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INTRODUCTION AND RESEARCH OBJECTIVES

In the recent decades, many elements of the bovir@anment are facing
various types of damages and decays; hence expltrer conservation and
preservation by compatible materials is demandihy For a successful
rehabilitation intervention, compatibility of thesignated restorative materials
with the substrate masonry is an essential reguisitstainability and being
economically friendly are recommended issues todmsidered [2]. However,
the low affinity of ordinary Portland cement (OP@)ortars/binders and
modern polymer-based materials with historical sabss has been frequently
discussed [3-6]. This incompatibility deals witltkeof physical, chemical, and

mechanical affinity of OPC mortars with old/histi masonry.

Availability and versatility of the repair matesaare important items for
restoration applications. However possession osdhgroperties has made
OPC mortars worldwide common construction materigiey can occupy
considerable volumes in landfills and lead to emwnental drawback.
Moreover, energy consumptions and emissions reggrdrdinary cement
manufacturing are highly intensive due to the ewtreneat required for their
production. Producing one ton of OPC demands abautllion kilojoules of
energy, equivalent to nearly 180 kilogram of c@aidd generates nearly a ton
of carbon dioxide [7]. The most intense environraémpiroblem is related to
the increase of the mean air temperature [8], wiadtue to the increment of
CGO, in the atmosphere. The industry of constructioonis of the largest and

most active key players throughout Europeameay.



This manifests that many conventional mortars afrarh lack of affinity
with historical mortars are facing barriers for kgtions in new
constructions. In order to respect the essencefeatdire of the originally
applied materials in conservation, application stdric mixes as restorative
renders is highly recommended as history and modesearch has proved

their performance and compatibility for restoratjép

However, some traditional/ historical constructiomterials are non eco-
friendly products, basically due to their high eerconsuming components
due to their production process or their compouth@t Hence introduction of
more environmentally friendly restorative materialsiecessary especially due

to recent acceleration in global warming.

Although many modern historic mortars work welk thrices are quite high
and each single additive of them targets a ceganformance. Thus they are
usually combined in utilization and increase thekiamd and final priceThe
economical considerations do place in an imponpant of conservation plans.
Introduction of materials with economically friegdproperties spread the
possibilities to treat built environment as bestgtice within the conservation
plan and maintenance routines. The astonishing ajstonservations do not
only deal with historical sites and buildings andnsgervation materials
developments do not neglect contemporary built remwent. The
rehabilitation of infrastructures and cultural bege exhibits heavy costs.
Since a huge part of architectural heritage elesnand infrastructures are in
need of constant conservation, their rehabilitatioefore occurrence of
extensive damages is a hot issue to be dealt iith Development of the low
cost and sustainable repair mortars for rehabditabf built environment
including heritage and infrastructure is the conoair many scholars in fields

of civil, materials, and cultural heritage. In orde broaden the conservation



domain the economical and environmental aspectalgHme improved with
respect to conventional solutions; option of theitaes sources from agro-
food waste resources explores high sustainabisitiinaits the dependency on
natural resources [12,13].

In conservation of built environment, renders ar®@ag the most important
applications as rather than aesthetical issue phetgct the masonry in facing
environmental treats such as humidity [14]. There many deteriorated
surfaces in need of restorative rendering with aded compatible mortars
(Figure 1). Such mortars rather than compatibgitg recommended to have

high indexes of performance, durability, availdiijland sustainability.

Fig. 1. Example of degraded masonries in need of renglevith compatible mortars
(Bobbio, Italy)

Another application that has a very frequent needonservation of old
deteriorated masonries is repointing (Figure 2)vas historically a common
practice also, when the external part of the mojoarts was periodically
renewed. Despite the apparent easiness of rendandgepointing, the new
materials used for these applications should befaldy selected, as their
compatibility with the existing masonry materials essential to prevent
negative consequences on the original mortars aicisb[15]. For instance,
the use of hard and compact cement-based mortgeently leads to mortar



detachment (especially when sulphates are relemsdle masonry due to
rising damp), or causes corrosion and powderinghef surrounding bricks
[16,17]. For this reason, it is usually recommentled repair materials match
as much as possible with the existing ones, in geofnmicrostructural and
physical properties (open porosity, pore size ithgtion, water absorption and
water vapour permeability), mechanical propertiesnipressive and tensile
strength, modulus of elasticity) and thermal prapsr(coefficient of thermal
expansion) [18]. Even if it is usually recommendleat restoration mortars be
designed by simulating the historic ones [19],] atiing traditional raw
materials and technologies does not assure theugiiod of compatible
restoration mortars [20], hence the utility of istigating novel alternative

restoration materials comes out.

o -

Fi.. Exaples of decayed masohries ir? need of epgintin‘

Starting from the short introduction above, in tHissertation new historic
waste-based mortars/pastes were formulated and fatdimed and their
microstructural and physical properties were deieedy in order to
investigate their compatibility with existing oldiistorical masonries. In
particular, properties such as open porosity ana [gize distribution and,
consequently, water absorption and water vapoungability, are essential to
guarantee that exchanges of liquid water and we@our can take place
between the masonry and the environment [15]. Aépplication of the

restorative material, if such exchanges were ratiusevere degradation might



take place. For these reasons, in the present shedynentioned properties
were investigated for the new pastes/ mortars hanl similarity with known
as standard restorative mortars was evaluatedyigsimilarity is considered

to be significant for the achievement of the confyiletyy requirement.

This dissertation includes three phases of valboma of potential
restorative waste-based materials. The first ploesds with valorization of
alkali-activated materials from brick waste for oeping of historic
masonries; the results obtained from this phagbeflissertation are recently
published as a research paper [21]. The two |ptteses deal with valorization

of organic additions in lime mortars for restoratrendering applications.
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PHASE 1
VALORIZATION OF ALKALI-ACTIVATED BRICK
WASTE FOR MASONRY REPOINTING

1.1 BACKGROUND AND RESEARCH AIM

Materials based on alkali activation are inorgammaterials, mainly
amorphous, obtained from activation of solid alunsiticate sources by means
of alkaline solutions [22-26]. When the solid presars are mainly composed
of silica and alumina (Si2Al,O; > 80%), activated materials are known as
"geopolymers"; in the case where calcium-contai@ngrphous or crystalline
phases are present in the precursors, materiadsiped by alkali activation are
known as "alkali-activated materials (AAM)" or "irlganic polymers"[24].
This class of materials is receiving increasingrdton in the field of civil
engineering, because of the high potential exhdbiby AAM: they have
mechanical and microstructural properties simikand( in some cases even
superior) to those of ordinary Portland cement Authe same time, they have
a much improved environmental impact [27-30].

The mechanism of AAM formation (or geopolymerizadias very complex
and it is generally described as composed of thireges: (i) dissolution of solid
aluminosilicate precursors in alkaline environmeas a consequence of
breakage of covalent bonds Si-O-Si and Al-O-Si edusy OH groups, with
the result that structural units with high readgiviare produced; (ii)

accumulation and orientation of the dissolved urtist start to interact to
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form a coagulated structure; (iii) condensation aaddening to an inorganic
polymeric structure [28]. The nature and featurésthe final product of
geopolymerization depend on the composition ofstheting precursors. In the
case of raw materials rich in Si@Qnd ALO; and poor in calcium (such as
metakaolin), geopolymerization leads to the fororatiof a 3D-structure,
composed of cross-linked SjOand AIQ, tetrahedra, where the negative
charge is attributed to AlOby the positive charge of alkali ion (Nar KY)
[31]. This structure is similar to that of zeolitémt without long-range order,
i.e. the structure is amorphous. In the case of maaterials rich in calcium
(such as blast furnace slag), ‘Nans will be partially substituted with €a
ions, so that a (N,C)-A-S-H gel is formed [28].

Among aluminosilicate sources that can be alkdivated, metakaolin is
often taken as a reference system, because of eitg suitable oxide
composition, very high reactivity, and because antains no extraneous
material [31,32]. Metakaolin is obtained by ca#tion of natural kaolin
(Al,052Si0,-2H,0), usually carried out at 700 °C. As metakaolindurction
involves much lower firing temperature than OPCQ(7C compared to 1450
°C) with 90% lower CQ® emissions, production of metakaolin-based
geopolymers stands out as more sustainable than [@6]JCAn even more
sustainable alternative to metakaolin (and nattaal materials in general) is
the use of industrial by-products and waste asypsecs for AAM. In recent
years, alkali-activation of fly ash, blast furnastag, glass, ladle slag, ceramic
waste, brick waste, incineration bottom ash, andrditgd-carbonated cement
has been investigated [31-38]. Some of these bgiymts are currently already
used in the cement industry as substitutes for OR®ever, while OPC
substitutions in most of the cases range betweeB5%, AAM have the

advantage of being produced entirely from wasteeas.
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Among other waste, the possible use of clay brielster has recently been
investigated [34,39]. Brick waste constitutes aenpgrcentage of construction
and demolition waste in Europe (more than 50% initgjp35]) and in other
countries, hence their recycling is of strategigpamance. Accordingly, the
possible use of brick waste for production of saelveraterials in the civil and
building sectors has been investigated [40-43]uiehiclg mortars, where brick
dust was used mainly as a pozzolanic material ftigd replacement of
cement [44,45].

The possible alkali-activation of powdered clayckriwaste has been
investigated with curing at 65 °C and room temperaf39]. Mortars prepared
using alkali-activated brick powder as binder aiideous sand as aggregate,
cured at 65 °C for 7 days, exhibited 30-50 MPa aasgive strength, 12-20%
open porosity (decreasing with increasing sodiumase used for activation)
and pore size increasing for increasing sodiuraa#i. The geopolymerization
product was found to be an aluminosilicate gel, sehexact nature could not
be clearly assessed. Sodium carbonate was founelhsas a consequence of
excessive concentration of the activator. Crystallquartz originally present
in the starting brick waste powder was found told&mgely unreactive, as
expected. To promote the formation of a silico-ahate network when the
precursor is partially crystalline, the effect o$ing different amounts of
sodium silicate for brick powder activation was estigated in a previous
study [39]. Pastes obtained from activation at rdaemperature, and left to
cure for 7 days, exhibited bulk density of 1.5-g/6n? and water absorption of
20-27%, respectively increasing and decreasingnfeasing sodium silicate.
This trend was attributed to the action of sodiulcate, that allows a higher
degree of geopolymerization, in a similar way asnfib for room temperature

activation of fly ash. Consistently with the highedegree of
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geopolymerization, efflorescences composed of sodiarbonate were found
to decrease for increasing sodium silicate [39].

In this phase, a preliminary study is presenteduatie feasibility of using
pastes from brick waste alkali-activation for refimig existing masonries. In
many historical and contemporary cases, while mgswaas internally built
with ordinary lime mortar, the joints external paras filled with a different
kind of mortar, made with addition of some crushetk. In this way, the
pointing mortar acquired a more aesthetic appearand a better durability
than the inner part of the joints (due to the pterzic activity of brick dust): a
typical example of this is illustrated in Figure Bs discussed in the
introduction, the compatibility of new repointingatarials with old masonries
is demanding to prevent the negative consequerntéiseooriginal bricks and
mortars [15]. Hence, it is usually recommended tkptir materials match as
much as possible with the existing ones, in terrhanerostructural and
physical properties. Even if in many cases redtwmmatmortars are
recommended to be designed by simulating the Idstmes to assure the
compatibility [19], still using traditional techrmjies does not guarantee a
compatible restoration [20]; hence investigatingyeicalternative restoration
materials is demanding.

The idea of using pastes from alkali-activatiorbatk waste for masonry
repointing was firstly considered due to their hestal appearance, matching
quite well that of traditional mortars containingdix dust, given their pink
colour. In terms of composition, the new materfeden brick waste activation
may seem quite different from traditional materialsowever several
similarities between modern AAM and ancient binderay be found [28].
Indeed, in historic crushed brick/lime mortars,adilactivation of silicates in
brick fragments by Ca(OHhas been suggested as the origin of amorphous C-

S-H, formed at the crushed brick/binder interfacd within discontinuities in
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brick fragments, as the reaction product betweetivaded silicates and
Ca(OH) itself [46]. Similarly, in mortars containing padanic additions, the
reaction between pozzolan and Ca(®hgs been suggested as a consequence
of the alkali-activation of the pozzolanic matertaf the alkaline solution
created by Ca(OH) that then reacts with the released silicate dadhiaate
monomers [47]. Moreover, the possible formationpadper aluminosilicate
inorganic polymers as reaction products of pozzolamaterial alkali-
activation has been hypothesized as well [47]. Tinesence of zeolitic
compounds in ancient binders has been suggestbd ésal product of a long
term conversion of geopolymeric-like phases to iiedlke phases [28].
Consistent with the above-reported theories, Cag@g¥till sometimes used

for alkali-activation of aluminosilicates, suchfsash and metakaolin [48].

Fig. 3. Example of ancient repointing using a crushed-bmcktar [21]

To investigate the possible compatibility (in teraishemical composition,
as well as other features) between modern AAM asiical materials, a few
studies has been carried out so far on the uselkafli aactivation for
conservation of traditional materials, belonging f€ultural Heritage.

Metakaolin-based geopolymers have been used asraksh materials for
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reinforcement of a terracotta sculpture, exhibitopgpd results in terms of
compatibility [49]. Basalt fibre-reinforced geopoters (from activation of
metakaolin and granulated blast furnace slag) Hasen investigated as
possible materials for structural reinforcemenhistoric brick masonries, also
in this case exhibiting good compatibility [50]. kover, alkaline solutions
(Ca(OH), NaOH, KOH) have been investigated as possiblehoakst for
consolidation of clay-rich soils used in earthenh#ecture (e.g. adobe), by
formation of gel-like silicate cements with consaliing properties [51].
Recently, the feasibility of using mechano-chemigetivation of quartz and
kaolin for producing geopolymeric materials to beed as compatible
restoration mortars for Cultural Heritage conseorathas been investigated,
with the aim of reducing risks that may be conngdi® the use of highly
concentrated solutions on monuments [52].

Starting from the short review above, in this phak¢he dissertation new
alkali-activated pastes from brick waste were fdated and manufactured
and their microstructural and physical propertiesavdetermined, in order to
investigate their compatibility with existing masm@&s. In particular, open
porosity and pore size distribution and, conseduemiater absorption and
water vapour permeability, are essential to guarathat exchanges of liquid
water and water vapour can take place between thsomny and the
environment [15]. If such exchanges were signifisanreduced after
application of the repointing material, severe degtion might take place, for
instance in case the evaporation of water comiagfrising damp from the
ground is significantly reduced or blocked [53].nde, in the present phase
the mentioned properties were investigated for miesv pastes and their
similarity with traditional lime-based mortars wagaluated, as this similarity
is considered to be significant for the soundne$sthe compatibility

requirement.
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Moreover, considering that efflorescences are hsf@ind as by-products
of the geopolymerization process and also consigetiat the soluble salts
content in repointing materials should be as low@ssible [15], the issue of
efflorescence formation was specifically taken iatcount and its possible

reduction by several strategies was investigated.

1.2 EXPERIMENTAL PART
1.2.1 Materials

Discarded commercial bricks, that could not meetréquirements for the
market because of some physical/geometrical defemte used as the source
of brick powder. Discarded bricks were kindly sue@l by Wienerberger
S.p.A. (industrial plant of Villabruna di Feltre,eBuno, Italy). Bricks were
ground by laboratory hammer and ball mill, so akbdain a powder with
desired fineness. The average particle size obtlok waste powder (BWP),
determined by laser granulometry (Mastersizer 20@8lvern Instruments),

was about 10 pum.

The chemical composition of the BWP was determibgdinductively
coupled plasma optical emission spectrometry (Ogptig@200 XL, Perkin
Elmer). The crystalline phases were determined byayX diffractometry
(Philips PW 1840 X-ray diffractometer) and the apimus phases by Rietveld
refinement (Bruker D8 Advance X-ray diffractometerJhe chemical
composition of the BWP is reported in Table 1. Bineorphous content of the
BWP is ~16%, hence much lower than that of an aptmmgeopolymer

precursor such as metakaolin (~60%). The main anou$ phases in the
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BWP are A}JO; (4.71 wt%) and Si®)(3.04 wt%). The main crystalline phase is

quartz, followed by calcite, albite and maghemite.

To modify the A}JO; and SiQ amounts, sodium aluminate (Sigma Aldrich,
technical grade, N® = 40-45%, AJO; = 50-56%) and a 44% sodium silicate
solution (Ingessil, ltaly, SiéNa,O = 1.99) were used. In addition to the
sodium silicate solution, a 8 M sodium hydroxidduson (prepared using
NaOH pellets from Sigma Aldrich, assay98%, and deionized water) was

used as activating solution.

Table 1. Chemical compaosition and content of amorphouseiasthe BWP [21].

Overall amount (wt%) 58.0010.64 0.60 1.85 12.36 3.88 4.82

Amorphous amount (Wt%)3'04 471 - - 272 066 1.69

1.2.2 Samples mix design and preparations

As reported in Table 2, 5 different formulations revdested and each
formulation was cured at 2 different temperatuffes,a total of 10 sample
types. For the 5 formulations cured at room tentpeea the name of the
respective samples starts with "R", while for thefdmulations cured at
relatively high temperature (50 °C), the name & samples starts with "H".
For each curing temperature, the different formoiet are identified by two
numbers (following "R"™ or "H"), indicating the Sy&Al,O; molar ratio

multiplied by 10.

For each formulation, the mix design is reportedTable 2, while the
SIO/Al,O5, NaO/SiIO, and NaO/Al,O; ratios are reported in Table 3. Table 3

also reports the weight ratio between reactive and-reactive fractions
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(hence the ratio between the binding phase anthénephase) and the weight
ratio between liquid and solid fractions. In alllazdAations, the BWP

amorphous fractions were considered as reactiveé lf@nce computed in the
oxides molar ratios), while the crystalline fracisowere considered as inert.
The SiQ/Al,Osratio was taken as the primary parameter and vérged 1.4

to 0.4, by increasing amounts of sodium alumin&edium aluminate was
increased as the addition of aluminum oxide has bheported to reduce

efflorescence formation [54].

Table 2. Mix design and curing temperature of the invesédatamples [21].

Brick Sodium S_qdlum SOd'“”.‘ Added Curing

waste . silicate hydroxide
Sample powder aluminate solution solution water t(;zmperature

[Wi%)] WL 1o [Wi%] [wive] - [°C]
R14 64.5 2.3 5.1 6.6 21.3 22
R09 59.4 7.9 6.4 4.6 21.8 22
RO8 57.9 9.3 6.7 4.5 21.7 22
R0O6 53.2 14.3 7.4 3.7 215 22
R0O4 50.8 18.5 4.3 2.6 23.8 22
H14 64.5 2.3 51 6.6 21.3 50
HO09 59.4 7.9 6.4 4.6 21.8 50
HO8 57.9 9.3 6.7 4.5 21.7 50
HO6 53.2 14.3 7.4 3.7 215 50
HO4 50.8 18.5 4.3 2.6 23.8 50

The sodium hydroxide solution was progressivelyrel@sed and the amount
of sodium silicate solution was varied within a §mange (Table 2), so as to
maintain the NgO/Al,O; ratio basically constant (0.7-0.8) and to have the
Na,O/SIO, ratio varying from 1.9 to 0.5 (Table 3). The amoahadded water
was varied a little (Table 2), so as to maintaisitelly constant the ratio
between liquid fraction (comprising both the addeater and the activating
solutions) and solid fraction (Table 3). Accordingslight differences in the

mixes workability were observed.
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Samples were prepared by firstly mixing the allaaiivating solutions, 2
hours before sample preparation. Sodium aluminate added to the cooled
mixture of the activating solutions to avoid getatin the mix. BWP was then
gradually added to the solutions and, after mixorgs minutes in a planetary
mixer, the slurries were casted in disc-shaped dso{diameter 60 mm, height
20 mm) over a thick glass. Then, samples were niignudbrated for 20

seconds to remove entrapped air bubbles.

Table 3. Molar ratios between significant oxides, weightas between reactive and non-
reactive fractions and weight ratios between liqarid solid fractions [21]

. liquid/

Sample SIGAL0;  NaO/SIO,  NaO/ALO,  [eacivel [VC/‘\’,;‘]‘ solid
[w/w]

R14 14 1.9 0.7 0.2 0.5
RO9 0.9 1.2 0.8 0.3 0.5
ROS 0.8 0.9 0.8 0.3 0.5
RO6 0.6 0.8 0.7 0.4 0.5
RO4 04 0.5 0.7 0.5 0.4
Hia 14 1.9 0.7 0.2 05
HO9 09 1.2 0.8 0.3 0.5
Hog 08 0.9 0.8 0.3 0.5
HO6 06 0.8 0.7 0.4 0.5
Ho4a 04 0.5 0.7 0.5 0.4

Samples were finally cured in two different comms, i.e. room
temperature and 50 °C. Curing at relatively higmgerature was performed
because it has been pointed out as a possiblegtrad reduce efflorescence
formation [54]. Curing at 50 °C would be hardly $éde on a real masonry in
the field, nonetheless it was investigated hereasoertain the role of
temperature on efflorescence formation and micuosire development.

Samples cured at room temperature (R14-R04) wepe foe the first 24
hours at 22 + 2 °C and 40 + 2% relative humiditygrt demolded and cured for
further 49 days in the same conditions. Samplesccat 50 °C (H14-H04)
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were put inside impermeable plastic bags rightrgfteparation; the plastic
bags were then sealed to maintain relative humabtystant and put inside an
oven at 50°C; after 24 hours, they were demoldeatithen again put inside
impermeable plastic bags and subjected to the samditions for further 13
days. The curing methods were designated with réifitelengths aiming at
assessing both curing time and curing temperatdiecte. A schematic

illustration of the binders synthesis is reported@ppendix A.

1.2.3 Samples characterization

Microstructure. For all formulations, mercury intrusion porosime{iMIP)

was used to determine the cumulative volume of orgrantruded into
samples, the total open porositYR) and the average pore radiug) The
measurements were carried out on samples (~0*&®alome) obtained from
the disc-shapes specimens by chisel. A Carlo E0B8 Porosimeter, equipped
with a macro-pore unit (Model 120, Fison Instrunsebntact angle 141.3 °),

was used.

—_—

Fig.4. Carlo Erba porosimeter

For selected formulations (R14, R04, H14 and Hdin@e microstructure

was observed in fracture cross sections, usingaangtg electron microscope
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(SEM) LEO "EVO 40XVP-M" Zeiss, equipped with an egedispersive X-
ray spectroscopy (EDS) analysis system (INCA Enep0, Oxford
Analytical Instruments Ltd.). Samples were coateathwold to make them
conductive. The above-mentioned formulations welected to evaluate the
effect of the SIQ/AI,O; boundary ratios (by comparing R14 with RO4 and H14
with HO4) and the effect of the different curingnigerature (by comparing
R14 with H14 and R04 with HO4).

Efflorescence formation. At the end of the curing period, the formation of

efflorescences over sample external surface waduaed by visual
inspection. The formation of efflorescences bensathple surface (so-called
"sub-efflorescences") was evaluated by observingpta fracture surfaces
with a stereo-optical microscope (SOM) Olympus SHXlat

40x magnification.

Water absorption. Water absorption by total immersiowAg) was measured

on duplicate disc-shaped samples for each fornamaamples were dried in
oven at 100 °C for 24 hours before the test. Aémoling and checking mass
stabilization, the dry massng,) was recorded and samples were completely
immersed in distilled water for 24 h. The mass egponding to the "saturated
surface dry condition” ny) was then recorded. Water absorption after
immersion for 24 hoursWA.s,) was then determined as WA = [(Mssq -
Mary)/Mgry] * 100.

Fig.5. A sample under water absorption test
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Water vapour permeability. Water vapor permeability was detened on

triplicate samples for each formulation. The tesswperformed according
EN 1015-19 [55]in a conditioned environment at temperature ot 2 °C
and relative humidity of 40 =+ 2%. The c-shaped specimens were placed
sealed on top of glagontainers, filled with a KN3 saturated solution, so th
a ~10 mm layer of air was left between the samptkthe solution. The wat
vapor pressure difference between the air gap engié container (where
constant pressure is maintained by theurated saline solution) and t
environment causes water vapor flow through theispens. Mass loss as
function of time was recorded for 30 days ane water vapor diffusio

resistance coefficienpf was then calculated according to the cited stat:

Fig.6. Permeability measurements

1.3 RESULTS AND DISCUSSIO
1.3.1 Microstructur

The pore sizalistributior of samples cured at rootemperatur and 50 °C
is illustrated in Figure/. For both curing conditions, opg@orosity and bulk
density were found teary significantly as a function of the Si/Al,O; molar
ratio (Figure 8).
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Samples cured abonr temperature exhibited a progressdexreas in the
volume of intrudedmercury and in open porosity, as the $%/Al,O; ratio
decreases. Passing from sample R14 to R04, a decreantruded mercur
volume from 350 t®4 mm®/g was registered. In terms of average pore si
slight progressive decrease was found (from ~0.3tpm0.1 pm), with th
exception ofsample R04, that exhibited a distinct behavaverage pore siz
~1 um). For sample R14, havirSiO,/Al,O; = 1.4 (henceayuite close to the
ratio SiQ/AIl,O; = 2 of metakaolin, usually considered aseferenc system),
the molar ration wasuitable to reach a good level géopolymerizatiot
However, the lowratic between the reactive and the neactive fractions

(amounting to 0.2Table 3) led to a highly porousiicrostructure because not
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enough reactive fractions were available to formoatinuous geopolymeric
matrix embedding unreacted fractions. Consisten8£M observation of
sample R14 revealed numerous unreacted brick |emti@as illustrated in
Figure 9 (reporting back scattered electrons imag&shigher magnification,
smooth parts identified as geopolymeric gel andndbat unreacted brick
powder were observed (Figure 10). To increasedhe between reactive and
non-reactive fractions, sodium aluminate was pregiuely added to the
mixes, which resulted in progressive lowering oé 8iG/Al,O; ratio. So-
obtained samples R09-R04 (classified as geopolynmerthe high-alumina
range, SIQAI,O; < 2 [49]) had reactive/non-reactive ratios rangiram 0.3
to 0.5 (Table 3) and actually exhibited a progressimicrostructure
densification (Figure 7). Accordingly, a denser mo&tructure was observed by
SEM (Figure 10) and fewer unreacted particles wesible (Figure 9).
R14 £ i H14

R4 & Ho4

Figure 9. SEM micrographs of samples cured at room tempex dleft) and 50 °C
(right) (back scattered electrons, 300x magnifwat{21].
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R14

Figure 10. SEM micrographs of samples cured at room tempexdteft) and 50 °C
(right) (secondary electrons, 2000x magnificati@d).

Samples cured at 50 °C (with the exception of saniil4) exhibited a
general increase in cumulative intruded volume apeén porosity, with
respect to samples cured at room temperature @3guand 8). This behavior
is in agreement with the temperature effect repoite the literature for
metakaolin-based geopolymers: when the curing teatype is increased, the
hardening process proceeds more quickly and arlargeime of pores is
formed, because no gradual filling of voids witlogelymerization products
occurs (as would be the case for geopolymers aitrxver temperature) [26].
In terms of pore size, samples cured at high teatpe¥ mostly exhibited a
reduction in the average pore radius. This is thotmbe a consequence of the
higher level of geopolymerization expected at higteenperature [54], also
involving compounds that at room temperature reroaimeacted and that give
rise to efflorescence. As a result, after curinchigh temperature pores are

partly occluded and less effloresces are formed SBservation of samples

27



cured at high temperature confirmed that, for thezsaples, more gel formed
from brick powder alkali activation, compared tanges cured at ambient
temperature (Figure 10). Similarly to the case ampgles cured at room
temperature, also H14 exhibited more unreactedcfestthan sample H04
(Figure 9). In the case of H14, a decrease in catiwel intruded volume was
registered, compared to R14. Considering that Hda exhibited significantly
less efflorescences than R14 (see 1.3.2), appamnihg at high temperature
allowed some further reaction of fractions thatr@m temperature remain
unreacted and form efflorescence on sample surfAse.a result, H14

exhibited reduced porosity.

1.3.2 Efflorescence formation

At the end of the curing period, samples cured anr temperature
exhibited some white efflorescences over sampléaser(Figure 11). As
assessed by SEM/EDS, these efflorescences areyntaimposed of sodium
carbonate, originated from carbonation of sodiund@xemained unreacted.
The visible amount of surface efflorescences deecafor decreasing
SiO,/AlL0; ratio (Figure 11). As expected from literature J[54dding an
increasing amount of sodium aluminate (correspandin a progressive
decrease in the SHAI,O; ratio) had the effect of reducing efflorescence
formation, because a higher amount of ;@& is available for
geopolymerization and a lower amount of sodium exidmains unreacted.
Anyway, SOM observation of sample cross sectionsaked some white salt
crystals in all the samples (Figure 12). The féeit,t for sample R14, more
efflorescences are visible on the surface anditee cross section, while for
sample R04 is the other way around, is thoughtetalronsequence of the

different microstructure of these samples: in thsecof R14, the high open
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porosity and coarse pore size allowed efflorescehzde transported towards
the surface during drying; in the case of samplé,R@e dense microstructure
favored salt crystals formation inside the sample.

R14 RO9 ROS RO6 RO4

H14 HO9  HOS8 HO4
Figure11. Efflorescences formed over the surface of sanmplesd at room temperature
(a) and 50 °C (b) [21].

In the case of samples cured at 50°C, more linefldrescence formation
on sample surface was visible (Figure 11). Thisnimgreement with what
reported in the literature, i.e. higher curing temgiure allows a higher extent
of geopolymerization, resulting in diminished effecences [54]. This was
also confirmed by SEM observations (Figure 10). Eeer, sparse white
crystals were visible by SOM in cross sections angles cured at 50 °C
(Figure 12). Compared to samples cured at room e¢eatyre, the smaller
average pore radius of samples cured at high tenper (Figure 7)
presumably favored efflorescence crystallizatiosida the samples, rather
than on the surface.
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R14

T~ Lmm

ROS§

Ro6

Ro4 Ho4

Fig. 12. SOM micrographs of fracture surfaces of sampleedat room temperature
(left) and 50 °C (right) [21].
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1.3.3 Water absorptic

The results of theWA test are reported in Figure .13l the sample:
exhibited highWA,,, values, ranging between -37% for samples cured
roomtemperature and -30% for samples cured at high temperat

50
B Cured at room temperature

Curedat50°C

30 - - I 2
I I
20 -
10 A
0 - T T T T
1.4 0.9 0.8 0.6 0.4

Si0,/Al,0; molar ratio

Water absorption [wt% ]

Fig. 13. Water absorption of samples as a function ol,/Al ,Os ratio (values ar
averages for 2 samples, bars indicate standardtomy) [21].

The samples with Si,/Al,O; ratios rangig from 1.4 to 0.8 exhibited
decreasing trend, in accordance with the trend ddoyy MIP (Figurt 7 and
Figure §. However, for samples with S,/Al,O; = 0.6 and 0.4WA values
were higher than expected. Different factors mayeheontributed to this
Firstly, in addition to pores detected by MIP, addidbpores are present, wi
size exceeding the range of MIP detection (). For instance, pores wi
half millimeterdiameter are visible in the SOM micrograph of samRD4
(Figure 12, which may have ignificantly contributed to increasinWA.
Secondly,WA test may have been partly affected by dissolutibrsamium
carbonate, highly soluble in water. As a mattefact, probably som fractions

were dissolvedh water when samples were immersed forWA test.
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Dissolution of some soluble phases may be respensib the highWA
measured also for samples with low open porosiigl{sas samples R04 and
HO4) and may also explain why samples cured at tegiperature exhibited a
lower WA than samples cured at room temperature, in spib@wng a higher
open porosity. Indeed, samples cured at high temyper reached a higher
level of geopolymerization (Figure 10), so thatosvér amount of soluble

efflorescences was formed

1.3.4 Water vapor permeability

Water vapor permeability was evaluated in termsvafer vapor diffusion
resistance coefficieng], illustrated for the different samples in Figu# For
all formulations and curing conditiong,ranged between 4 and 10, with the
exception of sample R04: (= 28). These relatively high values are in
agreement with the high open porosity values foopdVIP (Figure 7 and
Figure 8). In the case of sample R04, the apparextiremely highu value
was however reproducible (triplicate samples gaarg gimilar results). Such a
high value is thought to be due, firstly, to theywdense microstructure of this
sample (Figure 7) and, secondly, to the possilflednce of sodium carbonate
sub-efflorescences inside the sample (Figure 18jndhighly hygroscopic,
sodium carbonate may have partly altered the westh is based on weight
loss measurement as a function of time (a scardghivéoss over time,
corresponding to a scarce water vapor permeabiligy have been registered
because water vapor molecules were attracted dddblgasodium carbonate).
The high impermeability of the surface of R04 hirsdthe CQ gain in the
interior fragments of the material which is essanfor alkali-activation
process. Hence, lower levels of €@ain in the inner fragments of the

geopolymer-type material could led to decelerationsetting those fragments
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and brm layers with different levels of alk-activation in this sample
Consequently, the existence of layers with variosrostructures inside tt
material could considerably obstruct the vaporditéon through the sampl
Accordingly, the effect of cing at high temperature with the same nom
molar ratio (HO4) exhibited high permeability ofethmaterial, due t
modification of microstructure i.e. formation angciement of permeabilit
pores.

30
- m Cured at room temperature
S—
§ 25 | ®Curedat50°C
3 20 -
=
= 15 -
z
2 10 4
g : !
- - I
B 0 & T T T T
1.4 0.9 0.8 0.6 04

Si0,/Al,05 molar ratio

Fig. 14. Resistance to water vapor permeability of ples as a function of S,/Al,O;
ratio (values are averages for 3 samples, barsadtelstandard deviatic [21].

1.4 PRELIMINARY EVALUATION OF COMPATIBILITY AS
REPOINTING MATERIALS

To evaluate thepossible suitability of the alkaliactivater pastes as
repointing materials their microstructural and physicgbropertie were
compared to those distoric lime-based mortars. A literatusearcl on the

range of variabilityof historic mortar properties was carriout and the
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obtained results have been summarized in Tabld0&§57]. In the case of
water vapor diffusion resistance coefficient, néerence value for historic
lime-based mortars was found in the literature,chethe reference value
reported in the European Standard EN 998-1 [56]rEmovation mortars” was
considered.

In terms of cumulative intruded volume and openopity, a quite good
match was found. With the exception of samples RRd6 and HO04 (that
exhibited too low open porosity), all the other géas exhibited cumulative
intruded volume and open porosity that fall withive range of lime-based
mortars (which however exhibit remarkable differem@mong one another).
Also in terms of pore size distribution, a good chatvas found between
alkali-activated pastes and historic lime-basedtansr While samples cured at
50 °C exhibited pores with size slightly smallearthhistoric mortars, samples
R14, R09 and R08 exhibited an average pore sizg¢ siemilar to that of
lime/pozzolan, crushed brick/lime and hydraulic dinmortars. However,
considering the high amount of unreacted brick pawdiscerned by
SEM/EDS, found for sample R14, formulations witkteimediate SigJAI,O,
ratios (RO9 and R08) seem preferable.

In terms of water absorption, all the prepared gmsiere characterized by
values (27-37 wit%) higher than those reported ie ftiterature for
"compatible" restoration mortars (19-22 wt%). Hoeevas discussed in
§81.3.3, the measuratfA values were likely influenced by some dissolutidn
soluble efflorescences.

In terms of water vapor permeability, values of theoefficient are in all
cases lower than the threshold for "renovation amsttrecommended by EN
998-1 (1 < 15), except for sample RO4 that exhibited a éigin value.
Anyway, sample R04 also exhibited too low open pityp which led to
identify this formation as not compatible with loist mortars.
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All things considered, in terms of microstructuasd physical properties,
alkali-activated pastes with intermediate $KD,O; ratios (R09 and RO08)
appear as quite similar and hence potentially cdifpipawith historic lime-
based mortars. In the case of lime mortars withstoed brick (so-called
"cocciopesto”), characterized by their pale pink color, the adifactivated
pastes investigated in this study also have a vgopd aesthetical
compatibility. The term "aesthetical compatibilitgere deals with appearance
of these new binders that is similar to many histanaterials such as
cocciopesto.

However, a factor that actually limits the applitigpof the alkali-activated
pastes investigated in this study is efflorescdnomation. Indeed, restoration
materials causing efflorescence formation are tallg, not only because
effloresces are unaesthetic, but mostly because rthght migrate from the
restoration material to the historic mortars antks; thus possibly causing
additional damage [15]. Therefore, a further opation of the mix design
seems necessary, to reduce unreacted sodium ogmting to sodium

carbonate efflorescences.

Table 4. Reference values of microstructural propertieshistoric mortars [56] and
physical properties of restoration mortars commardysidered as compatible [20,57]
(n.a. = not available) [21].

Li Lime/ Crushed Hydraulic
ime o .
pozzolan brick/lime  lime

Cumulative volume [mig] 170-320 160-265 170-290 90-230
Open porosity [%] 30-45 30-42 32-43 18-40
Average pore radiugim] 0.8-3.3 0.1-15 0.1-0.8 0.1-3.5
Water absorption [wt.%] 19-22 22 n.a. 19
Water vapor diffusion reS|stance<15 <15 <15 <15

coefficient [-]
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1.4 CONCLUSIONS (PHASE 1)

In this phase of the dissertation, pastes fromliadictivation of brick waste
powder were produced, characterized and evaluatqubssible materials for
repointing historic masonries. Five different folations (having Si@AI,O;
molar ratio ranging from 1.4 to 0.4) and two diffiet curing temperatures
(room temperature and 50 °C) were investigatednRite results of the study,

the following conclusions can be derived:

 The open porosity was found to decrease for deiogesiO/Al,O;
ratio. For SiQ/AlI,O; = 1.4, the molar ratio was suitable for reaching
good geopolymerization level, but enough reactraetions were available
to form a continuous geopolymeric matrix embeddingeacted fractions.
Progressive addition of sodium aluminate (causimg3iQ/Al,O; ratio to
decrease down to 0.4) resulted in progressive sticrcture densification.

» Efflorescence formation was found to decrease facrehsing
SiO/AILO; ratio. Progressive addition of sodium aluminateluced
efflorescences because a higher amount ofOAlis available for
geopolymerization and a lower amount of sodium exeimains unreacted
and forms sodium carbonate efflorescences uporocation.

* Curing at high temperature generally favored gegperization and
reduced efflorescences formation, even if some usodtarbonate sub-
efflorescences were detected (presumably becaaseettuction in pore
size, consequent to curing at high temperatureoréas efflorescences
formation inside the samples, rather than on thaiface).

* In general, high water absorption and high watgrovgoermeability
were found for all the formulations (except for tample R04, exhibiting
low vapor permeability). However, both tests wekely influenced by the

presence of sodium carbonate efflorescences, cpasinncrease in water
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absorption (because of sodium carbonate solubihltywater) and a
decrease in water vapor permeability (because dliuso carbonate
hygroscopy).

» As for the possible use of pastes from brick wadkali-activation for

repointing historic masonries, among the investidaiormulations those
with intermediate SigdAl,O; ratios exhibited potential compatibility with
historic mortars. Indeed, in terms of intruded meycvolume, open
porosity and water vapor permeability, samples R88 RO08 exhibited
values falling in the range of historic lime-basedrtars. However, further
optimization of the mix design seems necessargdace the formation of

efflorescences, which may be harmful for the historortars and bricks.
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INTRODUCTION TO PHASES2 AND 3

Lime has historically been an important material construction since
ancient times. The history of application of linmaanifests their highest use
before 18' century, when they were gradually replaced by aytic limes, and
later in 20" century by ordinary Portland cement binders [8F, is proven
that application of the OPC cannot be an optiorrépair and rehabilitation of
old buildings due to incompatibility problems freguly associated with the
origin of the pathology in restoration of histoflitaildings. The low affinity
of OPC binders/mortars with historical substratess Hbeen frequently
discussed [3,6,58-600Dn the other hand, chemical, physical and mechknica
compatibility of lime mortars for restoration ofskorical masonries has been
confirmed, due to their permeability and not verghhcompressive strength
[61].

Lime mortars due to their slow carbonation, lowvemial cohesion and high
porosity, have often been mixed with many differadtlitives to modify their
properties. Studies of ancient formulations demaestthat various organic
additives (such as cheese, sugar, egg, and oréstycadditives) have been
used in the mortars in the past centuries [62].s€hmixtures have been
prepared in order to enhance one or some of thepepties, such as setting
time, adhesion, impermeability, hardness and ptyrogipplication of some
fatty organic additives in the mixes which led tthancements in the hydric
properties of the lime mortars had been a histbgotution [5]. Addition of
different types of oils in lime mortars has beem&bdy many scholars and the
developments of hydrophobic properties were alratvsays observed [63-70].
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As recent instances, Nunes [67-69] reported thdtaufic lime mortars added
with metakaolin and enriched with linseed oil, niesied a remarkable
capillarity reduction and consequently higher asise to NaCl cycles. In
some studies, the additives source was the foagstndand possibly the agro-
food wastes. This could bring superior sustaingbith the agro-food system
as a result of reduction of dependency on nate@urses [1,23,71]In most
of the previous studies, the effects of unsatunat&vels of the oils used as
mortar additives are not studied. However, unstibimaextent of these
additives can be a key factor in microstructurgrations and hydrophobicity
of the final product.

Hydraulic properties of the air lime mortars cobkelachieved as a result of
pozzolanic materials additions in lime mortars,n@ny ancient civilizations
have contributed to development of limes with hydicaproperties, namely by
being in contact with water [72]. “Cocciopesto” anushed brick mortar is a
material that goes back to the later Roman epoch hed applications as
plaster on surfaces prone to humid conditions [TBese mortars as outdoor
rendering materials manifest an aesthetic appeartorchistorical masonries
with promising durability and performance. The amde&nent of lime mortars
with hydraulic properties by adding pozzolanic mals, in terms of
mechanical resistance and durability, especiallyhimid conditions with
limited exposure to air, is indicated in the litew& [6,74]. The studies by
Donatello [75], Cachim [76] and Nunes [69] have destrated that a mixture
of lime binders and pozzolans or amorphous silisematerials enhances the
characteristics of the mix.

As previously discussed in introduction, renderapglications are required
for many old deteriorated exterior surfaces. Toven¢ damages to original
masonries, the compatibility of the new materiasigned for this issue with

the substrate is essential [15]. In this phaseéhefdissertation, the feasibility
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and compatibility of using hydrophobic waste-basktie mortars for
rendering application in historic/old buildings amnwestigated and discussed.
Mortars are characterized in terms of propertiescwiare important for the
application of restorative outdoor rendering, sashworkability at the fresh
states, calcium carbonate formation rates, pore slstribution, water
absorption through capillarity, water vapor permkstb mechanical strengths
and durability life cycles. The characterizatiom®ied at providing an insight
into the contribution of the waste additives to llyelrophobicity, performance
and durability of lime-based mortars, when compat@dhe conventional

restorative rendering materials.

In the second phase of dissertation, applicatiomaobus oils as additives
in lime-based mortars with a focus on unsaturagmel! of the fatty acids has
been studied. However, study of oiled lime mortaas been carried out by
many scholars and enhancement of hydric propedfethe mortars were
almost always concluded. However, these researgbesrally report some
disadvantages of oiled mortars such as permealgidyctions and setting

decelerations.

Other disadvantages of the conventional lime mertave been listed as
their low internal cohesion and their slow carb@rat To overcome these
shortages the protein additives have been histd2gand modern solutions
[77] to accelerate curing and entrain air in matakmong historical mortar
protein additives blood and albumen has been fratudisted [78]. The
results of a recent study on traditional restomtiood lime mortars showed
superior binding strength, increased hydric prgpenteather resistance, and
carbonation speed than common lime mortars thamksydrolysis of blood
proteins under alkaline condition [9]. However,some older researches on

traditional blood lime mortars, prominent developisedue to additives were
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not manifested [79]. Although several researches Hseen done regarding
traditional blood mortars [80,81], contemporarydsts on effects of albumen
in traditional lime mortars -as a prevalent additiof ancient times- is not

reported.

High price of application of modern synthetic adldis in mortars can be
magnified as each synthetic additive targets deweént a certain property
and various synthetics are usually used at the dame [9]. In order to
broaden the conservation domain the economicalesmvttonmental aspects
should be improved with respect to conventionautmhs; option of the
additives sources from agro-food waste resourcgdpees high sustainability

as limits the dependency on natural resources [12].

In the third phase of this dissertation, pulveribegtk waste as a ceramic
residue is the pozzolanic additive in lime mortesigh hydraulic properties.
Accordingly, other waste-based additives used irs thtudy are spent
sunflower cooking oil and albumen. The suitabibfythe mortars with parallel
valorization of organic waste additives is discdsse the third phase, as

assessment of their potentials as restorative ramgdmortars.
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PHASE 2
VALORIZATION OF SPENT COOKING OILS
ADDITIONSIN HYDROPHOBIC WASTE-BASED
LIME MORTARSFOR RESTORATIVE RENDERING
APPLICATION

2.1 BACKGROUND AND RESEARCH AIM

In this phase of the dissertation, ground bricktevass a ceramic residue
(the same material as 81.2.3) is used as a pozeadditive in lime mortars.
According to the newest version of EN 459-1 [83nstard of building lime,
some limes with hydraulic properties formerly clsd with other names are
now classified as formulated limes (FL) or hydradimes (HL) as a function
of the pozzolanic content. According to this, tlyateesized mortars prepared
in the present study are defined in two groupsliaie mortars (AL) with or
without spent cooking oils as additives, and limertars with hydraulic
properties with or without spent cooking oils aglitides. The latter group
includes formulated lime mortars (FL) containingickr waste powder
content=3.1 wt.% and hydraulic lime mortars (HL)ntoning brick waste
powder content=6.2 wt.%. Two different percentage$ and 13%) of two
types of spent cooking oils (high-oleic acid oidamgh-linoleic acid oil) were
used as additives in synthesis of the three mesdiocategories of lime
mortars. The designated variety of oils in quagsitiand characteristics
(different unsaturation levels) were aimed to studgir effects on mostly

physical and microstructural alterations of the taus;, respectively.
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2.2 EXPERIMENTAL PART
2.2.1 Materials

The lime puttyused for the presestudyis a commercial product (Can®,
supplied by Calceviva, Fasano, Brindisi, Italy)adable in the Italian marke
and classified as CL 90S according to EN-1 [82]. The high calcium lim:
(Ca0>98 % -12 month aged and with 8 % of water content) and pu
siliceous sand with normalized granulometry accuydio EN 19-1 [83]
(particle size between 0.08 and 2 mm) where uséario the reference mort
specimens. The mineralogical composition of drained lime putiyas
performed by XRD Philips Diffractometer PW 1840, 40kV/20r- Cu
Ka radiation, and it detect portlandite as the major crystalline phase (Fic
15). The designated pozzolanic material was the twiakte powder describt
in §1.2.1.
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Fig.15. X-ray diffractior analysis of the lime putty;: Portlandit
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Table 5. Significant chemical characteristic of spent agdibils

Type of spent additive oils Abbreviations Oleicchfio] Linoleic acid [%)]

High-oleic acid oil (@] 85.42 6.02 5.39 40.01
High-linoleic acid oll Q 68.43 ©.01 21.53 #€.01

Two types of sunflower oils (pure high-oleic cared a 70:30(v/v) mixture
of high-oleic/high-linoleic ones) supplemented withatural additive
antioxidants, were subjected to continuous fryihgatato sticks at 180 °C (3
intermittent  frying sessions/day) for 5 consecutive@ays, without
replenishment. Frying was performed under theseliions in lab to mimic
frying at catering level; at the end of the 5-dayirfg, both oils reached a
percentage total polar compounds higher than tBe Ig&it set by the Circular
of the Italian Ministry of Health (CM 1991, N0.2588) [84] for fried oils to
be discarded. The oils were added to the mixes.&twt.% according to
literature [69] and 13wt.% to stress the effectiadir unsaturation level. The
fatty acid compositions of the spent cooking oile ahown in Table 5. The
unsaturation level of high-linoleic acid oil is higr than high-oleic one. In
chemical terms, high-oleic acids and high-linol@nes are classified as
monounsaturated (MUFAS) and polyunsaturated fat$F@3), respectively.
MUFAs are fatty acids that contain only one doubdsd in their fatty acid
chain and their other carbon atoms remain singteted. PUFAs are fatty
acids that accommodate more than one double botigtinbackbone (Figure
16).

(¢}

™ % OH %
the sole double carbon-carbonbond //\

two double carbon-carbon bonds

Fig. 16. Skeletal formulas of oleic acid (monounsaturatdf(faft); and linoleic acid
(polyunsaturated fat) (right)
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2.2.2 Samples mix design and preparations

The preparation of mortars consists in 3 main ge#sr limes mortars (AL),
formulated lime mortars (FL), and hydraulic limesomars (HL) based on
weight proportions of lime putty, sand, brick powdand two types of
additive spent cooking oils. The abbreviated samplaes indicate the type of
binder (AL, FL and HL), the type of the added spaatking oil (O: high-oleic
acid oil; Q: high-linoleic acid oil), and its amadufl.5 or 13 wt.%). For
mortars with hydraulic properties, the addition asf amount of water was
necessary to keep the water content of the sanggjeal to air lime mortar
samples ones (12.5 wt.%) and consequently to aelife/same consistency of
the reference mortar (AL). Table 6 and 7 exhibie titmass proportional
compositions of non-oiled mixes and the mix desighsll the 15 prepared

formulations, respectively.

Table 6. Mass proportional composition of the non-oiled migis

Sample Ca(OH) Brick waste  Sand Added Added

powder water  water/binder
ratio
AL 1 - 3 - 0
FL 0.75 0.125 3 0.125 0.14
HL 0.5 0.25 3 0.25 0.33

A Hobart mortar mixer at low speed was used to grepnortar samples.
Lime putty and aggregates were mixed for 3 minated after 20 seconds
pause, the mixture was blended for additional 3uteis to prepare reference
mortar (AL). Regarding the preparation of mortaighwaydraulic properties
(FL and HL sets), lime putty, brick waste, aggregadand water were mixed in
the automatic mixer for 6 minutes to prepare FL &hd The total water

contents deals also with water content of the il putty.
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Table 7. Mix design of the investigated samples

Sample Ca(OH) Brick waste Sand Added water Additive Type of
[wt.%)] powder [wt.%] [wt.%)] spent oils spent oil
[wt.%] [wt.%]
AL 25.0 - 75.0 - - -
ALO1.5 24.6 - 73.9 - 15 O
ALQl.5 24.6 - 73.9 - 15 Q
ALO13 21.7 - 65.3 - 13.0 O
ALQ13 21.7 - 65.3 - 13.0 Q
FL 18.8 3.1 75.0 3.1 - -
FLO15 185 3.0 73.9 3.0 15 @)
FLQ15 185 3.0 73.9 3.0 15 Q
FLO13 16.3 2.7 65.3 2.7 13.0 O
FLQ13 16.3 2.7 65.3 2.7 13.0 Q
HL 12.5 6.2 75.0 6.2 - -
HLO1.5 12.3 6.1 73.9 6.1 15 @]
HLQ1.5 123 6.1 73.9 6.1 15 Q
HLO13 10.9 5.4 65.3 5.4 13.0 O
HLQ13 10.9 5.4 65.3 5.4 13.0 Q

Spent cooking oil additions occurred for all thertantypes as follows: the
oil and a minor portion of lime putty were manudshgnded for 3 minutes in a
plastic beaker to effectively increase the homaggmn of the mix; then this
amount was added to the rest of the mix in the Halbaer and mixed for 6
min. The dispersion of oils in the mixtures wasugi$y assessed and a sound
homogeneity was observed. Oils additions in mortpgserally respect their
aesthetic integrity without considerable changeth@&ir gloss and color [62].
Industrial refining of cooking oils makes them matable and suitable for
high-temperature cooking and also removes thenofland color (resulting in

a very pale color); hence, in every category, colmanges were not observed
by naked eye.
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The mortars were molded in prismatic steel casbs¥40 x160 mm) for
capillarity and mechanical tests, in disc-shape$tt molds (diameter = 60
mm, thickness = 20 mm) over a thick glass surfame permeability and
durability assessments, and in cylindrical plastiolds (diameter=30mm,
height=50mm) for calcium carbonate determinatioml amercury intrusion
porosimeter (MIP) measurements. The freshly molawdtar samples were
placed inside a basin (T=22 + 2 °C, RH=98+% 2 %) 6odays, to accelerate
their initial setting. After this period, the sarapl were demolded. The
formulated and hydraulic lime samples containingkowaste as pozzolanic
addition were cured in the same conditions forrthéiole curing period (2
years). The air lime samples were cured in thgTa22 + 2 °C and RH=50%5
%) for 2 years in order to promote their naturatboaation process. A

schematic illustration of the mortars synthesiemorted in Appendix B.

- _m.,‘ "

Fig. 18. Samples preparation for permeability measurements
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2.2.3 Samples characterization

Workability. The workability of the mortars was assessed aaogrih EN
1015-2 [80] in two synthesis rounds before thestiog (flow table test). The
reported values are average of two measurememistfre formula:

100 dn-d

where ¢, is the average of the two diameters measured wiipers and d is
the lower diameter of the truncated cone.

Fig. 19. Mortars consistency characterization

Calcium carbonate determination. The calcium carbonate determination

was assessed by a Dietrich Fruhling calcimeter &fde 120 and 180 days of
curing. The test specimens were taken from botlfaserand internal part
(depth of ca. 20 mm) of cylindrical samples (diaenreB0 mm, height=50
mm). Considering the designated application of eeind, test specimens
taken from the surface were also tested after Esyafacuring. The calculation
of CaCQ content of the samples is based on the releasedr@® chemical

reaction between the sample and hydrochloric @k reported values are

averages of 2 measurements.
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Fig. 20. Dietrich Fruhling calcimeter (gasometer)

Pore size didtribution. Porosity measurements by mercury intrus

porosimeter (MIP) were carried out after 120 an@ d@8ys of curing, in orde
to determine the values of total pore volume anek gize distribution of th

lime mortars as wascplained in §1.2.:

Hydric properties. The hydric behavior of lime mortars towards wated

water vapor were investigated in terms of capijarand water vapc
permeabilitymeasuremeniafter 120 days of curingapillarity measuremen
were performed@&ording to EN 101-18 [86] on prismatic samples (4x 40
x ~80 mm).The capillary coefficients of the samples were wlalied as th
mass of water absorbed between 10 and 90 min,rparuait and square ro
of time. Water vapor permeability of the mcrs was examined on 3 samp

for each mix desigas was explained in 81.2
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Fig. 21. Capillarity measurements

Mechanical properties. Measurements of compressive strength were

performed by an Amsler-Wolpert 100 KN device by stant displacement
rate of 50 mm/min, according to UNI 196-1 [83]. Tiesults are averages of
two measurements on cubic samples (40 x 40 x 40 afta) 180 days of
curing. Dynamic elastic modulus test (Young's madulwas performed on
prismatic samples (40 x 40 x 160 mm) after 180 ddysuring. The values of
dynamic elastic modulus {Ewere calculated as averages of 3 measurements
according to the formulag=V2.p, where V is the pulse velocity, measured by

a Matest instrument with 55 kHz transducers @iithe material density.

Fig. 22. Compressive strength characterization
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Fig. 23. Dynamic Elastic Modulus test

Optical microscopy. Optical microscopy was carried out on the fracture

surfaces of the mortars after 180 days of curing ineestigate their
microstructure. The images were collected at 25xgmiigations, using a

continuous zoom stereomicroscope Olympus SZX10 aviigital camera.

Surface wettability.To assess the surface wettability of the morttrs,

contact angle test was carried out according to 15802 [87] by a theta
optical tensiometer after 180 days of curing. Congangled is a quantitative
measure of wetting of a solid, which is geomethcalefined as the angle

formed by a liquid. The reported values are avesad& measurements.

Freeze-thaw resistance. In order to test the surface durability of the tams

as outdoor rendering materials, 3 disc-shaped s@as (diameter=60 mm,
thickness=20 mm) for each formulation, were sule@to 10 freezing-thawing
cycles after 180 days of curing. The specimens wangersed in water for 1
hour, kept at a temperature of 22 + 2 °C and diveldaumidity of~ 40 £ 2%
for 15 hours and then frozen at —20 +2 °C for 8rediTable 8). The selected
cycle was aimed to simulate a daily cycle in a aahdironment. Superficial
alterations were qualitatively investigated as aseasment of their suitability
for outdoor rendering.
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Table 8. A single freezing-thawing cycle (24 h)

Step Temperature Water immersion Time for each step
Stepl 22+2°C Yes 1h

Step2 22+2°C No 15h

Step3 -20+2°C No 8h

2.3 RESULTS AND DISCUSSION
2.3.1 Workability

Workability values of the mortars are reported igufe 24. FL and HL
mortars exhibited a significant increase in workgbwith respect to the air
lime mortars AL. Such increase can be due to tleseorce of brick waste
powder as well as the added water. High workabiéles are very important

for mortars for restoration purposes as they dase applications.

For AL and HL mortars the addition of spent cookoiy always caused a
decrease in the workability, which is more evidémt AL series. Such a
behavior is in agreement with effects of additivis seported in literature
[64,67]. The spent cooking oils cover the aggregated the solid particles of
the binder, leading to an increase in the coheaimong the particles and the
formation of a less workable product. This physaénomenon balances the
increased workability due to extra/kneading watentents and it was not
affected by the different types of oils, but gefigrdrom their amounts.
However, in case of FL mortars apparently the optmkneading water/binder
ratio was obtained; hence almost all of the addatéemwas consumed by the
brick dust. Therefore, in case of FL mortars oisliions did not adversely

decrease their workability values.
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Fig. 24. Workability of the investigated mortars

2.3.2 Carbonation rate

Calcium carbonate formations on both surfaces amernal parts (taken
from depth of ca. 20 mm) of the mortars were suidiéer 60, 120 and 180
days of curing as reported in Figures 25 and Zpaetively. The reported data
demonstrate the calcium carbonate due to carbanaficalcium hydroxide
present in the mortars. For FL and HL the calciambonate content due to the
brick powder (ca. 4.2 % as determined by calcimetrgasurement) was

previously subtracted.

The more exterior surfaces of lime mortars dematesthigher carbonation
than their interior parts, as a consequence ofgoeione to humidity and GO
from the environment. As the aimed applicationio$ study is rendering, the
interest was calcium carbonate formation rate pesiicial levels or finishing
surface of the mortar; hence the formation of CalbGsurface fragments of
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the mortars has been additionally monitored aftge&s of curing. Howeve
the comparison of # carbonation of internal parand surfaces can |
interesting in terms of assessment of the carbomattes and permeabili

analogies.

W after 2 vears of curing
W after 180 d of curing
m after 120 d of curing

| ® after 60 d of curing

O,
SRR RCIR PI IR IO IR SR i
S TP TP

Fig. 25. Calcium carbonate formation of limes at the suramfemortar

35
u after 180 d of curing
30 1 M after 120 d of curing
25 H after 60 d of curing
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Fig. 26. Calcium carbonate formation limes at the internal fragments of the mor
(depth of ca. 20mm)
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The surfaces of AL mortars exhibited their majarboaation in the first 60
days of curing; they implemented 80-90% of therboaation in this period.
The non-oiled AL sample remained the only studiédlime mortar that
exhibited extra carbonation after 180 days of @urim case of FL and HL,
calcium carbonate formation generally accelerattat 80 days due to slower
setting through hydration reactions. The non-olfédmortar demonstrated a
low level of carbonation after 60 days; howeveteafi80 days of curing it
exhibited the highest level of calcium carbonater Blmost all of the FL
mortars, the carbonation ceased before the ag8®fdays as they did not
exhibit extra CaC@formation up to age of 2 years. The FL mortars ldisgd
only 13-22% of their CaCgormation in their first 60 days of curing and 30-
45% of this process in the following 120 days. Diméy mortar with different
CaCQ formation behavior in this group was the FLQ13, eithexhibited low
carbonation in the first 120 days of curing andssmjuently this process was

not ceased by the age of 180 days.

The surface fragments of HL mortars exhibited ghgly higher rate of
calcium carbonate formation than the FL mortarse Tilgdration process for
formation of CaC@in lime products with hydraulic properties is ed&dly
slower than the carbonation process in air limetamsr This explains the
lower initial CaCQ formation rates determined for FL and HL than tha¢

determined in AL mortars.

The additive spent cooking oils significantly derated the carbonation
rate in AL mortars. Non-oiled FL mortar exhibitedylm calcium carbonate
formation after 180 days of curing; neverthelekss, EL mortar containing the
highest amounts of high-linoleic acid oil (FLQ13)epented the lowest
calcium carbonate content among the formulated hmoetars. Initial calcium

carbonate rate in oiled HL mortars showed a deered respect to non-oiled
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HL sample; however, they generally reached the sameunt of calcium
carbonate of non-oiled HL mortar after 180 daysuwing.

In general, the addition of spent cooking oils éased carbonation, but its
effect was more evident in AL mortars than in Fld &L samples where the
occurrence of pozzolanic reactions already hindef@@ penetration.
Nevertheless, 1.5 wt.% oil additions were foun@xaibit slighter decreases in

carbonation/hydration rates compared with highéerbadditions.

Calcium carbonate formation at the internal fragieest mortars (Figure
26) demonstrated significantly low values due toited CQ gain. As for the
superficial carbonation, AL mortars exhibit highearbonation than FL and
HL mortar according to its higher content of cafaitnydroxide. For FL and
HL, pozzolanic reaction occurs between Ca(©Hhd brick powder thus
creating a more effective barrier to C@enetration and less calcium

hydroxide available for carbonation.

2.3.3 Open porosity and pore size distribution
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Fig. 27. Total open porosity of the investigated mortartedeined by MIP at 180 days
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The total open porosity (TOP) of the investigatadhples determined by
MIP at 180 days of curing is reported in Figure &i& three different mortar
types without spent oil addition exhibit similarlwas in the range 28-32 %.
For AL mortars TOP slightly increases when the spancontent is 13 wit%,
but it remains almost unchanged when spent oibtsimcluded or present in
small amount (1.5%). On the contrary, for FL matapent oil does not
enhance TOP even when the content is 13 wt%. Fosathples, the addition
of spent oil leads to the highest increase in T@®E auch increase is

particularly evident for the mixes containing higleic acid oil.

As reported elsewhere addition of oils to morlaeds to formation of air
macro pores [69] that many of them are probablebogoout of the MIP
detection range (60 microns). As previously disedssheology of FL mortars
induced the probability of the optimum kneading evAiinder ratio due to
consumption of all added water by the brick duster&fore, formation of air
voids in oiled FL mortars was not evident. Compaieair lime mortars, the
effect of oils on microstructure of hydraulic mogds more evident as the
concentrations of fatty acids are higher sincewheer is consumed. However,
lower reactivity of high-oleic acid oils than higdinoleic ones could lead to
production of less and smaller air voids and kdegpnt inside MIP detection

range and consequently register a higher TOP value.

The graph of pore size distribution determined\i¥? at 180 days of
curing for AL, FL and HL samples are reported igufes 28, 29 and 30,
respectively. In accordance with literature, the mbrtars (Figure 28) exhibit
low porosities with radius lower than 0.0&, which are mostly manifested in
limes with hydraulic properties and phases suckaksium silicate hydrates
[83]. Addition of high amounts of oil (ALO13 and A13 samples) promoted
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the highest cumulative intruded volume as welthe high content of pore
with dimension in the range of 0-0.3 um. These samples exhibit
decreases in the pores with radius greater thapm.&vhen compared to n-

oiled AL.

100
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Cumalative intruded volume (mm3/g)

0.001 0.01 0.1 1 10

Pore size (pm)

Fig. 28. Poresize distribution of air lime mortars at 180 dagfscuring

The pore size distribution of | mortars (Figure 29shows that all sample
regardless the oil content, have a quite similandrand total cumulativ
intruded volume, which is generally lower than thee determined for Al
mortars according to pozzoic reactions occurring between brick waste

calcium hydroxide.
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Fig. 29. Pore sizalistributior of formulated lime mortars at 1&8y: of curing

HL mortars exhibit pore size distribution and totaimulative intrude
volumes more similar to AL tharo FL samples (Figure 03. Although
hydraulic reactions should occur and refine potegtire as it happens for F
samples, the high porosity here determined carsbebad to the high conte

of water added in HL mixe
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Fig. 30. Pore sizalistributior of hydraulic lime mortars at 18fay« of curing

Generally, additions of higher percentage (13%)od$ demonstrate
reductions in pores greater than @, after 180 days of curing. This effe
was more evident in mortars with more saturated(loigF-oleic acid oil)
additions, also confirmed in MIPssessment after 120 days. Neverthe
these microstructural modifications were exhibitedcase of 13 wt.% hic-
linoleic acid oil addition only after 180 days airmg. In other words, hic-
oleic acid oils caused the microstructural modtfaas to ocur faster thai
case of addition of the same amount of -linoleic acid oils.This effect of
saturation level of the additive oils is also ewiden results of previou
researchers. A study of Vent [5] accounted that lime mortars with 5% ol
oil (contains high MUFASs/ hig-oleic acids) caused a reduction of roug
48% in pore volume with respect to its referenderadnly 28 days of curing
Moreover, in a study of Hvankova[89] on linseed oils additions (contain

high PUFAs/ highlinoleic acids to lime mortars, no significant reduction
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pore size was reported at the age of 90 days; hewafter 180 days many

pores of the oiled mortar were shifted towards mnalore size.

2.3.4 Hydric properties

The behavior of lime mortars towards water and watapor were
investigated in terms of water absorption througpiltary phenomenon and
water vapor diffusion resistance coefficient asvaon Figures 31 and 32,

respectively.
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Fig. 31. Capillary coefficients of the investigated sam@e420 days of curing

High capillarity coefficients are registered foretmon-oiled mortars as
water can easily move in the vertical suction p¢@€3. Their high capillarity
can be additionally ascribed to their potentialikay pores that are greater
than the mentioned MIP detection range. Comparimese data with the
literature, the capillary coefficients of the limeortars formulated with brick-

waste results significantly higher than values lione-metakaolin mortars
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[67,69]. This can be due to less reactivity of brmowder with respect to
metakaolin [21]. However, the contribution of paige distribution in water

intakes through capillarity can be substantiallgtexd to hydrophilic cavities.

The addition of spent cooking oils in the lime naost exhibited a
significant hydrophobic effect through capillaritgespite the formation of
capillary pores in oiled mortars. Thirty-sixty tiseapillarity reduction was
observed with the addition of spent cooking oilsrartars. This is due to the
fact that the capillary suction cannot take plameugh vertical tunnels of
pores with hydrophobic internal surfaces. As elsawhreported [64], the
internal surfaces of pores coated with layers dty fanaterials turned their
hydrophilic cavities into hydrophobic ones. The ljable restriction of the
interconnectivity of the capillary pores in theeall mortars can be another

important reason for such reductions.

For AL mortars, the decrease of capillarity coedints was slightly more
than the one determined when linseed oil was addear lime mortars by
Cechova [64] and Nunes[67,69]. For FL and HL oil teaming samples the
results were significantly more pronounced thans¢éheceported in previous
studies where the same amount of linseed oil wagddo lime-metakaolin
mortars [69]. Such differences could be partly ilagtied to the higher
unsaturation level of fatty acids in linseed oitlwiespect to the spent oils here
used. The advanced hydrophobicity of mortars emdchy oils containing
high unsaturated fatty acids is reported in li@mt[63,64,67]. The chemical
reactivity of the high-linoleic acid oils is due tioeir triglyceride molecules by
the double bonds of the unsaturated acids [91,B2s unsaturation allows
them to react with the oxygen of air and with onether to form a polymeric-
shaped network [91]. The triglycerides presenthia tinsaturated oil break

down to glycerol upon being mixed with the alkalimae binder. Due to high
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coordination of carboxyl group of the fatty acidghathe present calcium, the
fatty acids will be confined inside the lime mortard water repellency will be

created by the hydrophobic part of the molecul8sgH].

Therefore, polyunsaturated fats bring superior waépellency to lime
mortars with respect to monounsaturated fats, duthdir higher number of
double bonds and superior reactivity with oxygentled air (Figure 16).1.5
wt.% oils additions led to an adequate degree dfdphobicity.
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Fig. 22. Resistance to water vapor permeability of the stigated samples at 120

days of curing

Water vapor impermeability or the water vapor diftin resistance

coefficient for all the formulations ranged betwé&eé and 5.9.

In case of non-oiled lime mortars, specific rangepores corresponding to
pores greater than 1Am and between 0.421 and 1.7@& can highly
contribute to water vapor permeability of the mmtg93]. Pore size
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distribution analysis in Figures 28-30 showed thetedmined content of
permeability pores of non-oiled AL, FL and HL as.¥& 74.79 and 66.93
mm’/g, respectively. Accordingly, the non-oiled FL gdendemonstrated the
highest permeability among non-oiled mortars, due its extent of

permeability pores. The low impermeability values s agreement with the
high open porosity values obtained from MIP measergs (Figure 27).

A general increase of the water vapor diffusionstaace coefficient for the
mortars containing added spent oils was observhis dffect was higher in
AL (ALO13 and ALQ13) and FL (FLO1.5 and FLQ1.5) rtars. This is
mainly because of the microstructural alterationspresence of oils. The
reduction of permeability pores [93] for ALO13, All®, FLO1.5, and FLQ1.5
mortars registered in Figures 8-9 explains the meatl increased
impermeability values. However, physically speakioids are also probable to
affect the interconnectivity of the pores and coosatly hinder their water
vapor permeability. For HL samples, the oil pregeimeproved impermeability
regardless of the type and amount of oil. The redugermeability here is
proposed to be due to the restriction of the imenectivities of the

permeability pores.

It was concluded from calcium carbonate formatiates studies (Figure
25) that the addition of spent oils hindered thébcaation of mortars. The
decreases in permeability of oiled mortars can beomvincing reason for
decelerating their carbonation rates due to obstruof the carbon dioxide.
This could explain why AL and FL mortars exhibiteigécreases in their
carbonation values; conceivably, this effect waghér in AL mortars.
Accordingly, ALO13 sample showing the highest immpeability value
demonstrated the lowest carbonation rate amonigrarmortars. The mortars

with higher impermeability exhibited lower carbaoathydration rates at
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depth of ca. 20 mm (Figure 26) with respect to nded samples, due to lower

interaction of their internal parts with air andteravapor.

Generally, the increased open porosity of the memath addition of spent
cooking oils did not lead to permeability improvert® due to the
hydrophobic carboxylates that covered their pofesordingly, 1.5 wt.% oils
additions caused a lower impermeability incremeith wespect to the higher
extent ones. The literature confirms the increasempermeability of lime

mortars by organic fatty additives, such as oliv¢5.

The favorable water vapor diffusion resistance ftteht patently depends
on the desired applications of the mortars. Perfee@ndering materials can
facilitate the draining of the humidity inside thesonry, and therefore this is
a very promising value for restoration applicatiofel]. However, the
decreased permeability of the investigated moitagtill a proper value as a
perquisite of restoration materials according & Buropean Standard EN 998-
1 as "renovation mortars” [57]. According to thisater vapor diffusion
resistance coefficient for "renovation mortars" teve a value lower than 15
[57].

2.3.5 Mechanical properties

Compressive strength and dynamic elastic modulukiesa of the
investigated mortars are reported in Figure 33. Vdlaes of the compressive
test for AL, FL and HL mortars without spent oildgitbns are very similar; for
AL sample the reported values are in accordanck sdtne previous studies
[95,96]. The introduction of water in the mix of REnd HL leads to reach low
mechanical performances which were only partialgmpensated by the

pozzolanic action of the brick waste powder. A ldigicrease in mechanical
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properties of the lime mortars was observed whemdtated with brick

powder. Some studies reported that formulated hmogtars with metakaolin
addition [97,98] could reach a compressive strengtbo 20% higher than that
of lime mortar without hydraulic properties. Thigference could be again
ascribed to the namely low reactivity of brick pewddue to its higher
crystalline content than metakaolin; therefore lesstive silicates contributed

in hydraulic products formation through pozzolaadtion.

10

B Compressive strength (MPa)
Dynamic elastic modulus (GPa)

9

Fig. 33. Compressive strength and dynamic elastic moddltisednvestigated samples at

180 days of curing

The compressive strength values of air lime moreisibited reductions
with addition of oils. The study of Nunes [67] ctudted the same result from
application of linseed oil in air limes. Howeven the present study the

addition of high-oleic acid oils in large amounB8%t) in FL and HL mortars
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shows an increase in the compressive strength sadfierelevant sample
FLO13 and HLO13.

Air lime mortars Formulated lime mortars Hydraulic lime mortars
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Fig. 34. SOM micrograph of the fracture surfaces of the samples atda3@ of curing
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The SOM micrographs (Figure 34) indicated the pméve role of oil
addition to mortars against formation of shrinkageacks; a similar
enhancement has been previously seen and intetpretine study of other
organic fatty additives used in lime mortars witpdraulic properties [64].
Figure 34 demonstrates formations of large (~0.3 diameter) spherical
pores in the hydraulic mortars with addition oftigleic acid oils in 13 wt.%
(FLO13 and HLO13). Large spherical pores play a kalg¢ in hampering
crack developments during long curing times [69]en&rally, SOM
inspections of the pores indicate that the sphlepoees range in radius up to
ca. 150um and their origin are air voids, whereas the ctuted pores are
actual cracks caused by shrinkage of the mortarmgldheir setting period
[60]. This can provide another explanation for FI3Cind HLO13 mortars to
show superior mechanical properties among oiledtargr as they do not
exhibit hair cracks in their sections.

Dynamic elastic modulus exhibits the same trendashpressive strength,

showing values in the range of 2.3-8 GPa.

The alterations in mechanical properties of thedimortars might be
ascribable to a decrease in internal cohesion lestwded aggregates and the
binders, as it can be also noted in the fracturdases in the SOM
micrographs (Figure 34). In these images, the glegmappearances of the
oiled surfaces of the aggregates are evident (edlyem cases of oiled AL
mortars), which devitalized their adhesivenesshiirtrelative surrounding
binders. Nevertheless, as exceptions and in progisiccordance with
compressive strength results, addition of higheowmts of high-oleic acid oll
in mortars with hydraulic properties (FLO13 and HLZDmortars) increases

their elastic modulus after 180 days of curing wehlpect to non-oiled FL and
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HL mortars. Moreover, ALO13showed the lowest redurcin elastic modulus
among the investigated oiled AL mortars. The martaith inclusion of high-
oleic acid oils in 13 wt.% previously exhibited stdmtial decreases in their
pores with radius greater than Oubn when compared to their non-oiled

references (Figures 28-30).

However, it has to be considered that the hydrit microstructural effects
of additive oils have to be evaluated separatelycdmparison of high-oleic
acid oils and high-linoleic ones, the former onehibited superior
enhancement in microstructure and mechanical ptiepenf the mortars; the

latter one demonstrated superior water repellency.

2.3.6 Surface wettability

The additive oils exhibited a significant effect dgdrophobicity of the
mortars. These effects were additionally assessethéasuring the surface
contact anglef)). The low contact angle values indicate that ieidl spreads
on the surface, while high contact angle valuesvgbhmor spreading. If contact
angle is greater than 90°, the surface is saigtodm-wetting with that liquid;
surfaces with 0€6<90° are known as wetting surfaces and surfacdsowi°

refer to complete wetting surfaces [94].

As shown in Figure 35, the non-oiled mortars dertratesd complete
wetting surfaces; the mortars containing smallepwams of oils (1.5 wt. %)
exhibited wetting surfaced (=0-90°), while all sets of mortars containing
higher oil contents (13 wt. %) presented non-wgtsarfacesf=0-90°). The
precise surface contact angles of mortars adddd Mitwt. % high-oleic acid
oil, which previously demonstrated enhanced porecresiructure and

mechanical properties, was measured by theta dpeinaiometer on a set of
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non-wetting(containing 13 wt. % additive oilair lime, formulated lime an

hydraulic lime mortars (Tak 8).

The results of surface wettability of the samplegrav promising
considering that the ordinary lime and cement msrt@ve wetting suaces,
and the limestone sand and hydrophobic cement msoftegdrophobised b
chemical agents) have initial contact angles 05%14nd 8795], respectively
As reported inTable ¢ the highest hydrophobic property in highly oi
mortars was observed the hydraulic lime (surface contact angle=133.67

formulated limes and air limes, this angle wasrit 20° smaller, respective

Fig. 35.Wettability of he investigated rmulatd lime mortars with hghleic acid oil
addition: (a) nomiled FL mcrtar; (b) FLO1.5; (c) FLO13; (d) FLO13 loptical

tensiometer

Table 8. Surface contact angle of the investigated sar

Sample Surface contact angle (°)
ALO13 122521
FLO13 128.7 £ 5.7
HLO13 133.6+£2.5

2.3.7 Freezindghawing cycles

Durability of the mortars i a demanding property for outdoor render
materials, thus it was assessed at mortars surfgcsezin—thawing cycles
The degree of deterioration based on qualitatiterations of the mortars aft

passing 10 freezinghawing cycle is reported in Table.9All the nor-oiled
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mortars exhibited slight superficial detachmentgrab cycles. The retained
water inside hydrophilic pores led to defects aratks on the surface of the
non-oiled material. According to the highest capyll coefficient (Figure 31),

the surface of non-oiled HL mortar was further r@teand worsened after 10

cycles, with increased superficial cracks and siaditures on its surface.

All the oiled samples did not display any alteratadter 10 cycles thanks to
their hydrophobic cavities which strongly decrettssir capillary coefficients
and enhance the durability of the mortars. Liteeatoonfirms the positive
effects of hydrophobic cavities in lime mortars ¢meir durability and
reliability [101].

Table 9.Surface durability of the mortars based on qualigag¢valuation after different
freezing-thawing cycles

Qualitative alteration degree

2 cycles 5 cycles 10 cycles
AL 0 1 1
ALO15 O 0 0
ALQ15 O 0 0
ALO13 0 0 0
ALQ13 0 0 0
FL 0 1 1
FLO15 O 0 0
FLQL5 O 0 0
FLO13 0 0 0
FLQ13 0 0 0
HL 0 1 2
HLO15 O 0 0
HLQ15 O 0 0
HLO13 0 0 0
HLQ13 0 0 0

Degradation equivalences: 0: without alteratiirglight surface detachments; 2: high
degree of surface detachments and formation ofrBcipécracks
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2.4 PRELIMINARY EVALUATION OF COMPATIBILITY AS
RENDERING MATERIALS

In any case, in terms of total open porosity, b# mortars have values
which are commonly considered compatible with st masonries; TOP in
the range of 30-45 % for AL mortars and 18-40 %Hgdraulic lime mortars
can meet the requirements for restoration of adtidhical buildings [4,20]
Lower porosity values from this range leads to eneent of compactness and
impermeability; this can cause condensation of waé&tween the restorative
render and the original substrate and lead to venyative consequences.
Moreover, too high stiffness emanating from highmpactness is not

recommended as it can damage the original coveesbmy [61].

For rendering old/historical substrates mortarshwiigh stiffness are not
favorable materials. The substrate historical masserexhibit some degree of
movement emanating from creep or thermal effectsiobtar that covers them
as a rendering mortar should be capable of accomtmgdmovement [61].
Therefore, a rendering material for repair issuath vioo high stiffness
restrains those movements and finally leads totadai stress that can cause
failure in the original masonry [102]. This is onéthe properties of lime-
based mortars that has made them proper as coonahtestorative materials;
however their designated additives should not worseeir mechanical

properties.

Considering the hydrophobic behavior of the oiledrtiars in capillarity
measurements and despite their slight decreaseenmaability values, the
hydric properties of the oiled mortars for somecsgeestorative applications

can be considered improved with respect to theoilea mortars.
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The mortar samples were examined after 28 monthsuahg and no
biological alteration was found; however furtherahility characterizations

can assess the potentials of such materials ftoreg®n of built environment.

2.5 CONCLUSIONS (PHASE 2)

The results of this study that aimed to evaluaghydrophobicity of lime
mortars with addition of spent cooking oils andassess their suitability as

restorative rendering materials are depicted dsvist

 The inclusion of additive spent oils increased opmrosity and
impermeability values and decelerated carbonaatesrand workability of
the mortars. Generally, these decreases were meng in higher extent
of oils additions. Nevertheless, in terms of operopity and permeability
all of the synthesized mortars remained in rangbghvare commonly
considered compatible for restorative mortars.

* Only the hydrophilic pores (cavities of non-oileconars) exhibit a
strong role in water intakes through capillarity

 The addition of spent cooking oils in the lime naost exhibited a
significant hydrophobic effect through capillary giomenon (reduction
from 30 to 60 times) due to hydrophobicity of thegrtical tunnels of
pores. The additive spent oils, especially higleleic acid oil, turned the
hydrophilic cavities into hydrophobic ones thanks their non-polar
carbon-hydrogen bonds.

» Addition of oils generally did not enhance the naubal properties of
the mortars due to lowering their rates of carbiondtydration and
hardening. However, addition of higher extent ofoleic acid spent
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cooking oil in the lime mortars brought good hydropic added values
and did not worsen their mechanical strengths altdence, high-oleic
acid oils potentially appear as optimum additives festorative lime

mortars.

» Considering the hydrophobic behavior of the oilemttars in capillarity

measurements, their hydric properties can be cereidimproved with

respect to non-oiled mortars, despite their sliggdtrease in permeability
values. 1.5 wt.% oils additions caused an adeqiedesase in capillarity
and a lower increment of permeability with respéet13 wt.% oils

inclusions.

» Comparing high-oleic (monounsaturated) acid spe&uking oil and

high-linoleic (polyunsaturated) one, the former oehibited superior
enhancement in microstructure and mechanical ptiegeof the mortars;
the latter one demonstrated superior water repstlen

» The acquired hydrophobicity of the oiled mortarkibked an increase
in their durability and enhancements in their betwavin facing water and

water vapour.
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PHASE 3
PARALLEL VALORIZATION OF ORGANICSIN
WASTE-BASED RESTORATIVE LIME MORTARS:
ALBUMEN + SPENT COOKING OILSASADDITIVES

3.1 BACKGROUND AND RESEARCH AIM

Many organic or synthetic additives that enhanedgain properties of
mortars usually worsen some other characterishdsitahas to be considered
in their desired applications. As discussed in #ezond phase of this
dissertation, oils additions has on hydrophobicigd durability of the
materials; however they generally worsened theastcucture and mechanical
properties of the mortars [64,69]. The followingidy in the third phase
assesses the modifications of mortars in presericerateins and fatty
additives, simultaneously. The aim is to asse#iseifprobable improvement of
setting rate in presence of added protein, andnpateenhancement of hydric
properties in presence of oils can be observedarmaligl addition of both
additives. The suitability of the mortars with @iéel valorization of organic

waste additives is discussed as potential resteragindering mortars.

3.2 EXPERIMENTAL PART
3.2.1 Materials
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The lime putty used to synthesize the mortars is #tudy phase is a
product described and used in the second phaskifdissertation §2.2).
Discarded commercial bricks (from Wienerberger &.,pTerni, Italy) were
pulverized with a method used in a previous ph&2]. Through laser
granulometry (Malvern Instrument) grain size daition of the pulverized
brick waste was determined and demonstrated parscde of=<10 pm.
Chemical composition of pulverized brick determinég ICP plasma,
exhibited high oxides percentages of S(&6 %), CaO (11.22 %), and A);
(17.03 %). Quartz was the major crystalline phaserick waste powder due
to XRD analysis. Albite, maghemite, and calcite atteer crystalline phases of
brick dust. The amorphous content of the pulveriradk was found to be
only ~7.7 % as assessed by Rietveld refinement Bruker D8 Advance X-

ray diffractometer.

High-oleic sunflower spent cooking oil with naturadiditive antioxidant
was prepared as discussed in the second p8249.(The oil was added to the
mixes at 1.5 wt.% according to the optimum levalggested by literature
[69]. The used spent cooking oil contained highercentage of oleic acid
(85.42 +0.02) and lower percentage of linoleic acid (5t3201).

The additive albumen was commercialized producaiaobd from shelled
eggs of barn raised hens. The product was pasteurand refrigerated
albumen (commercialized by Le Naturelle, Italy) amals used in the mortars

in 1.5 wt.%. The additive aloumen contained 10.24viprotein content.

3.2.2 Samples preparation

The mortars preparation consists in 2 main setsrdime mortars and lime

mortars with hydraulic properties. The abbreviatathple names indicate the
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type of binder; L for lime only mortars, BL for lenmortars formulated with
brick waste powder, O for spent cooking oil additiand A for albumen
inclusion. In synthesis of mortars with hydraulioperties, the addition of an
amount of kneading water was necessary to keepwlaer/binder ratio equal

to the air lime mortars. The mix design of the &pgared formulations is
reported in Table 10.

Table 10. Mix design of the investigated samples
Sample Ca(OH) Pulverized Sand Added Additive Additive  Binder/

brick water spent oil albumen aggregate ratio
[wt. %] [wt. %] [wt. %]  [wt. %]  [wt. %] [wt. %]
L 25.0 - 75.0 - 1:3
LO 23.5 - 75.0 - 15 - 1:3
LA 23.5 - 75.0 - - 15 1:3
LOA 22.0 - 75.0 - 15 15 1:3
BL 19.0 3.0 75.0 3.0 - - 1:3
BLO 17.5 3.0 75.0 3.0 15 - 1:3
BLA 17.5 3.0 75.0 3.0 - 15 1:3
BLOA 17.0 2.5 75.0 2.5 15 15 1:3

A Hobart mortar mixer was used to prepare mortandes at its low speed.
Aggregates and lime putty were mixed for 2 minuaesl after 20 seconds
pause, the mixture was blended for additional 2uteis to prepare reference
mortar (L). Regarding the synthesis of mortars vagkraulic properties, lime

putty, brick waste, aggregates and water were ninx¢loe automatic mixer for
4 minutes.

Spent cooking oil/albumen added to both mortarsygefollows in order to
effectively increase the homogenization of the mixbe organic additive and
a minor portion of lime putty were manually blendada plastic beaker for 2
minutes; then this blended amount was added tadbeof the mix in the

Hobart mixer and was mixed for 4 minutes. The sodisgersion of organic
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additives in the mixtures was checked and verwmiedally. No color alteration

was observed by naked eye in inclusion of eitheuraken or spent cooking oil.

The mortars were molded in cubic steel casts (40xx 40 mm) for
dynamic elastic modulus and compressive strengis,t¢40 x 40 x 20 mm)
for water absorption and (40 x 40 x 10 mm) for soef wettability and
capillarity measurement, disc-shaped plastic mdldismmeter = 60 mm,
thickness = 20 mm) over a thick glass support Enmeability and durability
assessments, and in cylindrical plastic molds (diarr30mm, height=50mm)
for calcium carbonate determination and porosityRMmeasurements. In
order to accelerate the initial setting of moldedrtars, they were positioned
inside a basin (T=22 + 2 °C, RH=98+ 2 %) for 6 daysl then demolded. The
mortars containing pulverized brick were curedhia same condition for their
whole curing course (240 days). The air lime martaere cured naturally in
conditioned lab (T=22 + 2 °C and RH=50%5 %) for 2déys.A schematic

illustration of the mortars synthesis is reportedppendix C.

3.2.3 Samples characterizations

Consistency and setting time. The fresh mortars before their casting were

assessed in terms of workability (as was explaineg?.2.3) and setting time
according to ASTM C191 [103]. The workability vatuare averages of two

measurements.

Calcium carbonate formation. The calcium carbonate formation rates were
assessed as was explainedg2i2.3 at ages of 60, 120, 180, and 240 days of
curing. The test specimens were taken from suidhcglindrical samples. The

reported values are averages of two measurements.
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Pore size distribution. Open porosity measurements were carried out by

mercury intrusion porosimeter (MIP) at ages of 20, 180 and 240 days of

curing, as was explained in §1.2.3.

Hydric properties. The hydric behavior of lime mortars towards suefac

water absorptions were investigated in terms ofilleajy and surface
wettability at age of 120 days of curing on cubsamples with width of 10
mm. Capillarity measurements were performed acogrth EN 10859 [104]
and surface wettability assessments were carrietlyocontact sponge method
according to UNI 11432 [105]. The reported values averages of three
measurements. Water absorption (WA) was measuré¢drea cuboid samples
for each formulation at ages of 120, 180, and 2&@& dvith same method of a
first phase of this dissertatio1(.2.3). The reported values are averages of

three measurements.

Container plate

Fig. 37. Schematic drawing of surface wettability test bytact sponge
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Water vapor permeability. Water vapor permeability measurements were
carried out after 240 days of curing on 3 disc-gldagamples of each formula
as was explained ir§1.2.3. The reported values are averages of three

measurements.

Mechanical properties. Measurement of compressive strength was
performed as was explained B2.2.3; the results are averages of three
measurements on cubic samples (40 x 40 x 40 maer) B20 and 240 days of
curing. Dynamic elastic modulus test (Young's madulletermination) was
performed on cubic samples (40 x 40 x 40 mm) as aje50, 120, 180 and

240 days of curing as was explaine@&h?2.3.

Microstructural analysis. Scanning electron and optical microscopies were

carried out on the fracture surfaces of the moaimyes of 120 and 180 days
of curing, respectively to investigate their midrasture. The SOM images
were collected at 25x magnifications, as was erplfingl.2.3. For the SEM

analysis the samples were coated with graphiteaticenthem conductive.

Surface freeze-thaw resistance. In order to test the surface durability of the
mortars as outdoor rendering materials, 3 cuboggispens (40 x 40 x 20 mm)
for each formulation were subjected to 10 freeZimgwing cycles after 240
days of curing. The specimens were immersed in miate 30 mins, then
placed on a plastic drain in conditioned lab (T=22 °C and RH=5045) for
30 minutes in order to provide them the opportutatgischarge their potential
gained water, and then positioned in lab freeze28t+2 °C for 3 hours. The
selected cycle was aimed to simulate a destrudir®mstance in a cold
environment when the trapped water inside cavitieszes and leads to frost
damage due to ice volume expansion. Assessmeheghortars suitability for

outdoor rendering was based on qualitative ali@nativestigations.
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3.3 RESULTS AND DISCUSSION
3.3.1 Fresh states
3.3.1.1 Workability

Workability values of the fresh mortars are repdrie Figure 38. The
parallel addition of pulverized brick and added &sieg water did not alter the
consistency of the mortars. Addition of either dpemoking oils or albumen
caused a decrease in the workability values. Thiy gdysical effects of
albumen additions in mortars were similar to oitkdisons. These organic
additives increase the internal cohesion of thetansrdue to covering the
aggregates and solid particles of the binder amdirtg them into less
workable materials. In case of quantitative increta®f these viscous organic
additions, the lowest workability among air lime maos was observed (LOA
and BLOA).

25

Expansion |%]

10 -

Y0 vy A > 0 T o~
w\?',\)o %@v@w@p

Fig. 38. Workability of the investigated mortars
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3.3.1.2 Setting time

Initial and final setting times of the fresh mogare reported in Figure 39.
L and BL sample demonstrated comparable initidlrsgetime; however brick
powder addition caused few hours of retarding m fihal setting time. Also
addition of spent cooking oils (LO and BLO) retatd&he setting times,
probably due to reduction of carbon dioxide gairotigh oiled surfaces that
led to lowering carbonation and setting rates. #ddi of albumen
significantly decreased the setting times of thetare from both categories of
air limes and formulated limes. Unlike to fatty @i most of proteins have
amphiphilic surfaces. They usually have their hythabic parts buried within
their core and their hydrophilic residues facingsaie [106]. When proteins
are added to the lime mortar, they become unfoldeter high pH and their
hydrophobic parts face outside. The modified prstetongregate near the
superficial layer of the mortars and cause an umeN&ribution of matters and
consequently ion concentration gradient. This de&dl an increment in
evaporation rate of water in mortar and eventuatlgeleration of curing and
setting [9]. The parallel addition of spent cookuwils in lime-aloumen mortars

did not compromise on their setting rate.
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Fig. 39. Initial and final setting times of the fresh magta
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3.3.2 Hardened state results

The mortars are characterized at the ages of 60, 180 and 240 days.
Table 11 shows the values of open porosity (MIP244 days of curing, dry
density, water absorption, capillarity coefficiergurface wettability and
compressive strength of the mortars assessed a#ér days of curing.
Generally, addition of organics increases the opemosity values and
formations of air voids. This effect could be clgabserved by the formed air
bubbles on the water surface when the mortars inerersed in water for the
water absorption tests. The MIP assessments img@ages earlier than 240
days sometimes showed lower total open porosityiesl while the dry
densities did not demonstrate increments as arfa€touring time. Hence, in
higher curing ages some air macro pores that ar@foMIP detection range
(60 microns) might be cured and enter this range ragister a higher open

porosity value.
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Table 11. Physical and mechanical properties of the invagtid) mortars: open porosity
(MIP) at age of 240 d; dry density, water absomtioapillarity coefficient, surface
durability, and compressive strength of the mortssessed after 120 d of curing. The
values correspond to the average (xstandard dem)ati

Open Surface

porosity Capillarity wettability Compressive

with MIP Dry density WA coefficient (kg/cm2.S) strength
Mortar (%) (g/cm3) (%) (mg/cm2ys) (MPa)
L 26.44 1.9 (£ 0.0) 9.4 (x0.1) 7.3(x0.1) 0.380(02) 1.4 (£0.4)
LO 31.18 1.8 (£ 0.0) 2.1(x0.1) 0.3 (x0.0) 0.@10(00) 0.4 (x0.4)
LA 34.92 1.9 (x0.0) 8.5(x1.2) 6.9 (x0.2) 0.20Q.04) 1.3(x0.1)
LOA 32.52 1.7 (£ 0.0) 3.1(x0.2) 0.3 (x0.1) 0.320.00) 0.5 (£ 0.0)
BL 34.86 1.8 (£ 0.0) 10.1(x0.1) 7.0(x0.2) 0(%20.03) 1.0 (£ 0.3)
BLO 38.46 1.8 (£ 0.0) 25(x0.2) 0.3 (x0.0) 0(@10.00) 1.5(x0.1)
BLA 34.92 1.7 (£ 0.0) 10.6 (x0.1) 5.6(x0.4) 0.(#00.03) 0.3 (x0.0)
BLOA  31.85 1.8 (£ 0.0) 3.1(x0.4) 0.5 (£ 0.0) 0.310.00) 0.4 (x0.1)

Formulating the mortars with pulverized brick-wast&l not generally
enhance their hydric properties. Literature repdngh reduction of water
absorption with inclusion of amorphous pozzolaniatenials such as
metakaolin [67]; as previously mentioned the amoyshcontent of the used
brick dust is very low (~7.7 %) and hence not vergctive in forming CSH
phases with respect to amorphous pozzolanic additiHowever, the
contribution of open porosity of mortars in theapdlarity and water gains can

be basically related only to hydrophilic cavities.

Substantially high water absorption values and lizpy coefficients are
registered for the non-oiled mortars as they pashgdrophilic pores where
water can easily enter and move vertically [90]eSdrwater absorption values
demonstrated a considerable decrease when oil ddsdato the mixes.
Comparing these reductions with the literaturelizajty reduction of the air
lime mortars with high-oleic spent cooking oilsnsich lower than the same
amount of linseed oil addition by Nunes [67] (248stead of 56% reduction).
This is because of higher reactivity and unsatomnatif linseed oil with respect

to the oil used in this study. Higher unsaturatiewel allows the carboxyl
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groups of the fatty acids to have higher reactidath the oxygen of the air and
other carboxyl groups. All facilitates the fattyids to coordinate with the
present lime and being trapped inside the bindecréate water repellency
thanks to hydrophobic parts of the molecules [638]7 However, addition of
spent mono-unsaturated fat oils as hydrophobictagarbstantially decreased
the surface wettability and water absorption valuesoiled mortars, the
internal surfaces of cavities coated with layerdatfy materials turned their
hydrophilic properties of into hydrophobic ones.n@rlly, as previously
discussed, in organic protein-lime mortars the tiredliproteins under high pH
congregated near the mortar surface and slighthrare the superficial water
resistances [9]. This property changes the statesdties of lime mortars
from hydrophilic to amphipatic and slightly decressthe water gains of
albumen-lime mortars. However, air lime-albumen tawo(LA) did not show a
reduction in surface wettability with respect t® ieference. The high porosity
of LA mortar facilitated its water gain from satted sponge. Pore size
distribution graph of the mortars (Figures 40 anil) 4lemonstrate a
considerable extent of capillarity pores dedicated A and BLA mortars.
Moreover, the increment of air voids in lime-albummaortars, with respect to
their references is visible in SOM images in FigdiPe these pores compensate
the discussed amphipatic property of albumen awditin facing water. In
SOM images better aggregate-binder bonding seerhs tappeared in brick-

lime mortars.

87



Fig. 40. Pore size distribution of air lime rrtars at 240 days of curing
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Fig. 41. Pore size distribution of formulated lime mortar240 days of curir
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Fig. 42. SOM micrographs of the fracture surfaces of te@as at 180 days of curing

Water absorption values of the mortars at diffeamtng ages are reported
in Figure 43. As previously discussed, mortars sftbwonsiderable water
absorption reductions with addition of oils, eitheith or without albumen.
This positively means that LOA and BLOA samples enauofit of protein
additions (i.e. accelerated setting) and were Ipfulobized by fatty acids, in a
parallel addition. The water resistance of the marsrtgenerally exhibited
improvements as a factor of curing time. Completicaicium carbonate
formation through carbonation and/or hydration tetslow enhancements in
the microstructures and consequently water absorpteductions through

natural aging process.
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Fig. 43. Water absorption of the mortars after 120, 18024 days of curing

Calcium carbonate formations on surfaces of thetam®mvere studied after
60, 120, 180 and 240 days of curing as reporteeigare 44. For brick-lime
mortars the reported calcium carbonate contenttdube brick powder (ca.
2.28 % by calcimetry measurement) is subtractech fl@aCQ contents of
mortars; hence, the reported calcium carbonate enbntdeals with

carbonation/hydration of calcium hydroxide.

The surfaces of non-oiled L mortar exhibited 98%t®fcarbonation in the
first 60 days of curing. For all of the air lime rtars, the carbonation process
ceased before the age of 180 days as they did xiobie extra CaCQ@
formation in monitoring up to age of 240 days. case of mortars formulated
with brick powder, calcium carbonate formation decaed after age of 60
days due to low setting rate through hydration tieas. This is due to
essentially slower hydration process for formatiéicalcium carbonata lime
mortars with hydraulic properties than the carbmmaprocedure in air lime
mortars. Moreover, pozzolanic reaction between grigred brick and Ca(OH)
limits carbon dioxide gain and reduces the lime wamocapable for

carbonation.
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Fig. 44. Calcium carbonate formation of limes at the swefaof mortars after 60,
120,180 and 240 days of curing

After 240 days of curing the same trends of calctarbonate formation
were observed in both cases of air lime and fortedldime mortars. The
addition of spent cooking oil decelerated the cadbion rates in air lime
mortars, probably due to hindering their £gain necessary for carbonation.
Addition of albumen to mortars increased their oadiion rate due to
previously discussed uneven distribution of mattengl ion concentration
gradient caused by unfolded proteins in the alkalambient. However,
parallel addition of albumen and oil, negativelysuked in reduction of
carbonation rate at mortars surfaces probably dueincrement of the
superficial hydrophobicity of the mortars. The s#&spfor carbonation
assessments were obtained from surfaces of therspvthere in parallel case
of albumen and oil addition, probably contains higbhncentration of
amphipatic (from coagulated unfolded proteins atases) and hydrophobic
fragments. Hence, LOA and BLOA exhibited low catnigarbonate formation
at their surfaces, which does not necessarily iedwoncluding high

impermeability for these materials.
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Water vapor impermeability (or water vapor resisgnvalues of th
mortarsranged between 7 and 1.and are reported in Figure .4Bermeability
for restorative rendering rterials is generally counted as a very promit
value as facilitates draining the humidity insideasonrie . Addition of
albumen increased the permeability of the mortare tb open porosit
increments. Addition of oil had a different effem permeallity of air lime
and bricklime mortars; in former cases it increased the rmeaability and ir
the latter one it increased the permeability valuegpermeability can b
considered as a factor of microstructure densiboatparallel additions c
albumenand oil exhibited high impermeability values amdnik-limes as a
result of possession of dense microstructure (T11 andFigure: 40 and 41).
In case of air lime mortars parallel additions lo¢ torganics, increased th
permeability as a result cincrement of open porosity valueHowever,
“renovation mortars” can have an impermeabilityugealower than 1594]
hence slight permeability reductions do not compsenon their suitability a
restorative rendering materials. The different b&raof cil addition in air
limes and brickimes can be discussed in terms of microstructaltarations

in presence of these organ
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Fig. 45. Resistance twatel vapor diffusion of the investigated sampd¢480 days of

curing
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As assessed by SEM/EDS (Figures 46 and 47) groWwfiber and flake
crystals in oiled brick-lime mortars led to improwkeir microstructural
consistency. Also as reported elsewhere [67] tmbosgl acid derivates have
the capability to change morphology of mortars withe and pozzolanic
hydrated phases but not air limes; oils additioresd hweakened the
microstructure and compressive strength of LO nnaated improved them in
case of BLO mortar. In cases of either oil or alkbamadditions, the
morphology alterations microstructure of formulatedrtars with brick dust
can be more evident than alterations in air limetare as the concentration of
fatty acids and albumen are higher with respectato limes due to
consumption of water by pulverized brick. Hencegamic phases are more
visible in BLA mortar than LA sample; albumen-aiimé mortars
demonstrated compact structures. Generally add@fails either as a single
additive or parallel with albumen, formed sizablgstals and less compact
structures. This can be ascribed to formation akpauring mixing organic
additives that creates bigger spaces and potemtiallarger crystals growths
[67] that happened also in parallel additions & and albumen. The binders
of LOA and BLOA samples in low magnifications (Figu47) seemed to
demonstrate low internal cohesion and bonding toatd highly affect their

mechanical properties of the mortars.
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Fig. 46. SEMmicrograph of the mortars samples (secondelgctrons 1000x

magnification)

b

mortar(right) (back scattered electrons, 50®agnification

The mechanicapropertie of the mortars reported in Tabld, showed an
increments throughatura curing at age of 240 days dbe results of
compressive strengttFigure 48) and dynamic elastic modulase reported
(Figure 49). Themicrostructur of the BLO mortardemonstrate high growth
of fiber and flakecrystal: and a good compressive strengNevertheles:
inclusion of oil in paralel addition with albumen did ncenhance the
mechanical propertieof brick-lime mortars. A reason can bmunc in SOM
micrographs offracture samples (Figure 42); BLO mortashowe( well
distributed sphericapores (~0.3 mm diameter) probably witbrigin of air

voids. In BLOA mortai however, the convoluted pores aection of actual
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hair cracks probably caused by shrinkage of thetar®ruring their curing
period [60]. Presence of internal hair cracks carabother reason for parallel
organic added mortars to demonstrate low dynanastiel modulus (Figure

49) as prolongs the ultrasonic waves transfer.

2.500

atage of 120 d

2.000 | matage of 240 d

1.500 l
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Fig. 48. Compresswe strength of the investigated sammlﬂzgmand 240 days of curing
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Fig. 49. Dynamic elastic modulus of the samples at 60, 180,and 240 days of curing

For a rendering material to cover old/historicdystuates mortars with high
stiffness are not favorable materials as they bldusk movements of the
historical/old masonries generated from thermada$f or creep. Therefore, a
restorative rendering material with too high se&fs can induce additional
stress and eventual failure in the original masoméy,102]. Hence,
modifications of restorative lime mortars are netally aimed at substantial

increments of their mechanical properties as pegsesof not too high
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stiffness is one of the items that has made thempewras repair materials.
Addition of oils to lime mortars previously in SEivhages showed growth of
fiber and flake crystals in oiled brick-lime modaiFigure 46) led to improve
their consistency and mechanical properties. Blitoke- mortars did not cease
their carbonation till the age of 240 days (Figdd and they consequently
showed increments in their compressive strengtihgugh natural curing.
Nevertheless, air lime mortars with inclusion dftahen and low carbonation
extent after 120 days did not show enhancementgdh&r mechanical
properties. Generally, in terms of compressivensfite the organic additions
exhibited a more promising result in case of fored mortars rather than air
limes. Dynamic elastic modulus monitoring of maostaconfirmed their
modifications through natural curing (Figure 49).

Surface freeze-thaw resistance of the mortars ampartant property for
outdoor rendering applications was assessed byifiggethawing cycles.
Through 10 freezing—thawing cycles the degreesupkdicial deterioration
based on visible-qualitative alterations were ass®sThe non-oiled mortar
samples showed slight superficial detachments gitemsing 5 destructive
cycles as their hydrophilic cavities retained waaed induced defects and

cracks on their surfaces due to freezing exparsiace.

Albumen-lime mortars without oil inclusion did nehow the adequate
surface durability as they manifested cracks antemad loss after 7 cycles.
All the oiled samples (including parallel additiomsth albumen) showed
surface soundness after 10 cycles firstly thankhéa low water absorption;
secondly their hydrophobic pores induce them tehdisge their low amount
of gained water before freezing; third high opemogay that developed their

frost resistance.
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3.4 CONCLUSIONS (PHASE 3)

Addition of spent cooking oils in mortars led tagficant hydrophobic
effects such as reductions of 75-77 % in water gtiem and 95 % In
capillarity values. The oiled mortars moreover sedva substantial superior
surface durability with respect to their referenddsvertheless, oil additions
had negative effects on consistency, permeability aetting time of the
mortars. Albumen-only additions in lime mortars anted the carbonation
rate and setting time of the mortars, but subsiiytincreased the open
porosity values and led to reductions in their hydoroperties. Parallel
valorization of albumen as organic protein souroel &atty acid additive
demonstrated enhanced setting time and improvedropiidbicity and
enhanced durability at the same time, for both and formulated lime
categories. However they exhibited low mechanigalperties, they can be
suitable for restorative applications without highiffness requirements.
Parallel valorization of organic additions in linmortars can explore high
potentials in designing restorative materials watv environmental impact

and high respect to the feature of historic mortars
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FINAL REMARKS

Some binders/mortars with waste-based additivese wsynthesized,
characterized and their suitability for restoratiyeplications was assessed.
The waste-based organic and ceramic additives reitnealkali-activated
binders or new historic lime mortars demonstratagh hpotentials as

precursor/addition in restorative materials.

As the first phase of the dissertation, bindersnfiadkali-activation of brick
waste powder were synthesized, characterized amduated as possible
materials for repointing historic/old masonries.eThinders with nominated
SiO/AlI,O; molar ratio ranging from 1.4 to 0.4 in two diffatecuring
temperatures (room temperature and 50 °C) weresiigpaged. The open
porosity of the binders was found to decrease tmrehsing the nominated
molar ratio. For Sig/AlI,O; = 1.4, the molar ratio was suitable for reaching a
good geopolymerization level, but enough reactraetions were available to
form a continuous geopolymeric matrix embedding eanted fractions.
Progressive addition of sodium aluminate (causimg $iQ/Al,O; ratio to
decrease down to 0.4) resulted in progressive mtiercture densification. The
decrease of this molar ratio caused effloresceasegyrogressive addition of
sodium aluminate induced a higher amount of,Q4l available for
geopolymerization and a lower amount of unreactadiusn oxide to form

sodium carbonate efflorescences upon carbonation.

Open porosity and efflorescence formation were dotm decrease for

decreasing Si@Al,O; ratio. Curing at high temperature generally fadore
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geopolymerization and reduced efflorescences foomat Pastes with
SiIO/Al,O; = 0.8 and 0.9 exhibited open porosity and wateova@ermeability
falling in the index range of historic lime-base@mars, thus proving to be
potentially compatible with them. As for the podsilbise of pastes from brick
waste alkali-activation for repointing historic masies, among the
investigated formulations those with intermediai®,f\l,0O; ratios exhibited

potential compatibility with historic mortars.

As the second phase of the dissertation, suitalafinew lime mortars for
restorative rendering applications was investigatda-, formulated- and
hydraulic-lime mortars were synthesized with inmuasof two different types
of spent sunflower cooking oils and, when necesdangk waste powder as
pozzolanic addition. The results of spent cookiilg addition in the mortars
exhibited promising hydrophobic effects, such aptbaty reduction up to 60
times and improvement of superficial durability esiplly in case of high-
linoleic oil addition. Addition of oils generallyidi not enhance the mechanical
properties of the mortars due to lowering theiesabf carbonation/hydration
and hardening. However, addition of higher exteihhigh-oleic acid spent
cooking oil in the lime mortars brought good hydropic added values and
did not worsen their mechanical strengths valuesdd, high-oleic acid oils
potentially appear as optimum additives for redieea lime mortars.
Considering the hydrophobic behavior of the oiledrtars in capillarity
measurements, their hydric properties can be ceraidmproved with respect
to non-oiled mortars for certain restorative apgtimns, despite their slight
decrease in permeability values. Comparing highle@lmonounsaturated) acid
spent cooking oil and high-linoleic (polyunsatuthteone, the former one
exhibited superior enhancement in microstructucerarchanical properties of
the mortars; the latter one demonstrated superiatewrepellency. The

acquired hydrophobicity of the oiled mortars extdadi an increase in their
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durability and enhancements in their behaviour anirfg water and water
vapour. All the investigated mortars exhibited amprate indexes as

restorative materials.

In the third phase of the dissertation, air- ananidated lime mortars with
pulverized brick waste were synthesized with additf two organic waste-
based additives: spent cooking oil and albumen.itAdtdof spent cooking oils
in mortars led to significant hydrophobic effeatls as reductions of 75-77 %
in water absorption and 95 % in capillarity valu€e oiled mortars moreover
showed a substantial superior surface durabilityh wiespect to their
references. However, oil additions had negativeeoeff on consistency,
permeability and setting time of the mortars. Allmnyonly additions in lime
mortars improved the carbonation rate and consélyussduced the setting
time of the mortars, however, it substantially eased the open porosity
values and led to reductions in their hydric préipsr Parallel valorization of
albumen as organic protein source and fatty aciditimd demonstrated
enhanced setting time and improved hydrophobigity enhanced durability at
the same time, for both air and formulated limeegaties. However they
exhibited low mechanical properties, they can b#&able for restorative
applications without high stiffness requirementsardfel valorization of
organic additions in lime mortars can explore hjgbtentials in designing
restorative materials with low environmental impaad high respect to the

feature of historic mortars.

The modifications of binders and mortars aimed heirt hydric
enhancements can lead to a superior bonding witistates. Hydrophobic
mortars and their substrates can compete and diethwiater be absorbed by
support quickly. So the possibility of lime parésl filling the cavities of

substrates increased. When the mortar is curethorsl with the base tightly
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improved. It also leads to improve the durabilitydafrost resistance of the

repair materials.

Improvement of durability and reliability of econamally friendly
restorative materials with low environmental imp&eads to potential for
restoration of the built environment. However, thesaterials need to be
furthermore assessed in in-situ applications. tm-sipplication can be an
important transition phase before restorative apfibns in historical

buildings.

ikt e :
Fig. 50. A 20" century house in Masshad (north-eastern Iranp@&xample of a national

heritage element in need of repointing with sustialie binder

Finding a proper historical element for preliminanysitu applications in
Italy was not feasibly possible; however, many dgvi@g countries with rich
history of cultural heritage, including Iran haveast domain of old/ historical
buildings in need of modern conservation with sastsle materials. For such
countries with numerous 'under restoration' and need of restoration’
elements the feasibility of conservation for mediamportance index elements
of the built environment is tightly related to eocomcal considerations of the
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conservation plans. Hence, application of new ratiiee waste-based
materials can decrease the restoration costs andegoently spread the

possibilities to treat built environment.

Preliminary exploration of possibilities for in4gitapplications of the
discussed sustainable waste-based restorative iabsterin Persian
old/historical built environment has been carriag. orThe Iranian National
Cultural Heritage-Handicrafts-Tourism Organizatioms the responsible
authority for conservation of built environmentlnan has agreed to explore
the potentials for in-situ application of the newstbric mortars by this
dissertation.

This set of potential in-situ applications will laestep toward promoting
sustainable waste-based restorative mortars whedpect the feature of
historic mortars and have the microstructures dnipal properties similar to

the materials that are accepted 'suitable’ fooragon of built environment.
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Appendix A

Schematic illustration of the binders synthesis - Phase 1

Alkali-activation of brick waste powder

Precursor (brick waste) + | Designated alkaline solution
[ |
Sodium silicate Sodium Sodium
acuminate hvdroxide

Range of nominal molar ratio (S10,/Al,0,)

2 curing conditions

Cured at room Cured at
temperature 50°C




Appendix B

Schematic illustration of the mortars synthesis - Phase 2

Waste-based restorative air lime mortars

5 mix-designs

Without o1l
addition

1.5 wt.% 13 wt.%
addition addition
— —
high oleic- high high oleic- high
acid spent || linoleic-acid || acid spent || linoleic-acid
cooking oil spent cooking oil spent
addition cooking oil addition cooking oil
addition addition
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Appendix C

Schematic illustration of the mortars synthesis - Phase 3

The 2 discussed categories
of waste-based restorative

mortars
Lime mortars with
hydraulic properties
Formulated lime
Air lime mortars mortars

4 mix-designs for each category

Without 1.5 wt.% high 1.5 wt.% 1.5 wt.% o1l addition
additives oleic-acid spent albumen +
cooking oil addition 1.5 wt.%o albumen addition
addition
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