type acconli.n.2. 
macroscopic evaluation but discovered to be. after 5pecific chemical characterilation. a Soli 
typc (Cassar J.. Vclla A. 2010)) wcrc cut from a local quany in Malta (n~44. ncar Mq~bba) 
and previously characterised by SEMIEDS (cross-sections analysis with a LEO 1430. Oxford 
Link specu·oll1<!ter with an ATW2: window for the detection oflight elements) and calcimetric 
mlalysi:; (Dietrich-Fliihling method) (Croveri er 01. 2001). Glob I is characterised by a CaCO} 
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content of 9 1% (0" = 0. 5). EDS microanalvsb results are ~hown in l ab. 1 (5 areas. mean 
va lue~ cxprcs~cd as percentage of oxi(k~. ~tandafd (kvimioll lll brackets) 

Tab . 1: EDS llticmmlaf)'~i~' oJGfobl Jubm·ams. 

COlO feD 

Glub 1 91.0 (1 .5) 4.8 (0.6) 1.9 (0.3) 0.9(0.1) 1.7 (0.4) 

2.1. COl/sol/dam prodllcr5 al/d rrl'arlll l'lIIl11l'fl lOdologll's 

Samples (5 \( 5 x ] em. 5 x 5)< 1 cm) wele firs t condit imled following tbe ill'-.'1 1092 1 standm'd 
and then u'eated on one smfaee only. Inorganic treatments \Wle eanied out with aqueollS 
'>anml1ed solution,> of Ha(OH)~' ilH10 and (COONH4)2· HZO (AmOx) in cellulose poultic(' 
(Arbocd BClOOO) with a contaCT time of 5 and 6 !lours. respeCTively. A 2 -propallol 
di~persion [0.06 ::vi] of nanosized calcium hydroxide particles (Salvadori B. aid Dei L. 
200 1) \V<I S avvlil::d by urush (350 IllJflll\ A l l dhyl silicalc (ESld 1000. CIS . 500giu? 
SiEt). an aCly l-si licon based polymer (Acrisil 20 1l0.N. O.S L'm2

• CIS. Acrisil). a 
fluod a stomer (Akeogard CO. SOglm2

• Syrcmolll S.pA. AJ...-CO). a pcrflllOropolym'ethanie 
pr e-polymer (Akeogard Zl074 - Edilgald21 Wall. SOg/n{ Syremont S.p.A .. Ak 74) and a 
ftilletionalised fluorinated polY1U'ethalle (Akeog.ard PU, 50g/m!. SYTemont S.pA. AkPU) 
wer e applied by blUsh . 

1.3. Porosimt!fric Ill/a/ph 

A,naiyses of superfic ial areas and pore-sizc disu'ibutions WCIC canied out with a surface 
analyzer Coulter SA3100 according to the llET model and DJII calculation uSlllg Nl ga s. 
The Il111Terial llnalyzed \'"llS Sllmpled from the U"eated surface taking the first 0.5 em 
thickness. AboUl 3-5 g of stone material was used for each analysis. replicated t'.vice for 
each u·eatment. In order to compare the results of pore size distribution. the experimenTal 
dala were nonnalized using the following equatlOn: 

VU/o )./ = V':% * (RTHmr JR * IVr,v I (R.JH rnTNT * W:'ffJ 

where BJH,ot : Total volume of pores (mmJ/g) 
W: wei~hl uf lhc S<llllVk (g) 
TR: lre<tll::d s3111pk 
NT: no t u'cated sample 

3. Results and di scussion 

3.1. Porosimetric Ill/ a/J~is 

(F.fj. /) 

The physical ll1"OlleT1ies of n:=nnral stOlle ~ ~uch a~ total effective porosity, snrf::lce area , pore 
size. pOle geometry and pore size disTribU1ioll influence rile weathering phen omena and 
rd <lll:: lI dTec ls. Thc upm illlen:oullcUcd pon: IIl:: lwurk. gives a lIIC<lSLIII:: uf lhc "leccVlivily" 
ofa l ithotype with re~pcct to extw,,1i aggre:;,sivc ag.ellh bill the pOle size amI geometry . the 
~UI£l(e ar ea and the ~ore ~ize distribution arc the rC<llly signific am ~arailleters tin t drive the 
deterioration proccsses due to change of state phcnomena. for tins leason. the llletC total 
effective porosity of a stone Rnd its meRn pore size are only indicative bm no t sufficient to 
lUlderstnnd the sOlp tion. tnlnspoit. penneability. capillarity. crystallization and diffilsion 
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processes ocenning inside porous building materials that are strictly linked to the other 
above-mentioned parameters. Thl! clas~ifieation of porous systems following pore size and 
Ielated water phenomena ale reported on Fig. I, together with pore size detection Ianges 
covered by analytical techniques (Fitzner, B. . 1994) . 

• I 
Sorpfon 

lonn! 12 I ", 
(~IOrTO SCALE) 

• 
Llq~ld tron.port 

Capilluy I'll 

I; Iii: ·:1,,,\:' ::(,,+,, i:u SEM" \(,,,1, :.,:,:,,):, :1:(' i,l 
GH Idlorption : j I: cu . ::::1 

I • 
'.m 

Fig. 1: Pore c1ass£fica tioll, deleetiolt ana~vtical ranges and related waler pileI/Oil/ella. 

For (h is n:st:aJdJ lht: N2-BEf (Bnmauel, Ellllllt: ll alld Tdkl) It:dmique was used ill muellu 
investigMe a spect~ related to total smface area and pore ~ize distribution, with a foctls on 
much fi ne lllesopore5, a range not completely covered by Illercm y porosillle\])" in which 
physical solption phenomena playa relevant role. Untreated Globigerina sample" exhibit a 
surface area of 6.2 m1/g and type II isothcnn-like, typical of maeropoJOus systems, but with 
a weak hystere~i s loop d Ulfactelistic of r)1)<': TV i ~othenn, as'mc iat<':rl with capill al"}' 
condensation raking place in mesoporcs. The hysteresis loop is Type H3 ind icating the 
llre~ence of cylinrllical pores or agglo 1ller::lte ~ OflUl ifonn ~phe rical palti c1e ~. Moreove1", the 
extrapolation to a positive intercept on the adsOlption axis of Va"t plot (not reported here) 
indicates th~ presence of a microporous volume (Sing K.S.W. etal .. 1985). Inorganic 
t1"catlllcnts inducc a reduction of about 2 m2/g in thc intcmal smfaee area (Tab. 2) and no 
sigmticant modification in the hystere~ i s emves (Fig. 2) . Organic treatments (with acrylic 
and fluorinated products) induce more dramatic changcs in the intcmal surface area with a 
decrease down to around 2 m2/g (AkPU dO\\TI only to 3.2 m2/g) showing a relevant 
occlusion of the total opcn porosity. The surface area after rhe application of ethyl silicate 
shows a shalp rise (up to 8.5 m2/g. about +40%) indicating the creation. by the consolidant. 
of a secondary poro5ity inside the cll vitie~ of the stone (Fig. 3). Moreover the isothen n fonn 
changes to a clear Type IV. with Type l lly~teresis loop. indicating the transfonnation of the 
stone matrix into a prevalemly mesoporous sY5tem. The tmnsfm1.uarion of the hysteresis 
loop from Type H3 to Type H I could sugge~t a modification in the shape of intercolUlected 
porous network due to the deposition of the alkoxysilane gel. Mineralogy can influence the 
deposition mechanism by promOTing acid or basic hydrolYSIS, the alkalille namre of the 
stone substrate should give lise to a soft gels film fill ing intergranular spaces (Wheeler, G. 
2(05). 

Pore ~i7e d.i ~tri llllti 011 of tr eated ~a11lple~ in co11lpari ~on witll nnTreated. ones are repOiterl in 
Figures 4 and 5. Ba(OH)2 and AmOx treaUllents cause a slight increase in all pore classes 
above 6 llll. a larger on~ in pores greater than 20 11m suggesting a homogeneous deposition 
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of consolidant agglomerates redllcillg pan of macropores into mesopOles or macropores 
with a smaller diameter. Ca(OHh consolidation treatment induces a small reduction in all 
the pore size distribUTion that could be ewlained by a better penetration capacity and 
depositiOiI of nmlOp.'lIticies inside the mesoporosity of ston~ porom network PoroslllJeU"ic 
disuibllrion is completely modified by the application of SiEt on Globigerina showing a 
lllonomodal distribution with a maximlUll centled Oil the 10-12 Illll pore dimneter and a 
Idevant reduction of pores between 20 IllIl mld SO lllll. Tltis modification can be explaitled 
by second11Y porosIty creation. A shift of the poroslllletric distribution towal"ds lower pore 
dil1111~ I ~IS W(l.; all~(ldy IjO l i(~d OIl lni!.:k.s lH:al~d wilh SiE l: a lIlUllUilIUt1l11 dislrilmliuII 
centred at 0.4<r<0.5 pm was shifted to a new one centred at 0.1 <0 <0.2 pm (Croveri P mId 
Appolonia L 2002). Acrisil. Ak.'74 and AkCO Ireatmems lead TO ~imi lar pore disu"ibUTion 
challges. with a decrease in all pore classes below 80 run and a ,light increase aboye . wlnle 
fm AkPU Ihen: is an t: vid~lIl iljO~ast: of pur~; biggxr tliatl 20 Illii. n:s ul llllg fimll of a 
depositiOiI of the product in larger macropores. 

" - ..... , -<.., . ., 
" ~-. , """.\ , • 

! 

.~ .... -.~I • • I · I , 
• 
• , ........ --•.•. 

Fig. 2: Nin'ogell adsorprioll/desOIplioll isorilerlll5 f or Globigerill~ Lilllesrolle. 

Tab. 2: BET slII:face area results (0=0. i estilllated error 1.2%) expressed ill III Ig. 

NT C!I.(OH):: BI(OH):: AmOx SiE I ACli sil Ak74 AkCO AkPU 

BET 62 4 2 44 43 8.5 I 9 I 7 2 I 3.2 

, .c---------------------------~, .. -.-... .... 
Fig . . ~: Nin'ogclI adsorprioll/d(!sOIptioll isothcrms for Globigerillrl Limestollc. 
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Fig. 4: Pore (l'isn·ibll fioll ill inorganic, SiEr n·eared alld III1 :rem ed sOIl/pies of 

Globigerillo LimeSTOlle. 

3.1. I mpacl OIl dl'l ('riora fioll pJIe1IOIIUJIIO 

Changes in me~opores and ~mall macropores (the range under inve~tigation) potentially 
affect all water rrampmt phenomcna (Fig. 1). A (kcrea:;c 1Il the :;urface area ofGlobig.crina 
T .imestone GlIl rlevelop in parallel a (iramalic change in capillari ty water ahs0I11rioll, as in 
dlC ca:;c of organic treatments. " ,here however the chemistry of products also plays a 
relevanr role in the change of smface rellSion properties, or has slight eff"cIs a, in rhe case 
of inorganic con:;ervation tleatll1tI1b (Croveri er al. 2(04) . SiB treatment impacts deservc a 
specific discussion 5ince in rillS case the stone matrix changed from a prevalent 
macropofOlb :;y:;tem (0 ) 50mn) to a prevalent me:;opofOu:; :;ystem (2<0 <50 nm). nli~ 

~ub'>tantia l modifi cation of the pore network could activate. under equal environmental 
conditiom. deterioration proce~~es not active ill the ~ame material. wlten not heated. For 
eX~1ll11 I e , ~ stone rh::!t noes nor snffer frost Wlmag;- cOlllrl 11e rmnst0n11en illlo ~ free7e ­
dlawing. susceptible material. In the t.falte~e Islands tins latter phenomenon is ilTeitvant. 
since Temperatures under oec are genemlly not registered. bur considering the peculiarity of 
dIe local enviroument it is ~ignifleant to take into account aspects related to water vapour 
eondensatloll and salt crystallization (Franzen and Minvald. 2009). After treatment ot" 
Globigerina Lim<!stmle wi th SiEt we ar" moving from a system wilere cnpillary 
con rlen s~t i oll occurs in most of rhe pores (m:linly 20<0 <200 nm) only when .r?~Ir.?:'XI%, to 
a sY5tem where capillarity condensation takes place in most of pore5 (pr tdonnnanee of 
pores b;:tweell 8 and 12 nm) at RJ-f%>70% (Collepardi and Coppola. 1996). When 
environlllental conditions exceed 70% JU!. quite often in the Islands. the impact of 
u·eatmem by SiEt is that of lellwtably enhancing the qlk1miry of water inside the porous 
network. potentially inducing intemal stresscs due to hydration - dehydration of the ~tone 
dIal lead to shrinking - swelling of clay components. 
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Fig, 5: Pore disrribll fioil ill organic Treareo and III1n-eared sClllpies of 
Globigeril;a Lill.'eSlOlW. 

r;;;TI 
~ 

Water retcntion i) a~~o.::i atcd not only witb a phy)ical factor (pore ~ize reductIOn) bnt a[~o 
with ~ che11lic~1 Olle, heing rhe SiFt an hygroscopic rmterial able to ~dsorh ~Ilrl rcmin 
sign ific3m watcr a) a rUllctiol] of environlllental thermodynamic cqnilibria. Morcover. in 
rhe marine ellvimnmellT, C(lIldenSlltiOIl phel1(1l1lena cm involve marine ~ermo[ , inrlncing the 
transpon of soluble salts inside tile porosity of building matcrials. Thc cnhancement of total 
smt1cc area could be a negative a,pect since the system offer a Illore extensive exchange 
intcrface to external aggrcssive agents (e.g. pollutant gas(5) The role of pore size 
disuibution is significant also in the damage caused by ~alt crystallization. materials with 
small pores suffer from higher erystallizatlon pressure than materials with larger pores and 
mineral PleclpltatlOn takes place deeper beneath the stone' s snrt1ce. fonnmg 
subflol"eSCellel!S (Benavente D. el al., 2(04). A shift of the Slone nem·ork distnbution 
towards smaller pore diameters leads TO an increase 1H stone decay and less resistance 
against salt crystallization. 

4 , Conclu sions 

The main aim of conselvation intl!lVentions is TO change some properfles of the orig.inal 
materials to make them more resistant towards eXlem al aggres5ive agents lllld less 
smceptible TO decay, slowing down deterioration processes. The application of consolidant 
and protective plOduets on thl! one pan can have positive impacts on the dmability of 
porous slone. strengthening the subsu·ate, limiting water related phenomena (liquid 
Iranspon and pem:teability) and mitigating the effects of physical pressme (sa lt 
crfstallization. frost). but can induce modifications in the POlOUS stl1lcnrre that potentially 
move in the opposite direction. The modification of the imemal surface area and the pore 
size dislr iburion of highly porous materials are relevant parameters TO be investigated in 
order to b l! able TO give a meaningfhl assessment of Ihe effectiveness of the intervention and 
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10 fortsee and prevent any potentially dal1gerous effects genetated by the conservatIon 
lreatmellt itself. 
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