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Abstract 

In a world where sustainability is a cardinal concept in the global public discourse, lime is 

becoming an increasingly valuable commodity for its importance in the development of more 

sustainable binders for construction. Lime has been manufactured and used since antiquity 

for a variety of applications including as binder for mortars and plasters. In the construction 

industry, its use gradually phased out during the 20th Century in favour of Portland cement. 

Nonetheless, a consensus on the beneficial properties of lime in construction has been 

growing over the past decades among practitioners, industry, and academics. 

The research described in this thesis focuses on the modifications induced to portlandite 

crystals by alternative slaking methods i.e., steam slaking and those entailing the use of 

organic additives. The goal of the research is to develop lime-based products with improved 

performances for the modern construction industry, able to overcome lime’s intrinsic 

limitations, such as the slow setting process and the need for a lengthy maturation to 

achieve optimal performance. 

In this study the effects of steam and of a range of organic additives (mono-, oligo- and 

polysaccharides as well as lignosulfonates) on portlandite crystals and air lime-based 

mixtures were assessed. Steam-slaked and additive-modified hydrated limes were 

characterised using a series of analytical techniques to obtain information on microstructural 

development, evolution of crystal growth and chemistry of the pore solution. Steam-slaked 

and additive-modified lime mixtures were prepared to study the influence of the slaking 

process on fresh- and hardened-state properties, and on the carbonation reaction. 

The results of this work demonstrate that both steam-slaking and the use of selected organic 

additives can affect the nucleation and growth of portlandite crystals and modify their size 

and shape, with an overall reduction in size and crystallinity. Such modifications are 

reflected in the behaviour of lime mixtures in terms of water demand, water retention, 

mechanical properties, and carbonation progression. 

These findings contribute to the understanding of the interaction mechanisms of lime with 

water vapour and with organic additives and their effects on the nucleation and growth of 

portlandite crystals. Furthermore, these results can be exploited to tailor the properties of 

lime to specific applications in the modern construction industry. 
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Chapter 1 

 

1. Introduction 

1.1. Research Background 

Lime is indisputably a material of high historic relevance. It is broadly classified as “air” lime 

(or “pure”) and “hydraulic” depending on its clay minerals content, which allows the material 

to set through carbonation and hydration, while air lime can be further distinguished by its 

magnesium content in calcic lime and dolomitic or magnesium lime [1]. The work described 

in this thesis will be focused on the study of calcic air lime. 

Lime in all forms has been used by mankind since the advent of pyro technology, more than 

10,000 years ago [2–6]. The oldest examples of the use of lime in construction date back 

to the year 12,000 BC [7–9]. The Greeks, first, and the Romans, subsequently, developed 

the use of lime as a binder in construction and their technology remained substantially 

unchanged until the 18th century [7,8,10,11]. During that century, technological 

advancements related to the use of hydraulic binders, mainly thanks to the work of 

Smeaton, Vicat, and Aspdin (who patented Portland cement) led to the gradual replacement 

of lime with these binders [9,12]. 

A revival of the use of lime in construction started in the 1970s in relation to the conservation 

of historic buildings, to satisfy requirements of compatibility with traditional materials 

[5,11,13]. Thanks to such renewed interest, during the 1990s, 2000s, and 2010s much effort 

has been dedicated to improve the performance of lime-based binding systems, not only 

for the conservation of historic buildings [14–16], but also in modern construction, where 

they can bring several advantages in terms of workability [17], elasticity [18–21], resistance 

to soluble salts [4,6,18,22], breathability [23,24], self-healing properties [17,25], mild 

antiseptic properties [26–28], enhanced freeze-thaw durability [29]. Besides construction, 
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lime is currently used in a number of industrial applications including food and 

pharmaceutical processing [30,31], steel production [32], agriculture [33–35], soil 

stabilisation and bituminous paving [36–38] (Figure 1-1). It is estimated that overall the 

business of lime industry sums up to about 3 billion € annual turnover [39].  

 

 

Figure 1-1. Lime customer markets according to the Report for ‘Competitiveness of the 

European Cement and Lime Sectors’ (Eurostat, 2015). Chart reproduced from [39]. 

 

Today, the attractiveness of air lime to both industry and academia is testified by the number 

of project and events related to it, for example the ongoing EU-funded Marie Skłodowska-

Curie project SUBLime, a collaborative and interdisciplinary collaboration between 

academic and industrial partners on the topic of lime mortars and plasters in modern 

construction and conservation of the built heritage, aimed at developing novel sustainable 

solutions with added functionalities such as self-cleaning, (super-) hydrophobicity, self-

healing or enhanced (catalysed) CO2 capture capabilities, and considering closed-loop 

recycling [40]. The main and most important point of attraction of lime for industry is related 

to the sustainability issue. Upon calcination, the production of lime involves extremely 

reduced CO2 emissions [8,41,42], compared to Portland cement production, while part of 

the emitted CO2 in the former is re-absorbed while setting via carbonation. Moreover, 

several new technologies are being developed to substitute traditional fuels (fossil fuel) with 
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alternative sources to operate lime kilns such as biomass [43–45], hydrogen [43–45], and 

solar energy [46] which have the potential of making lime production a carbon neutral or 

even a carbon negative process. Other approaches focus on recycling the emitted CO2 to 

be used in the production of carbonated drinks [47]. In construction, an industrially attractive 

application of lime is in combination with hemp to create a bio-composite commonly referred 

to as hempcrete [48,49], used in place of gypsum for the production of insulating 

plasterboards. This is regarded as a carbon-negative technology with the advantage that, 

at the end of its life, the material can be further recycled, e.g., as biomass [50,51]. 

 

Figure 1-2. Main fuels burned in lime kilns. Reproduced from Francey et al. [45]. 

 

Currently, most of the empirical knowledge on the production and use of lime that built up 

over the centuries is lost, but, because of the renewed, growing interest towards lime 

technology for construction there is increasing pressure to re-discover this material by 

developing some new scientific (rather than empirical, as it was in the past centuries) 

knowledge [52,53], but some limitations still need to be overcome.  

The major drawbacks of lime are related to the slow rate and self-limiting nature of the 

carbonation reaction. Lime mortars can take more than 15 months to reach 90% of 

carbonation [4,54], and it has been reported that residual uncarbonated portlandite can 

persist for several years or even centuries in lime mortars [55]. One of the reasons of such 

a lengthy process is ascribed to the loss in porosity upon carbonation and to the subsequent 
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reduced access of CO2 to the more internal layers of lime mortars, making the process self-

limiting [4,56].  

Until lime mortars have sufficient time to cure, a work is vulnerable to wash out caused by 

rain or to frost damage, hence it is critical to protect works or schedule adequate times of 

the year where the conditions are favourable to promote carbonation [57,58]. A slow 

carbonation prolongs such time of vulnerability of lime mortars and can have strong 

implications in the planning and overall costs of works where the use of non-hydraulic lime 

is involved. 

Overcoming such limitations could make once again lime an appealing product for 

construction companies, aiming at minimising time and costs of operations as well as their 

environmental impact. A sound scientific understanding of the characteristics of lime is 

required, in order to create a platform which will facilitate the development of new lime-

based products that can be successfully used in construction. 

1.2. Research Gap 

A literature review on the lime slaking process has been carried out to gain a comprehensive 

understanding in this field. It has emerged from the literature review that a key aspect during 

slaking is the shape and size of the newly-formed portlandite crystals, which impart specific 

properties to the fresh and hardened properties of the mix as well as to the setting process. 

In the past, alternative slaking methods involving the use of organic additives and hot 

mixing, would produce lime mortars with alleged superior quality, but very few scientific 

research backs up such allegations. Moreover, most of the literature focuses on studying 

portlandite crystals in hydrating cement systems while few publications investigate the 

effects of portlandite crystals morphology in pure lime systems or lime-based binding 

systems.  

Thus, the effects of organic additives and steam slaking on the characteristics of portlandite 

crystals are suggested to be studied in order to further optimise the performance of lime in 

construction. Moreover, the existing literature suggests that more research should be 
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carried out on the slaking process and on the enhancement of lime properties as a binder 

and that a better understanding of the characteristics of portlandite crystals in presence of 

organic additives and steam along with the effects on the properties of mortars and plasters 

should be gained. 

1.3. Research Questions 

The identified research gap will be filled by addressing the following research questions: 

1. How do different slaking processes (water, steam, organic solutions) affect the 

characteristics of portlandite crystals? 

2. How do characteristics of portlandite crystals affect the properties (setting time, fresh 

properties, mechanical behaviour) of lime-based binding systems (mortars and 

plasters)? 

This research aimed at finding a viable, affordable, and scalable way to optimise lime 

performance in construction by modifying the characteristics of portlandite crystals during 

the slaking process. It was expected that at the end of this project one or more methods to 

prepare lime-based binding systems with improved properties for specific applications 

would have been identified. 

1.4. Novelty 

For the first time, systematic research was conducted, and a scientific ground was provided 

for notions related to the properties of lime mortars that so far were only based on anecdotal 

experience or only related to Portland cement-based materials. In particular, the 

microstructural implications of the steam slaking process have been demonstrated as well 

as their effects on the properties of lime mortars. 

A novel approach to the study of the interaction between organic additives and lime has 

been adopted, which takes into account the influence of the addition method – an aspect 

that to the best of the author’s knowledge was never explored before and proved crucial in 

determining the final properties of lime mixtures – and investigates a selection of organic 

compounds with varying functional groups and molecular weights. 
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1.5. Original Contribution to Knowledge 

This work contributed to demonstrate for the first time the following points: 

1. Water-slaked portlandite crystals are morphologically different from steam-slaked. The 

formers are mostly micrometre-sized hexagonal prisms embedded in a matrix of finer 

nanometre-sized granular crystals. The latter are hexagonal thin platelets up to 1 

micrometre wide arranged in a fabric similar to that of the parent quicklime and with 

significantly lower crystallinity. 

2. Steam-slaked lime mortars have a higher water retention and slower carbonation rate 

than water-slaked lime mortars. 

3. Portlandite crystals formed in sucrose solution are morphologically different from water-

slaked ones.  

4. Sucrose affects the fresh properties of lime pastes: it lowers the water retention, reduces 

the viscosity and increases the flowability. The effects are more marked when sucrose 

is added after slaking.  

5. Sucrose prevents the formation of a passivating layer of CaCO3 at the surface of the 

carbonating lime mixtures which leads to an improvement of the mechanical 

performance,  in particular when lime is produced by adding the sucrose after slaking. 

6. A higher carbonation rate is not necessarily correlated to an increase in mechanical 

properties.  
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Chapter 2 

 
 

2. Literature Review: Methods to Modify 

Portlandite Crystals during Lime Slaking 

 

In this chapter, a review of the literature concerning the effects of various slaking 

conditions on the properties of lime is provided. The chapter is structured with an 

introductory section describing the lime cycle and the characteristics of portlandite 

crystals. Then, a review on the effects of the water/lime ratio and temperature on 

lime properties is provided. Finally, the effects of ageing of lime putty on the 

characteristics of portlandite crystals are described. In sub-sections 2.2 and 2.3, 

the effects of alternative slaking methods are described, in particular the use of 

steam and organic additives, i.e., sucrose, pectin, and lignosulfonate. Introductory 

historic applications of these methods are included in the review, followed by an 

investigation of the underlying interaction mechanisms, and the resulting effects on 

portlandite crystals. In the final sub-section, the characteristics of lime-based 

materials (mortars and plasters) are taken into consideration with the focus is on 

the effects of the aforementioned alternative slaking methods on such 

characteristics. 

 

2.1 Lime Slaking 

The various steps of air lime production and use are often referred to as the ‘lime cycle’, 

based on the notion that the starting raw material, usually a limestone, is chemically similar 

to the final product, the carbonated lime [59]. Air lime is manufactured by firing limestone or 

other carbonate sources in a kiln at a temperature of about 900 °C until calcination occurs, 

according to Equation 2-1 [60–62]: 

CaCO3(s)
900°C
→   CaO(𝑠) + CO2(g) ↑ 

Equation 2-1 

The solid product of this thermal decomposition is calcium oxide (CaO), or quicklime. The 

crystallographic structure of CaO is NaCl-type (cubic system, space group Fm-3m) [63], as 



8 
 

illustrated in Figure 2-1a. After calcination, the calcium oxide micromorphology appears as 

an interconnected skeleton structure (Figure 2-1b). 

 

 
Figure 2-1. Microstructural features of calcium oxide: (a) illustration of the atomic structure 

of CaO (blue = Ca; red = O) (drawing produced by Vesta software [64]); (b) SEM micrograph 

of quicklime produced from a calcinated limestone. 

 

Quicklime is a metastable, highly hygroscopic which tends to absorb and react with water, 

either in the form of liquid, steam or moisture [1]. Upon reaction with water, quicklime readily 

converts into hydrated lime through a process called hydration or slaking. From a chemical 

point of view, the terms ‘hydration’ and ‘slaking’ are interchangeable however, it is common 

to find – within the field of lime production industry – ‘hydration’ referred to as a dry process 

yielding a powdered hydrate and ‘slaking’ as a solid-liquid phase reaction yielding a wet 

hydrate [1].  

For use in construction as a binder, quicklime needs to be slaked through the hydration 

reaction, a reversible, highly exothermic process described by Equation 2-2: 

CaO(𝑠) + H2O(𝑙)  ⇌ Ca(OH)2(𝑠) Equation 2-2 

Where CaO is the quicklime that, in contact with the slaking water, reacts to produce calcium 

hydroxide (Ca(OH)2).  
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The reaction described in Equation 2-2 entails the transformation of CaO, a mineral with 

cubic crystallographic structure, into a different mineralogical phase with chemical formula 

Ca(OH)2 and trigonal crystal structure. The only known naturally-occurring mineralogical 

structure of Ca(OH)2 is the mineral portlandite, of CdI-type structure (trigonal system, space 

group P-3m1) and isostructural of brucite (Mg[OH]2) [65]. The atomic structure of portlandite 

is illustrated in Figure 2-2. Its layered structure is characterised by sheets of Ca atoms 

coordinated with six hydroxyl groups, with the layers stacked along the c axis and held 

together by hydrogen bonds [65]. The {001} face is terminated by a relatively high-density 

layer of hydroxyl groups, oriented normal to the surface. In pure aqueous systems, the 

growth and equilibrium morphology of portlandite is reported to be approximately equiaxed 

[9] (Figure 2-3a). Conversely, in cementitious systems (i.e., in presence of CSH phase), the 

main habit of portlandite crystals is plate-like as the basal {001} facet – a perfect-cleavage 

plane with low surface energy – is the dominant growth surface [65,66] (Figure 2-3b).  

Further inorganic phases are known to affect portlandite crystal morphology: sulfates and 

tricalcium aluminate induce the transformation from large clusters to dispersed hexagonal 

platelets [67–69]; nitrates and chlorides favour a rod-like prism habit [67,68]; silicates favour 

large agglomerates and irregular shapes [67]. 

 

 

Figure 2-2. Atomic structure of portlandite (blue = Ca; red = O; white = H). The green area 

highlights the {001} hkl plane (drawing produced by Vesta software [64]). 
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Figure 2-3. Portlandite crystal habits: a) plate-like habit in a cementitious system [70]; b) 

equiaxed habit  in pure aqueous system [66]. 

 

Portlandite has a layered structure similar to clay minerals however, unlike clay minerals, 

its abundance in the Earth crust is minimal as it is subject to rapid carbonation upon contact 

with atmospheric CO2 according to Equation 2-3 (simplified): 

Ca(OH)2(𝑠) + CO2(𝑔) ⇌ CaCO3(𝑠) + H2𝑂(𝑙) Equation 2-3 

The carbonation process, responsible for the hardening of construction materials based on 

air lime, converts hydrated lime (Ca(OH)2) into one of the calcium carbonate polymorphs 

(mainly calcite at atmospheric pressure and at around 20 °C).  

Depending on the amount of water added during slaking, different hydrated products, 

ranging from a dry powder to a thick colloidal suspension, can be obtained. 

Dry hydrated lime is a commonly used product in construction. It appears as a white powder 

composed of calcium hydroxide and it is produced in hydrators, continuous operating 

chambers containing the quicklime and where a stoichiometric amount of water is sprayed 

by means of nozzles [71,72]. 

In the past, the most common procedure for slaking was to immerse the quicklime under a 

large excess of water. Currently, water slaking is generally carried out at an industrial level 

with the use of machines, such as slurry detention slakers, paste slakers, and ball mill 
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slakers [73]. From Equation 2-2, it is possible to calculate that the stoichiometric amount of 

water needed to hydrate CaO is only 32% of the CaO mass, that results in a H2O/CaO mass 

ratio of about 1/3. Practically, a large excess of water is used to ensure complete hydration 

as a fraction of water is lost as steam because of the heat generated by the reaction and a 

further fraction of water will only establish weak bounds around hydrated particles but will 

not be involved in the hydration. It is empirically reported that at least about 50% wt of water 

is needed to reach complete hydration [1]. By slaking with excess water, either a lime putty 

(a wet, plastic paste containing about 30-40 % free water), a slurry (a flowable, thick liquid 

containing 50-70 % free water), lime milk, or limewater can be obtained [1]. 

The water/lime ratio is known to play a major role in affecting the characteristics of the 

hydrated product and on the portlandite crystal morphology [74]. In particular, the water/lime 

ratio is strongly related to the temperature of the slaking water and they need to be 

discussed together since one influences the other. 

2.1.1. Temperature and Water/Lime Ratio 

During the slaking process the water/lime ratio and the slaking temperature play a major 

role in affecting the characteristics of the final slaked product. The optimal water/lime ratio 

and temperature are hardly identified with absolute figures, since they strongly depend on 

other factors such as the characteristics of the quicklime, but general trends have been 

observed [74]. 

Rosell et al. [74] showed that the water/lime ratio shows a trend of inverse correlation with 

the final crystallite size (as measured by XRD), however no significant difference could be 

observed in particle size as measured by laser diffraction across limes produced with 

various water/lime ratios, due to the extensive particle agglomeration occurring.  

Several authors suggest the existence of an inverse relation between the water/lime ratio 

and the slaking temperature ([3,74,75] and references therein). 

According to Miller [75], slaking is accelerated by either raising the initial temperature of the 

slaking water or by reducing the water/lime ratio, as a consequence of the exothermic nature 

of the hydration reaction [76], and to the high specific heat capacity of water [77]. Therefore, 
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the more water is used during slaking, the lower is the temperature of the mix as most of 

the heat produced during hydration is absorbed by the water.  

Because of the heat produced during hydration, some water can evaporate during the 

process and for this reason an excess of water over the theoretical amount is required to 

account for the loss due to evaporation.  

Usually, lime putty contains about 30–40% of free water that envelops the hydrate particles, 

in addition to the chemically bound water [3]. Elert et al. [3], in their analysis of the literature 

available on lime slaking, reported that various authors observed that slaking in excess of 

water produces putties with greater particle fineness and surface area, higher reactivity and 

plasticity, in agreement with the research of Hassibi [73], who reported that lime slaked in 

excess of water is characterised by longer settling rate compared to a lime slaked with the 

minimum theoretical water. This difference in settling time leads the author to assume that 

the particles produced by slaking in excess of water are smaller than those of lime slaked 

with the stoichiometric amount. In addition, Bonnell (cited in [3]) suggests that the smaller 

particles obtained during slaking with excess of water can be surrounded by a lubricating 

film that reduces agglomeration. Navratilova et al. [76] state that portlandite crystals formed 

upon slaking in excess of water exhibit well-formed edges, whereas those obtained by 

slaking at a lower water/lime ratio do not show sharp edges and tend to agglomerate. In 

contrast with the other authors, Hedin (cited in [3]) recommends to use the smallest possible 

w/l for optimal putty properties. Nonetheless, if w/l is too low, problems can arise such as 

incomplete slaking or formation of hot spots (where temperature can exceed 200 °C) that 

can reconvert the slaked lime to oxide [1]. 

The use of hot water during slaking is reported to increase the hydration rate [3]. However, 

other authors (Holmes, Fink, and Mathers cited in [3]) suggest that products with higher 

workability are obtained at lower temperatures. Such disagreement on the effects of the 

water temperature on the characteristics of slaked lime is acknowledged by Boynton [1] and 

it is suggested to be partially due to the influence of other variables, such as characteristics 

of the parent rock and the calcination conditions. The experience and skills of the 
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professionals involved in the slaking process is also reckoned to play a major role in the 

characteristic of the final product [74]. 

As opposed to using a low w/l or hot slaking water, a high w/l or use of cold slaking water 

are reported to ‘drown’ the lime. Boynton [1] describes the drowning of lime as an adverse 

reaction that may occur when a large excess of water is rapidly added to lumps or pebbles 

of quicklime. According to this author, in such conditions the lime surface hydrates but water 

does not entirely penetrate the core of the lumps. In this way, early hydration is stifled by 

the low temperature, preventing the CaO particles to sufficiently disintegrate and allow 

further hydration. As a result, slaking is delayed or incomplete and the produced putties 

appear unsound, with a lack of plasticity and resembling a thin water paste. 

In the past (and, for some products, still today), the obtained lime-water colloid obtained 

after slaking was let to sit in dedicated tanks to ensure complete hydration and to allow the 

lime putty to gain superior workable properties. The ageing, or maturation, process is a 

further key aspect of the slaking that entails significant micromorphological transformation 

to portlandite crystals at the base of the alleged superior quality of aged lime putty. 

2.1.2 Ageing of Lime Putty 

Before proceeding with the review, it is worth clarifying that herein the terms ‘ageing’ and 

‘aged’ refer to the prolonged storage of lime putty underwater after slaking, as normally 

found in the literature relevant to lime in construction. This type of ageing is different from 

what is usually meant in the field of Heritage Science, where ‘ageing’ refers to the 

degradation processes occurring on manufacts due to the passing of time. 

Ageing of high-calcium slaked lime by storage under water for a long period of time has 

been recognised for centuries as a means of improving the quality of slaked lime used in 

mortar and plasters [2,5,12,13,74,76,78–85]. As several indications on how water slaking 

was carried out in the past can be found in old texts and treaties, various authors from the 

past stress the importance of letting slaked lime mature in a pit to improve the quality of the 

lime putty [10,12]. Such maturation process is known as ‘aging’ and was used since Roman 

times to improve the properties of lime putty for specific applications (e.g., plasters): the 
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putty was stored under excess water in a hole in the ground for months, or even years as 

reported in the treaties by Vitruvius and Pliny the Elder, passing the supplies from father to 

son [10,12]. Both Pliny and Vitruvius stated that lime quality would increase upon prolonged 

storage, and an ancient Roman law required the lime to be stored under water at least three 

years before use [9,13]. 

Ageing was empirically known to bring about significant improvements to many properties 

of the lime paste including workability and water retention [1,86]. For this purpose, lime is 

generally slaked with an excess of water to form a putty, which is then stored in a covered 

pit or trough until used. Practically all the authors, both ancient and modern, are unanimous 

in suggesting an adequate length of storage time before the slaked lime can be used [86]. 

Ashurst [13] has stated that lime putty should be kept with a shallow covering of water for a 

minimum of two months before its use. During ageing, the lime putty develops a skin of 

carbonate, which allows the material to be stored for a long period of time before use [10]. 

Well-matured slaked limes are known to develop higher water-retention, which makes these 

putties optimal plastering material [9,10].  

The effect of maturing (also referred to as ‘ripening’, ‘curing’, ‘soaking’, ‘ageing’…) of the 

putty are attributed to a transformation of the larger, aggregated particles of the colloidal 

dispersion into finer, more mobile, and uniform material with high plasticity and workability 

[3,9,10]. From a mineralogical point of view, several works showed that prolonged ageing 

of lime putty entails particle size reduction and shape change that significantly affect the 

overall performance of the mix [1,2,5,13,80,81,84,87]. The pioneering study by Rodriguez-

Navarro et al. [2] shows that portlandite crystals undergo size reduction and shape change 

upon ageing, with the development of sub-micrometer plate-like crystals, as a result of: i) 

difference in solubility between the {001} basal facets and the {100} prismatic facets; and ii) 

secondary nucleation and growth of nanometer plate-like portlandite crystals. The authors 

of this study suggest a two-steps mechanism for such reduction in size: i) the transformation 

of the non-equilibrium prismatic habit to the equilibrium platelet habit, which entails the 

preferential dissolution of prism {100} facets and the eventual separation in the direction 

perpendicular to the c axis of prismatic crystals into platelets; ii) secondary nucleation of 
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equilibrium micro-sized crystals on the pre-existing prism {100} facets. A crystal size 

reduction was observed with TEM with increasing ageing time by Cazalla et al. [13] in a 

putty aged for 1 and 14 years. In both, Rodriguez-Navarro et al. [2] and Cazalla et al. [13] 

an estimate of the platelets abundance and of the crystallite size was carried out. A 

comparison of the results of both studies is reported in Table 2-1. Although the results 

confirm the trend suggesting that platelets abundance tends to increase with ageing and 

the crystallite size to decrease, an established correlation between age and either of the 

two characteristics cannot be determined, probably due to the intrinsic variability across 

different types of lime. 

 

Table 2-1. Comparison of platelets abundance and crystallite size estimates in aged lime 

putty: fresh, 2 months, and 14 months [2]; 12 months and 14 years (168 months) [13]. 

Maturation time 

Platelets 

abundance 

indicator 

Crystallite size (Å) Reference study 

fresh 0.7 370-500 
Rodriguez-Navarro et al. 

(1998) [2] 
2 months 1.1 ~340 

14 months 2.0 ~280 

12 months 0.8 - 
Cazalla et al. (2000) [13] 

14 years 4.0 - 

 

Atzeni et al. [12] have also observed a size reduction in portlandite crystals overtime. The 

authors tested lime putty at 3 months and 3 years of maturation, and a ‘0-time’ putty that 

was prepared by mixing commercial dry hydrate and water. The microscopic observations 

carried out in this study indicate that the size of the crystals diminishes with ageing. 

Recognisable crystal facets were basal pinacoid {001} and prism {100} facets, however no 

indications emerged to suggest the prevalence of one facet over the other. As opposed to 

the previously mentioned studies [2,13], the analyses carried out in the study by Atzeni et 

al. did not show any change in platelets abundance with ageing, whereas the specific 

surface area increased with ageing: 1.3 m2/g of the 0-time putty; 1.5 m2/g of putty aged for 

3 months; 2.1 m2/g of the putty aged for 3 years. Finally, viscosity and shear stress were 

found to be directly correlated with the putty’s age, suggesting that the fresh putty is 
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characterised by agglomerates coated with a film of water that acts as a lubricant, resulting 

in an extremely fluid material. A point that should be argued in the study by Atzeni et al. [12] 

is that the authors have used as 'freshly-prepared lime putty' a mixture of commercial 

hydrated lime and water. It is known that commercial dry hydrates re-dispersed in water 

have different characteristics from freshly-slaked lime putties. Aqueous dispersion of dry 

hydrates have bigger particle size, lower colloidal stability and lower specific surface area 

as a result of an irreversible aggregation process occurring during drying [84]. Thus, the 

size reduction and other changes reported by these authors should be ascribed also to the 

preparation method of the lime putty rather than to the ageing process only. Mascolo et al. 

[80] confirmed that portlandite crystals undergo a shape change from prismatic to platelets 

upon ageing. However, the authors observed the simultaneous growth of large crystals at 

the expense of smaller ones – in agreement with the well-known Ostwald's ripening 

mechanism – and the secondary precipitation of micro-sized platelets. The authors argued 

that the formation of small platelets at the expense of large prisms is thermodynamically 

unfavourable due to an increase in the crystal's total surface energy, whereas in the 

opposite process (Ostwald's ripening) there is a loss in surface energy and the process is 

thermodynamically favoured. The authors justify the presence of secondary micro-sized 

particles, especially in putties aged for more than 48 months, as a result of the dissolution 

of prism {100} faces, but no further explanation is provided. Ruiz-Agudo et al. [82] added 

that only putties made of industrial soft-burned quicklime show highly polydisperse prismatic 

crystals that over time transform into smaller platelets according to the ageing mechanisms 

proposed in [2], whereas portlandite crystals in putties made of hard-burned quicklime 

undergo extensive aggregation and tend to grow according to Ostwald's ripening. 

As it has been discussed in the previous paragraphs, several factors within lime slaking can 

affect the quality of the final product, including others whose discussion is beyond the 

scopes of this thesis namely, the chemical composition, textural characteristics, and 

geological origins of the parent limestone; the calcination conditions of the quicklime [11,88], 

and the stirring method during slaking [3,89]. 
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2.2 Steam Slaking 

An alternative method to slaking in water which is known to modify the characteristics of 

portlandite crystals is the use of steam, or water vapour, to slake quicklime. For clarity, the 

term ‘steam’ can often be used in casual contexts to refer to ‘wet steam’, the visible cloudy 

mixture of vapour and aerosol liquid water droplets suspended in the vapour, however, in 

this thesis ‘steam’ and ‘water vapour’ are used in their physical meaning interchangeably, 

both indicating the gaseous phase of water. 

Slaking of quicklime with atmospheric water vapour can occur during storage of lime in 

unsealed bags and in such case is regarded as an undesirable reaction, because the 

process is not controlled and the resulting air-slaked lime consists of an unknown mixture 

of oxide, hydroxide, and carbonate [1]. On the contrary, the hydration of quicklime by water 

in its gaseous state is sought after in environmental studies and known to produce changes 

in the morphology and size of portlandite crystals [90–92]. Recently, it has been highlighted 

that water vapour might play a major role in imparting advantageous characteristics to the 

so-called hot-mixed mortars [93]. In such technological process, quicklime is mixed with 

sand to produce mortars without first being slaked. Although slightly different approaches 

can apply, the basic method is essentially the same across the world and throughout time 

and entails mixing quicklime with moist sand and later adding just enough water to bring the 

mixture to a workable mortar [93,94]. One of the methods described for producing hot-mixed 

mortars was mixing quicklime with damp sand and let it slake for 24 hours. In this way, the 

extent of slaking and the associated heat generation are directly related to the quantity of 

water contained in the sand [95].  

2.2.1 Historic Use of Steam Slaking: Hot-Mixed Mortars 

A traditional method of mortar production, generally referred to as ‘hot-mixing’, was widely 

used in the past [95]. Schmidt [96] analysed the database of over 3500 historic mortar 

samples of the Scottish Lime Centre Trust and found that before the 17th century over 80% 

of mortars were hot-mixed mortars; between the 17th and the 19th century, more than 60% 

of mortars were hot-mixed mortars; even in the early 20th century, when the use of lime 
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mortars started to phase out in favour of cement mortars, hot-mixed mortars were far more 

common than putty-based mortars. 

2.2.2 Portlandite-Steam Interaction 

Considering the descriptions available in the literature and practical experiences, it has 

been inferred that in the “hot-mixed” system the hydration process of calcium oxide takes 

place through two steps: in the first, the water adsorbed on the surface of the sand grains 

gets in contact with the calcium oxide and reacts with it, initiating the slaking. Because of 

the heat developed during the reaction, further water adsorbed on the surface of the sand 

grains is converted into steam, which diffuses through the pores in between the sand grains 

and promotes the slaking of further unreacted calcium oxide (second step) [97].  

For this reason, it is of interest to get knowledge regarding the interaction between calcium 

oxide and water vapour. Such reaction occurs at a gas-solid interface without the mediation 

of a liquid solution, and the effects of such interaction on the hydrated product are relevant 

to the modifications of portlandite crystals during the slaking process. 

The reaction between solid calcium oxide, or quicklime, and gaseous water is known as  

vapour hydration and is mainly exploited for environmental applications to produce carbon 

dioxide sorbents [91,98–103]. Vapour hydration of quicklime is known to proceed inwards 

by an advancing interface mechanism and is often described by a shrinking core model 

[91,98–100,103].   
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Figure 2-4. Schematic drawing of the shrinking core model, with r0 = initial radius of the CaO 

particle; rt radius of the reacting CaO particle after time t. Figure adapted from [104]. 

 

One of the first investigations on the reaction mechanism was carried out by Ramachandran 

et al. [105], who suggested that two different paths are followed when calcium oxide is 

hydrated in liquid water or by steam. In the former case, a liquid-state homogeneous 

dissolution/re-precipitation process occurs, whereas in the latter case a solid-state 

topotactic reaction takes place. Beruto et al. [106] confirm what stated in the aforementioned 

study. Serris et al. [107] added that the hydration proceeds through a combination of parallel 

and perpendicular growth, the first being aided by the porosity of the product (carbonated) 

layer, and the second resulting in stacked piles of portlandite thin platelets and giving rise 

overall to a porous, “gypsum flower”-like microstructure.  

Vapour hydration promotes the formation of cracks and increases the product surface area 

[1,101], due to the strain induced by the difference in lattice of CaO phase and Ca(OH)2 

phase, which leads to fracture and the generation of a poorly crystalline product [90]. 

Moreover, it has been observed that portlandite crystals formed by vapour slaking are 

smaller than those formed after slaking in liquid water [105,106] and that such small, poorly 

crystalline forms of portlandite rapidly react with CO2 [91,102,105,106,108].  
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2.3 Slaking with Organic Additives 

Before proceeding with the review, a note on the terminology is necessary. In the literature, 

the terms ‘additive’ and ‘admixture’ are most often used interchangeably. The two terms are 

defined in the BS ISO 6707-1:2020 [109], where ‘additive’ is defined as (quote): “material 

added in small quantities to a liquid or granular material to produce some desired 

modification to its characteristics” and ‘admixture’ as (quote): “material added in small 

quantities before or during a mixing process in order to modify the characteristics of a 

mixture”. Ergenç et al. [110] further clarified in a recent publication claiming (quote): “The 

term additive refers to a constituent usually added in small quantities to a mix to bind or 

modify its manufacture or properties (e.g. air-entraining agents and setting accelerators), 

while the term admixture indicates a substance other than binder, aggregate or water added 

to the mix in quantities of at least 1% by weight to alter its properties (e.g. pigments, fibrous 

substances)”. In this thesis, the focus of the research is on the constituents added in small 

quantities able to modify lime properties and, in particular, their crystallisation. Therefore, 

the term ‘additive’ is considered as a more suitable definition for this function. 

Over the centuries, a wide array of additives has been used to improve the properties of 

lime-based building materials [10,57,111,112]. These compounds, mostly organic, were 

added either in the slaking water [113,114] or introduced as later additions to the already 

slaked lime [115,116], e.g. in mortars and plasters. First uses of organic additives in lime 

mortars date back to the Greek and Roman period [117]. Pliny [9,118] mentioned that in 

450 B.C. a polished lime stucco mixed with milk and saffron was applied in a temple at Elis. 

Cowper [9] lists fig and other fruit juice, elm bark (presumably in the form of an infusion), 

barley water, bullock’s blood, cow-dung, hot wax, white of egg, wort and beer, pitch, milk, 

gluten, butter-milk, cheese, saponified beeswax, sugar among the recommended additives 

used in the past in lime mixtures. Further sources [114,118–122] also include oils, fatty acid, 

polysaccharides derived from plant extracts, animal glue, egg yolk, blood, casein, linseed 

oil, sticky rice, curd, and carboxylic acids as common additions to lime mixtures; glue and 

casein preparations were commonly used in limewashes [9]; sugar, egg white, sticky-rice, 
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tung oil, milk, natural oil, plant juice, animal blood were commonly added to lime mortars in 

Chinese historic lime mortars [119,121–126]; nopal juice extracted from cactuses in Mayan 

and Aztec lime mortars [114]; sugar in India [9,117,120,127] where the use of organic 

additives such as gallnut, jaggery (an unrefined sugar), gums, resins and other plant 

extracts for production of lime plasters is still current practice [128]. 

In the following section, a review of the literature related to some of the most relevant 

organic compounds used as additives in lime is provided. The molecules described are 

representatives of the main classes of organic additives identified as the most commonly 

used in lime applications. In particular: sucrose was selected as representative of additives 

based on refined simple sugars; pectin as representative of polysaccharidic, gelling plant 

extracts, usually rich in this compound; lignosulfonate as representative of the sulfonate-

based compounds widely used as additives for Portland cement and studied in relation to 

their effect on portlandite crystallisation. 

During and after the slaking process, the organic molecules are subject to a highly alkaline 

environment and, if the additive is introduced before slaking, to temperature >100 °C. In 

such conditions it is possible that degradation mechanisms of the organic molecules are 

initiated with the subsequent formation of new species. For this reason, a brief review of the 

main known alkaline and thermal degradation processes relative to each additive is 

provided in dedicated paragraphs. 

2.3.1 Sucrose and Derivatives 

Sucrose is one of the most common sugars. It is a disaccharide made of α-glucose and β-

fructose groups linked together by a (1 → 2) glycosidic bond (Figure 2-5) [129]. The hydroxyl 

groups make the molecule highly water-soluble (2100 g/L) [130]. Sucrose is produced 

naturally in plants, from which table sugar is refined. It has the molecular formula C12H22O11. 
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Figure 2-5. Representation of sucrose molecule (drawing produced by Marvin JS 

software [131]). 

 

2.3.1.1 Historic Use in Lime-Based Building Materials 

Sugar (either in a refined or unrefined form) has been added to lime mortars across different 

cultures and geographical areas. Sugar was, among others, a common addition in Chinese 

historic lime mortars [119,121–123]. The earliest mortars in which sugar were detected as 

additives come from the Tiger Hill Pagoda in Suzhou, Jiangsu Province, which dates to the 

Five Dynasties period (AD 959–961); there are records of use of sugar in lime mortars 

during the Ming and Qin dynasties, where “sugar mortars were used to fill the voids between 

stones” in the construction of dams; sugar mortars were also used to fix lime-based 

decoration sculptures to buildings [126]. Sugar is a common addition to lime mortars in India 

[9], used to impart adhesive properties to the mortar [117,120,127]. Many monuments and 

religious buildings from the 16th and 17th century, such as the Charminar mosque, 

constructed from granite and lime mortar, contain lime with additions of jaggery (an 

unrefined sugar) [10]. Sugar-containing compounds, such as fig and other fruit juice, were 

used in the Greek and Roman period [9,117]. 

2.3.1.2 Portlandite/Sucrose Interaction 

Sucrose and other sugars are known to influence portlandite growth and, in particular, to 

inhibit its crystallisation and increase its solubility [1,132–135]. The interaction mechanism 

between sucrose and portlandite has mainly been studied within the context of Portland 

cement. Sucrose and other sugars have been known to retard hydration in cement mixtures 

since the ‘30s, when problems were encountered in concrete floors placed in a candy 
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factory and later in the ‘50s when cement stored in old sugar sacks failed to set properly 

[136]. Since then, sucrose is used in cement industry as set retardant [134,137–141] and in 

particular is known as a “delayed accelerator” [142]. The retardant effect is attributed to 

CSH and portlandite nuclei poisoning: as the cement phases dissolve, new CSH nucleation 

sites form until the precipitation and crystallisation overcome the poisoning effect. Once 

CSH and portlandite precipitation start, the hydration process proceeds faster than in the 

absence of sucrose, supposedly as a consequence of the increased calcium concentration 

caused by the presence of sucrose [1,132,133]. However, it is not yet clear the exact 

mechanisms by which sucrose molecules inhibit portlandite crystallisation so that various 

mechanisms are reported in the literature [135]. 

The mentioned nuclei poisoning mechanism is ascribed to the adsorption of sucrose 

molecules onto portlandite crystals [136], promoted by: i) the presence of the group HO-C-

C=O [137,143] found in the alkaline degradation products of sucrose [144]; ii) the presence 

of hydroxyl, carbonyl, or carboxyl groups, found both in the sucrose molecule and in its 

alkaline degradation products, i.e., reducing sugars and saccharinic acids [137]. These 

groups can bind metal ions, such as calcium, on the surface of the mineral particle. 

Rodriguez-Navarro et al. [114] suggest that sugars act on prenucleation clusters by 

affecting their stability and, in turn, the nucleation and growth of portlandite as it has been 

observed in crystallisation phenomena of other phases, e.g. calcium carbonate [145–147]. 

Evidence has been reported that sucrose complexes onto calcium-containing phases 

[138,142]. A higher calcium concentration is measured in solutions containing sucrose, 

which poisons nucleation sites, allowing ions to stay in solution without precipitation. In 

Martinez-Ramirez et al. [148] the mechanism suggested for the increased solubility was 

that of complexation between Ca2+ and sucrose molecules, previously proposed by 

Pannetier et al. [149] and also supported by more recent studies [150–152]. However, 

Young [134] and Banfill [135] discarded this hypothesis on the account that the formed 

sucrose-Ca complex has low stability and a lack of correlation between Ca complexing 

ability and portlandite precipitation is observed. Recently, Martinez-Ramirez et al. [148] 
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exploited the increased solubility of portlandite in sugary solutions to develop stable 

nanoparticles suspensions, since sugar was shown to favour nucleation over crystal growth.  

2.3.1.3 Alkaline and Thermal Degradation of Sucrose 

While the glycosidic linkage of sucrose is unstable under even slightly acidic conditions and 

is readily hydrolysed, the sucrose molecule is known to be stable in moderately alkaline 

conditions [129,153]. However, under highly alkaline conditions (pH >12), the molecule can 

be subject to various degradation processes, such as hydrolysis, with formation of reducing 

sugars and other organic acids [137,144]. The degradation products of reducing sugars (i.e. 

easily-oxidisable sugars defined by the presence of a specific moiety which gives also lower 

stability to alkaline conditions) and organic acids contain the HO-CC=O group (similar to 

carboxyl but with hydroxyl and carbonyl linked to two distinct, adjacent carbon atoms), 

responsible for the adsorption of sugars on the surface of Ca(OH)2 particles according to 

Bruere [137]. A further mechanism proposed in the literature [154] for sucrose alkaline 

degradation leads to the formation of another disaccharide (a glucosyl fructose derivative) 

which readily degrades mainly into lactic acid, both of which contain the HO-C-C=O group. 

The melting point of sucrose is between 160 and 186 °C [155,156]. Several mechanisms 

have been proposed in literature to describe the thermal degradation of sucrose and its 

transformation upon heating. Oxidation takes place after melting at 185–190 °C and ends 

completely at 440 °C [157]. In the melting temperature range (160 to 189 °C), partial 

decomposition of sucrose into glucose, fructozone and fructose through hydrolysis can 

occur [156]. At 185 °C, the primary reactions of thermal degradation are reported to be the 

splitting of the glycosidic bond and formation of sucrose derivatives, i.e. stereoisomers with 

different configuration on the pyranose ring and anhydrous forms [158]. 

2.3.2 Pectin and Polysaccharides 

Pectin is a polysaccharide (Figure 2-6) mainly composed of linear chains of α(1 → 4)-linked 

galacturonic acid units, partially methylated at the carboxyl group [159]. It is contained in 

the primary and middle lamella and cell walls of terrestrial plants and is produced 

commercially as a white to light brown powder, mainly extracted from citrus fruits. 
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Figure 2-6. Structural unit of pectin (drawing produced by Marvin JS software [131]). 

 

2.3.2.1 Historic Use in Lime-Based Building Materials 

Polysaccharides were widely used in the past for the preparation of lime-based building 

materials. This class of compounds is almost ubiquitous in plants, and they generally confer 

viscosity to the material they are contained in. For this reason, they were often mixed in 

mortars and plasters to improve their consistency, along with other properties 

[115,116,119]. 

Polysaccharides are contained in milk, fruit juices, beer, cheese, sticky rice, used for lime 

stuccoes and other mixtures during the Roman period [9]; sticky rice was also used in the 

past in China for the preparation of lime mortars [119,121–123]; Nopal juice, a pectin-like 

polysaccharide extracted from the cladodes of the Opuntia ficus-indica (a species of cactus 

common in South America) was traditionally added in Mayan and Aztec lime mortars [114]. 

In India, cactus and several other polysaccharidic plant extracts (including jaggery, 

kadukkai, black gram seeds, bel fruit, and cactus) were added to provide moisture and to 

improve carbonation, strength, and durability [160,161]; a notable example of use of 

polysaccharide-lime mortars in Indian historic architecture is the ancient Vadakumnathan 

temple in Kerala, where several plant extracts used as additives were found [160]. Here, 
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carbohydrate-rich compounds were added to the lime mortars to improve their performance. 

Moreover, variants of the polysaccharidic additives have been found in lime mortars in the 

region according to local availability [160]. 

2.3.2.2 Portlandite/Pectin Interaction 

According to the study of Navarro et al. [114], pectin interacts with Ca(OH)2 electrostatically 

and through hydrogen bonds, and the main effects are: (i) crystallisation inhibition through 

nuclei poisoning, leading to a decrease in crystal size; (ii) crystal habit change, from 

equiaxed/prismatic to thin platelet; (iii) colloidal stabilisation. Recently, it has been shown 

that pectin affects the nonclassical Ca(OH)2 crystallisation both in the pre-nucleation stage, 

by stabilising Ca(OH)2 pre-nucleation clusters (PNCs) and liquid precursor and therefore 

delaying the formation of amorphous Ca(OH)2 (precursor of crystalline portlandite), as well 

as in the post-nucleation stage, by stabilising amorphous Ca(OH)2 and delaying the 

formation of metastable crystalline Ca(OH)2 and, in turn, of stable crystalline portlandite 

[162]. 

2.3.2.3 Alkaline and Thermal Degradation of Pectin 

In highly alkaline environment (pH >12), pectin tends to (i) depolymerise through β-

elimination with subsequent reduction of molecular weight, degradation of pectin molecule 

and formation of sugar residues [114,163,164], and (ii) de-esterification of the methoxy 

groups [164,165]. Only limited complexation between carboxyl groups and divalent cations, 

such as Ca, to form egg-box structures (i.e., gelling behaviour) is observed when pectin is 

in an alkaline, Ca-rich solution [114,163]. As a result of depolymerisation, a variety of 

reducing sugar end units including xylose and galactose are produced [114]. 

Thermal degradation of pectin is a rather complex process as various factors including 

composition, degree of polymerisation and degree of esterification affect its thermal 

behaviour [166]. The literature suggests that pectin thermal degradation occurs in the range 

of 180–270 °C [166–168]. Thermal treatment promotes depolymerisation via β-elimination 

(favoured in pectins with high degree of methylation) which leads to formation of reducing 

sugars [169,170]. 
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2.3.3 Lignosulfonates 

Lignosulfonates are water-soluble polymers containing both hydrophilic 

groups (i.e. hydroxyl, hydroxyphenyil and sulfonate groups), and hydrophobic components 

(i.e. carbon chains) [171]. The general structure of lignosulfonates is shown in Figure 2-7. 

 

 

Figure 2-7. Molecular structure of lignosulfonate (drawing produced by Marvin JS 

software [131]). 

 

2.3.3.1 Historic Use in Lime-Based Building Materials 

Lignosulfonates are by-products of the wood pulping industry and are commonly used for 

enhancing the performance of concrete as a binder in construction [172]. Their use is 

relatively recent and is strongly linked to the use of Portland cement-based binding systems. 

Lignosulfonates are available as calcium, sodium, and magnesium salts, and were used 

since the 1930s as dispersants and superplasticizers [141]. 

2.3.3.2 Portlandite/Lignosulfonate Interaction 

Lignosulfonates are a class of compounds that induce microstructural modifications to 

Ca(OH)2 crystals. Like other superplasticisers, lignosulfonates have the ability to overcome 

the Van der Waals attractive inter-particle forces that cause agglomeration, by intercalating 

the cement particles [141]. Their dispersive effect is a result of both electrostatic repulsion 

and steric hindrance, i.e. adsorption of lignosulfonate on cement particles that causes a 

change in zeta potential and formation of a physical barrier that prevents re-agglomeration 

of cement particles [173–175]. The mechanism of steric hindrance is explained with the 
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molecular architecture of the additive: while other additives (such as 

polynaphtalenesulfonate) tend to undergo a “flat” type of adsorption due to their linear 

structure, lignosulfonate, which is a highly branched, tree-shaped polymer with negatively-

charged sulfonate groups at the tail of the branches, undergoes adsorption to the portlandite 

particles in a “perpendicular” conformation (Figure 2-8) [175]. 

 

 

Figure 2-8. Illustration of different types of polymer adsorption to portlandite crystals: (a) 

“flat” conformation of linear polynaphtalenesulfonate; (b) “perpendicular” conformation of 

branched lignosulfonate. 

 

Jawed et al. [176] observed the effect of various concentrations of lignosulfonate in 

supersaturated solutions of portlandite on portlandite crystal growth. It was observed that 

at concentrations ≥200 ppm crystal growth is completely inhibited, at concentrations 

between 2.5 and 200 ppm well-defined induction periods were observed, and at 

concentration ≤2.5 ppm no effect was observed. In the study by Barker et al. [177], synthetic 

portlandite crystals are grown by counter-diffusion from solutions of CaCl2 and KOH in 

presence of various organic additives containing sulphonate moieties, including two 

commercial superplasticizers based on lignosulphonates. Experimental evidence showed 

that their addition modifies the habit of portlandite crystals and affects their crystallinity and 
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crystal size. It was proposed that the modifications were a result of the adsorption of organic 

molecules onto portlandite crystal surfaces, which affects the crystal nucleation and growth, 

but the crystal lattice is unaltered, suggesting that organic molecules are not embedded into 

the portlandite structure. Further insight on the effect of lignosulfonates on portlandite 

crystals was provided by Kirchgessner et al. [178], who studied the reactivity of lime towards 

SO2 after hydration in calcium lignosulfonates solutions of various concentrations. They 

established an inverse correlation between calcium lignosulfonate content and Ca(OH)2 

particle size as a result of de-agglomeration brought about by the hydrophobic portion of 

the calcium lignosulfonate molecule and of crystal size reduction. These results were later 

confirmed by the work of Lee et al. [179], who contributed with surface area and 

micromorphological investigations on modified lime hydrates. Yilmaz et al. [180] showed 

that sulphonate-based superplasticizer (sulphonated melamine formaldehyde, commonly 

used in cement pastes) have similar effects on the habit of portlandite crystals, which 

changes from prism to thin platelets through adsorption of the organic molecules on the 

basal faces of portlandite crystals. 

2.3.3.3 Alkaline and Thermal Degradation of Lignosulfonate 

In alkaline conditions, lignosulfonates are known to depolymerise and to form catechol-like 

monomers (mostly vanillin) with an overall increase in phenols (i.e. hydroxyl moieties linked 

to aromatic rings), and a decrease in methoxy groups [181–183]. All of these processes are 

linearly dependent within the T range of 70–90 °C [183]. Vanillin (pKa = 7.4 at 25 °C) is the 

most abundant compound formed upon thermal treatment of lignosulfonate [181–184]. 

2.4 Properties of Lime-Based Mixtures 

In this section the relations between the characteristics of portlandite crystals and the 

physical-mechanical properties of lime-based binding materials are described. As reported 

in the recent comprehensive review on the setting mechanisms of lime-based building 

materials by the Rilem Technical Committee 277-LHS [185], various properties characterise 

the quality and performance of lime-bearing materials, including water retention, water 

demand, mechanical strength, modulus of elasticity, and setting and hardening rate. Hence, 
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in the following paragraphs these characteristics are briefly described with a focus on the 

relation between the microstructural characteristics of portlandite crystals and the resulting 

macro properties of the lime-based mixture. In the last sections (2.4.6 – 2.4.9), a review on 

the effects of steam and organic additives on the properties of lime-based mixtures is 

provided. 

2.4.1 Water Retention 

A high water retention is widely accepted as an advantageous property of lime when used 

as a binder in mortars. There is a requirement by the American standard for lime mortar to 

show at least 85% water retention [186]. A high water retention promotes an even and 

slower water loss (either through suction or evaporation) that limits the formation of drying 

shrinkage cracks [186]. Water retention is also one of the key aspects of workability of a 

lime mortar, along with rheological properties, as well as the controlling mechanisms for 

limiting adverse effects such as bleeding and inhomogeneity [187]. Water retention of a lime 

putty is typically between 70-90 % and little difference has been reported between figures 

related to pure lime putty and to lime-sand mortar [3,188].  Water retention is correlated to 

the viscosity and surface area of lime putty [13,187,188]. In particular, the presence of small, 

plate-like portlandite crystals, which bring an increase in specific surface area, also impart 

a high water retention thanks to a higher capacity of absorbing water than bigger, prism-

shaped crystals [5,13,187]. This is, among others, the reason why aged lime putty is 

reported to have significantly superior quality than fresh lime putty: the changes induced in 

size and shape of portlandite crystals are responsible for the increase in water retention as 

well as changes in rheology [3]. 

2.4.2 Rheology 

In fact, as good workability is one of the most widely regarded properties of lime putty, the 

rheology and its changes with ageing are critical in the final performance of lime mortars 

[12,82]. The rheology of lime putty and mortar has been found to be strongly related to its 

microstructural and colloidal characteristics. The rheology of lime putty is known to be 

complex. Lime putty has been described as a non-Newtonian fluid, with both thixotropic and 
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rheopectic behaviour depending on the calcination conditions of the quicklime and on the 

ageing time [41,82].  Lime mortar is a plastic material often described by the Bingham model 

[12,187], which defines the viscosity 𝜂 as the relationship between shear stress (𝜏) and 

shear rate (�̇�), expressed by Equation 2-4: 

𝜏 = 𝜏0 + 𝜂�̇� 

 

Equation 2-4 

Where 𝜏0 is the yield stress. Common viscosity values for lime mortar are in the range 1-

15 Pa·s [82,187]. 

Ageing of lime putty is known to bring in an increase in viscosity ([12,82] and references 

therein), with particle aggregation being the main controlling mechanism: when the particles 

are smaller and non-aggregated, a higher viscosity is obtained, which is regarded as a 

desirable property for mortar application [82]. During ageing, Ca(OH)2 aggregates break 

down transforming into smaller aggregates, and eventually imparting higher viscosity and 

an overall improvement of the rheological properties of aged lime putty. Similar results were 

obtained by Boháč et al. [189] who measured an increase in plasticity and yield stress with 

increasing ageing time (12 and 24 months), and ascribed such effect to the continuous 

disaggregation of large clusters and consequent enrichment in micro-sized particles. Paiva 

et al. [81] also observe a thickening behaviour with ageing of lime putty however, two critical 

points should be highlighted in this study: i) the maturation time considered in the study 

spans a time range of seven days, which is a remarkably short time, considering that in the 

common practice a lime putty is considered aged after at least three months; ii) the ‘lime 

putty’ was prepared by mixing water and hydrated lime powder, which is a different material 

than a lime putty prepared by slaking quicklime. Hence, the conclusions drawn in this study, 

although of interest, refer to a material that can be considered different from a putty 

produced by the slaking of quicklime. 

2.4.3 Physical/Water Transport Properties 

It is well-known that a higher water content in lime putty leads to high porosity, high drying 

shrinkage, and in most cases decrease in mechanical strength [185,190,191]. The porosity 

and, consequently, the water transport properties of a lime-based system are greatly 

https://www.sciencedirect.com/science/article/pii/S187770581631743X?via%3Dihub#!
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affected by the drying process [185,191]. Drying is described as a two-stage process [185]: 

in the first stage, where the pores are still saturated with water, there is the most risk of 

cracking, especially at the drying surface, due to a sum of capillary, osmotic, and disjoining 

pressure exerted on the solid phase [192]; in the second stage, the drying front recedes 

and stress is likely to occur between the saturated and non-saturated areas, causing cracks 

at this interface [190,192]. The likelihood of fractures at both stages depends on a variety 

of environmental conditions, such as temperature, relative humidity, and air flow [192]. The 

drying kinetics affects both the carbonation process and the mechanical strength. At early 

ages, the drying process is in competition with carbonation and contributes to the early 

strength development [193]. 

2.4.4 Carbonation Rate 

The setting of air lime-based binding systems relies on carbonation, a process that entails 

a series of reactions between calcium hydroxide, water, and atmospheric CO2 [55,194]. The 

process is controlled by the atmospheric CO2 concentration and its diffusion into the porous 

matrix. Carbonation typically proceeds gradually from the surface towards the core, 

following the initial drying phase [59,185]. 

The carbonation process involves several steps [59,185]: i) dissolution of CO2 in the pore 

water (Equation 2-5); ii) formation of carbonate and bicarbonate ions from interaction of 

dissolved CO2 and hydroxyl ions (Equation 2-6 and Equation 2-7); iv) interaction between 

calcium and carbonate ions leading to precipitation of calcium carbonate (Equation 2-8). 

CO2(g) ⇄ CO2(aq) Equation 2-5 

 

CO2 + OH
- ⇄ HCO3

-  Equation 2-6 

 

HCO3
-  + OH- ⇄ CO3

2- + H2O Equation 2-7 

 

Ca2+ + CO3
2- ⇄ CaCO3(s)↓ Equation 2-8 

 

According to Cizer et al. [195], the carbonation process occurs in three stages: during stage 

I the diffusion is limited due to water saturation of the pores, and rapid carbonation occurs 
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on the surface of portlandite crystals, leading to the formation of a passivating amorphous 

calcium carbonate layer; stage II is marked by the conversion of amorphous calcium 

carbonate to calcite (of lower molar volume compared to ACC) and partial drying, which 

allow a rapid carbonation progress; finally stage III is slower and is controlled by the diffusion 

of CO2 in depth through the carbonated layer. Since the setting of air lime-based systems 

mainly relies on carbonation, the carbonation kinetics is a crucial factor for the development 

of the final product [196]. Carbonation is known to be a slow process, and there is a 

consensus on the fact that total conversion of hydroxide to carbonate is seldom reached, 

even in centuries-old lime mortars exposed to the atmosphere [1,55,197–201]. The 

progress of the carbonation front can be modelled with good approximation by the first Fick 

law of diffusion [185,202,203]: 

𝑥 = 𝐾√𝑡 

 

Equation 2-9 

Where x is the distance between the lime system surface and the carbonation front, t is the 

carbonation reaction time, and K is a constant related to the physical-chemical 

characteristics of the system. However, further studies add that rather than a sharp 

boundary delimiting the carbonated layer, there are volumes of high and low carbonation 

progress close to the carbonation front [204,205]. 

 

Figure 2-9. Representation of carbonating lime exposed to atmospheric carbon dioxide: (a) 

the carbonation front is sharp as modelled by Fick’s law; (b) recent, more elaborated models 

suggest the presence of volumes of high and low carbonation close to the carbonation front. 
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Relative humidity is a key parameter in influencing the carbonation process and the 

subsequent strength development [206]. Optimal relative humidity conditions for lime 

mortars to develop mechanical strength are in the range 60 – 80 % [207–210]. 

The aging of lime putty has been shown to have strong effects on the carbonation of lime 

mortars. Faster carbonation has been associated with aged lime putty [189]. Cazalla et al. 

[13] characterised and tested the carbonation rate of mortars produced with lime aged for 

14 years, 1 year and a ‘0-time’ lime based on commercial dry hydrate. The authors observed 

significant carbonation evolution differences among various lime mortars, depending on the 

ageing time of the hydrated lime. The fastest and highest carbonation rate was obtained in 

the mortar based on lime putty aged for 14 years, due to the presence of small, high-

surface-area crystals of the aged lime putty, which are very reactive and result in rapid 

carbonation. This is ascribable to the significant portlandite crystal-size reduction (from 

micrometer- to submicrometer- or nanometer-sized particles) and shape transformation 

(from prisms to hexagonal platelets). Research by Rodriguez-Navarro et al. [83] showed 

that aged lime putty mortars can develop a Liesegang pattern with alternating CaCO3-rich 

and Ca(OH)2-rich bands of regularized spacing in the direction of the reaction front (i.e. from 

the surface towards the core). The pattern starts to appear at 62 days of carbonation, and 

it becomes very clear starting from 180 days of carbonation in the cross sectional surfaces 

of a carbonating prism sprayed with phenolphthalein. In this study, the authors demonstrate 

that the development of a Liesegang pattern is ascribable to the smaller particle size of 

aged lime putty. Small particles dissolve faster and hence CaCO3 supersaturation and 

nucleation rates are higher, leading to the formation of colloidal/amorphous CaCO3 phase. 

These particles undergo Ostwald’s ripening, which cause a condition known as Lifshitz-

Slyozov coarsening instability that leads to the formation of bands, i.e. calcite crystals 

coarse in specific locations originating bands. The revert nature of the pattern (i.e. the bands 

get tighter in the direction of the reaction front) is explained by the authors by the self-limiting 

nature of carbonation due to higher molar volume of the precipitated phase that results in 

porosity reduction. In the same study, it was measured by mercury intrusion porosimetry 

that aged lime putty mortars have a higher volume of pores with radii <0.1 μm. This type of 
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pores promotes capillary condensation which not only contributes to increase CaCO3 

supersaturation, nucleation rate, and all the subsequent steps described above promoting 

pattern formation, but also results in an acceleration of the carbonation process. Overall, 

the authors conclude that mortars prepared with aged lime putty showing a Liesegang 

pattern carbonate faster and more extensive than mortars prepared with non-aged lime 

putty. A further study on the carbonation of aged lime putty was carried out by Cizer et al. 

[195], where lime pastes made with putties of different ages (15 months and 5 years) were 

subject to carbonation. However, in this study the two putties were made of different types 

of lime. The specific surface area measured by the Brunauer-Emmet-Teller method was 

higher in the younger putty with respect to the older putty. The authors suggested two 

possible explanations for this unusual characteristic of the putties: i) the sample preparation 

(that required drying) induced agglomeration and, hence, the measured specific surface 

area of the dried material was not representative of the actual specific surface area of the 

wet putty; ii) the original quicklimes had different characteristics that influenced the particle 

size of the related putties. Thus, the carbonation rate could not be simply correlated with 

the specific surface area, generally accepted to be proportional to the carbonation rate, nor 

with the age of the putty. Paiva et al. [81] show that carbonation is hindered with the ageing 

of lime putty as a result of the reduced porosity in the aged samples. However, it is not clear 

whether these conclusions are applicable to lime putty due to the limitations of the study, 

already highlighted in section 2.1.2.  

Several other factors influence the carbonation rate of lime-based systems, including the 

CO2 concentration [4,87,209], the aggregate concentration [211], the textural characteristic 

of the system [202,205,212], the specific surface area [87]. 

It is widely accepted that during setting the gain in mechanical strength of lime mortars 

occurs upon carbonation of portlandite, accompanied by an interlocking of calcite crystals 

and reduction in porosity [3,5,6,22,119,195,213–217]. Strength of lime mortars is known to 

slowly develop even beyond full carbonation (which might take a long time), possibly due 

to the evolution of calcium carbonate polymorphs [22]. Several factors influence polymorph 

precipitation. It has been demonstrated that the carbonation process starts with the 
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precipitation of amorphous calcium carbonate, which can subsequently transform either 

directly into calcite or into intermediate metastable phases such as vaterite and aragonite 

[218]. Relative humidity and drying rate influence the crystallisation process [185]. 

Carbonation at relative humidity between 75 and 90 % leads to amorphous calcium 

carbonate, calcite, aragonite, and vaterite, whereas at lower RH (30 – 50 %) formation of 

vaterite is promoted [219]. 

2.4.5 Mechanical properties 

Many factors, including the quality of the quicklime [11,217], the mortar mixing method 

[78,216], and the porosity of the substrate [213] affect the development of mechanical 

strength of lime mortar, due to the complexity of factors that affect the carbonation process. 

The development of mechanical strength in lime-based systems is strongly related to the 

drying and carbonation processes [193]. Lime mortars are known to be highly 

heterogeneous materials due to the great difference in strength between the binder and the 

aggregates. The degree of heterogeneity can be influenced by the mortar composition 

(binder/aggregate and water/binder ratios), the granulometry, and the nature of the 

aggregates [220]. Typically, lime mortars show low strength at early ages due to the slow 

carbonation process [221]. The comprehensive review on air lime mortars by Veiga [57] 

identifies the main factors influencing the mechanical performance of lime mortars: 

binder/aggregate ratio, lime calcination process (industrial or artisanal kiln), type of sand or 

aggregates, and slaking method. Regarding the slaking method, it is highlighted that the 

use of hydrated lime powder gives mortars with good mechanical properties and consistent 

characteristics [222]. Conversely, the mechanical performance of lime mortars based on 

lime putty is less consistent, but it improves greatly proportionally to the maturation time. 

2.4.6 Properties of Hot-Mixed Mortars 

It has been claimed that hot-mixed mortars outperform mortars made with lime putty in 

terms of workability and durability and are cheaper to produce [93]. Other sources present 

further advantages related to the hot-lime method [93,94], such as: i) improving the bonding 

between lime, water and aggregate; ii) facilitating the carbonation process due to the altered 



37 
 

pore structure created by the presence of steam; iii) leading to a broad particle size 

distribution similar to matured lime putty; iv) if applied to plasters and finishers, the hot-lime 

method leads to a strong and immediate bond to masonry and other substrates; v) easing 

application due to an improved capability of holding aggregates in suspension. 

Marghala et al. [223] assert that the hot-lime method has positive effects on flexural and 

compressive strength, cracking susceptibility and capillary water absorption of mortars. 

Higher strength in compression and flexure was measured in mortars prepared by mixing 

sand and quicklime with respect to mixing sand and lime putty also by Faria et al. [216]. The 

results of an investigation of historic hydraulic mortars prepared with hot-lime technology by 

Moropoulou et al. [224] allowed the authors to state that this production technology and the 

chosen raw materials imparted high strength to the mortars. In a study by Valek et al. [225], 

the authors compared properties of hot-mixed mortars with those of mortars prepared with 

lime putty and commercial dry hydrate. Hardened properties of the mortars were 

comparable across the production methods, whereas the hot mix had higher porosity and 

higher capillary absorption capacity than the ‘cold-mixed’ mortars. Veiga [57] reports the 

hot-mixing method produced mortars that can often show lower porosity but also results in 

high variation and inconsistency in terms of mechanical performance. 

2.4.7 Properties of Sugar-Lime Building Materials 

A number of studies investigate the influence of a variety of sugars (sometimes fermented 

[113,226,227]) on the performance and characteristics of lime mortars. 

Sucrose acts as water-reducing agent by increasing the flowability of the mortars [228]. 

Kang et al. [228] have obtained high fluidity in lime mortar with sucrose additions which, 

according to the authors, causes a reduction in the particle size of portlandite crystals, 

producing effects similar to those of long-term ageing of lime putties. Red grape additions 

make lime mortar more flowable, with a direct correlation between flowability and days of 

fermentation of the additive, related to the progressive transformation of the sugars 

contained in it, into ethanol [227]. Sugar is also known to increase adhesive properties of 

lime mortars [9,117,120,127]. 
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Sugar has been reported to contribute to an increase in strength in sticky-rice modified lime 

mortars, probably as a consequence of the interaction between sugar and Ca2+ ions that 

leads to the formation of Ca-saccharate complex, and of the formation of a more 

homogeneous and compact network of calcite crystals [117,119]. Regarding the 

carbonation rate, additions of sugar have been found to induce a delay in carbonation, 

which occurs more homogeneously in the whole body of the mortar, preventing the 

formation of the crust that causes the self-limiting effect [56,228]. Where fermented 

additives such as fermented red grape and raisins are used, the carbonation is accelerated 

and the fermentation process of sugars leads to the formation of alcohol, which favours 

formation of alkoxides and subsequent stabilisation of metastable polymorphs of calcium 

carbonate, such as aragonite and vaterite, as well as weddellite [227,229]. 

Centauro et al. [117] performed colorimetric measurements on organic-lime mortars and 

quantitatively assessed that the presence of sugar leads to a yellowing and decrease in 

brightness. The effects of additives on the aesthetical properties of lime mortars are rarely 

taken into consideration in studies, although these are rather important characteristics not 

only for mortars intended for conservation purposes, but also for modern construction, if the 

mortar is visible in the finished building. 

2.4.8 Properties of Polysaccharides-Lime Building Materials 

A number of studies investigate the influence of polysaccharides of various origins (mainly 

from cactus mucilage [112,115,116,230], other plant extracts [231] and sticky rice 

[119,122]) on the performance and characteristics of lime mortars.  

Workability improvement has been obtained with additions of polysaccharides such as 

nopal mucilage [116,230], Areca nut extracts (a mixture of polysaccharides, fat, and 

proteins) [231], and sticky rice which, mixed with water at 3%, allows to obtain a suitable 

consistency for lime mortars used in masonries [119]. Rodriguez-Navarro et al. [114] 

showed that the addition of nopal juice or pectin in the water used for lime slaking results in 

a lime putty of improved rheology, with properties similar to those of aged putties. Water 

retention is reportedly improved by the presence polysaccharidic compounds, in particular 
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nopal mucilage [116,230], Areca nut extract [231], and sticky rice, thanks to the water-

holding capacity of amylopectin, the branched fraction of starch [119]. A high water retention 

is advantageous because allows the mortar to dry slowly resulting in reduced shrinkage 

cracks, as verified in mortars with nopal additions [116,230] and sticky rice [119]. 

With regards to the properties of hardened mortars, it has been observed that most 

polysaccharides contribute to a reduction in water absorption by capillarity, including nopal 

mucilage [116], Areca nut extract [231], sticky rice [119]. Nonetheless, the reported effects 

of nopal additions on porosity are contradictory [116,230] – probably because of the 

numerous factors that can affect this property, such as concentration of the additive and 

water content of the mortar. Additions of sticky rice result in lime mortars of lower 

permeability [119], and this should be a concern in terms of compatibility with porous 

substrates such as bricks or porous stones.  

The durability of lime mortars appears to be improved by additions of nopal mucilage [116], 

and Areca nut extract [231]. Regarding the mechanical properties, an increase in strength 

has been reported in lime mortar with additions of nut extract  [231], and sticky rice 

[119,122]. Higher elasticity is obtained with additions of sticky rice [119]. Nopal mucilage 

seems to lead to a weakened, brittle, inhomogeneous texture of the mortar only up to a 

concentration of 1 %, above which the mortar strength is comparable or even higher than 

that of a plain lime mortar. This is ascribed to the different distribution of the additive within 

the mortar structure at different concentrations [115]. 

Delayed carbonation has been observed in presence of nut extracts and ascribed to the 

water-retaining properties of the polysaccharidic fraction [231]. Conversely, accelerated 

carbonation has been observed in mortars with additions of nopal mucilage [112]. The 

formation of aragonite and vaterite seem to be promoted during carbonation of mortars by 

the presence of polysaccharides [112,119,122,127,227,231]. 

2.4.9 Properties of Lignosulfonate-Lime Building Materials 

Very few studies investigate the influence of lignosulfonates on the performance and 

characteristics of lime mortars. The only study that reports the effects of lignosulfonate 



40 
 

additions on the properties of air lime-binding system was carried out by Pérez-Nicolás et 

al. [175] and their results show that sulfonate-based compounds act as water-reducing 

agents and increase the flowability of lime mortars. 

2.4.10 Additives Dosages 

A key parameter to take into consideration when testing the influence of additives on the 

performance of lime-based building materials is the concentration of the additive in the 

mixture.  

As regards sucrose, in the study by Martínez-Ramírez et al. [148], the effect of sucrose 

additions on the formation of Ca(OH)2 particles was studied at two dosages, 5% and 10% 

by weight in water. It was found that Ca(OH)2 particle size was smallest (77% under 200 

nm diameter) by synthesising the Ca(OH)2 in a 5% sucrose solution.  

In the study by Rodriguez-Navarro et al. [114], a pectin dosage of 0.5% by weight in water 

was effective in modifying the size, shape, and colloidal stability of portlandite crystals and 

in allowing the production of a lime putty with several advantageous characteristics. 

As regards lignosulfonate, Kirchgessner and Lorrain [178] investigated the effect of calcium 

lignosulfonate on Ca(OH)2 particle size reduction at dosages of 0.5%, 1.0%, 1.5%, 2.0%, 

3.0%, and 4.0% by weight in water. In the study by Lee et al. [179], the effect on the specific 

surface area of Ca(OH)2 of calcium lignosulfonate at dosages of 0.38%, 0.75%, 1.13%, 

1.5%, 3.7%, and 7.1% by weight in water were investigated. Both studies found that the 

effects on Ca(OH)2 particles proportionally increased with lignosulfonate concentration until 

the dosage of 1.5%, after which they decreased. 

2.5 Summary 

In Table 2-2 a summary of the slaking conditions reviewed in this chapter and the relative 

effects on portlandite crystals and properties of lime-based mixtures is reported. 
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Table 2-2. Summary of the effects of various slaking conditions on the properties of lime. 

Slaking Condition Reported Effects 

Water/lime ratio; Temperature Water/lime ratio is inversely proportional to the temperature. 

There are contrasting arguments on the effects of the water/lime ratio and 

temperature on the properties of lime. 

Ageing - Improvement in workability and water retention of lime putty. 

- Portlandite crystal size reduction. 

- Widening of the particle size distribution. 

Steam slaking - Results in stacked piles of platelets and a “gypsum flower”-like 

microstructure. 

- Promoted micro-crack formation. 

- Specific surface area increase. 

- Poor crystallinity. 

- Crystal size reduction. 

- Enhanced CO2 reactivity. 

- Enhancement of flexural and compressive strength of lime 

mortar. 

Sucrose addition - Increase in solubility. 

- Interaction through adsorption, or complexation, or both, which 

results in nuclei poisoning. 

- Flowability increase. 

- Increase in adhesive properties. 

- Increase in mechanical strength of lime mortar. 

- Delayed carbonation. 

- Yellowing of lime mortar. 

Pectin addition - Crystallisation inhibition. 

- Habit change from prism to platelet. 

- Collidal stabilisation. 

- Interaction through hydrogen bonds. 

- Improvement in workability and water retention. 

- Reduced water absorption by capillarity and lower permeability. 

- Improved mechanical strength and elasticity. 

- Contrasting effects on carbonation have been reported 

depending on the tested compound. 

Lignosulfonate addition - Interaction through electrostatic repulsion and steric hindrance. 

- Growth inhibition proportional to the lignosulfonate concentration. 

- Crystal size reduction. 

- De-agglomeration. 

- Increase in specific surface area. 

- Habit change from prism to platelet. 

- Flowability increase. 

Additive dosages - Sucrose: 5% wt [142] 

- Pectin: 0.5% wt [108] 

- Lignosulfonate: 1.5% wt [172] [173] 
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Chapter 3 

 
 

3. Experimental 

This chapter is focused on the materials and methods employed in this doctoral 

research. Firstly, a methodology section illustrates the overall approach taken to 

investigate the effect of steam and organic additives on the characteristics of lime. 

Then, the selection of raw materials is discussed in detail, as well as the 

preparation procedures and the analytical techniques used to investigate the 

relationship between the slaking process and the final characteristics of hydrated 

lime. The chapter outlines the tests conducted and describes the type of 

information obtained in the context of the thesis. Details of experimental set-ups 

and conditions are also provided. 

 

3.1 Methodology 

The work described in this thesis is focused on two main methods to slake lime: steam 

slaking and water slaking in presence of organic additives. The investigation on steam 

slaking entailed specific tests that differ from the tests used for the slaking with organic 

additives. The methodology for both slaking methods will be presented in this section 

separately. 

Investigations on the effects of steam slaking on lime properties were carried out in two 

parts. In the first part, the microstructure of steam-slaked lime is characterised in 

comparison with the microstructure of water-slaked lime. The microstructural 

characterisation is carried out using scanning electron microscopy (SEM) and X-ray 

diffraction (XRD). The use of SEM and XRD for the characterisation of portlandite crystals 

has been successfully used in several studies [2,12,60,80,84,114,162,177]. 

In the second part, the steam-slaked lime is used to produce mortars, which is tested in 

terms of fresh and hardened properties as well as carbonation rate. For the fresh properties, 

standardised water retention and flowability tests is carried out, as they have been 
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established as key properties when evaluating the workability of a lime mortar 

[185,188,232]. The hardened properties are measured through standardised compression 

and flexure strength measurements [20,217,233,234]. The carbonation rate is assessed by 

phenolphthalein tests, SEM, and XRD at various curing times [20,232,235]. 

A more in-depth study will be carried out on slaking methods involving the use of organic 

additives, because of the variety of available compounds and the complexity of the subject.  

The study of the effects of organic additives on lime properties starts with the production 

and characterisation of a series of organic-modified lime putty in comparison with water 

slaked lime used as a reference. A series of analytical techniques (SEM, XRD, laser 

diffraction, pH measurements, and inductively coupled plasma/optical emission 

spectroscopy (ICP-OES)) are employed to characterise the microstructure of the samples 

and the chemistry of the pore solution, following the approach established in previous 

studies [2,12,60,80,84,114,162,177]. The characterisation is performed at the time of 

slaking and at various ageing times, in order to compare the effects of ageing of lime putty 

already investigated in the literature [2,12,13,60,74,80,81,83,84]. 

The additives under investigation are sucrose, pectin, and calcium lignosulfonate as, 

according to the relevant scientific literature, these can impart the most significant changes 

to the microstructure of portlandite [114,148,177]. In particular, sucrose and pectin were 

selected because they are documented to be frequently used (in their pure form or within 

more complex plant-derived compounds) in the production of lime-based building materials. 

Indeed, both sucrose and pectin are compounds that are almost ubiquitous in the numerous 

substances used in the past to improve the quality of lime mixtures (see sections 2.3.1.1 

and 2.3.2.1). They are both worth being the focus of this research not only because of their 

widespread use in the past, but also because of their distinctive and different chemical 

characteristics: sucrose is a low-weight molecule rich in hydroxyl groups [236], while pectin 

is a polymer rich in carboxyl (and hydroxyl) groups [237]. As regards lignosulfonates, they 

are a relatively recent industrial by-product and therefore do not have a tradition of being 

used in lime-based materials for construction. However, they are commonly used as 
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superplasticizers and several Portland cement-related studies report them to influence 

portlandite crystallisation (see section 2.3.3.2). Thus, it is worth studying whether addition 

of lignosulfonate to lime-base building materials has any similar effect to sucrose- and 

pectin-based compounds, and if they can be used as additives in lime-based building 

materials. 

In this research the organic compounds were added to the lime putty in two different ways: 

i) by slaking the quicklime in aqueous solutions inclusive of the organic additives (further 

preparation details in section 3.3.4), and ii) by slaking the quicklime in pure water and 

subsequently adding the dry compound to the putty. So far, studies focused on the influence 

of organic additives on lime either only use one of the two methods [114,162] or do not 

provide further detail on how the additives were introduced in the mix. For the first time, 

both procedures were systematically used and compared and this allows investigating how 

the additive is affected by the high temperature developed during slaking and, therefore, 

what molecules are particular effective in the modifications. 

Because organic compounds are often complex systems whose properties are affected by 

numerous variables, it was decided to extend the array of tested organic additives to include 

variants of the previously-selected compounds in terms of molecular weight and presence 

of functional groups. Sucrose is a low-weight molecule made of a glucose and a fructose 

unit bound to each other. Therefore, pure glucose and pure fructose were added to the list 

of tested additives. To the author’s knowledge, this approach was tested and investigated 

for the first time. Moreover, polymers made of these units were also tested. The compounds 

are inulin (a polymer made of fructose units), amylopectin (a branched polymer made of 

glucose units), and starch (a mixture of amylopectin and its linear conformer, amylose). For 

pectin and lignosulfonate, both polymers rich in carboxyl and sulfonate groups respectively, 

the structural units galacturonic acid and dimethylbenezenesulfonate, were added to the list 

of tested additives. The microstructural characteristics of the obtained lime is investigated 

using SEM, XRD, laser diffraction, N2 absorption, whereas ICP-OES, and liquid 

chromatography/mass spectrometry (LC-MS), were used to gather information on the 

species in solution. SEM, XRD, laser diffraction and N2 absorption have been frequently 
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used to characterise the microstructure of lime putty [5,74,114]. ICP-OES has been 

previously used to determine Ca concentration in lime pore solutions [238]. LC-MS has 

been previously used to identify organic compounds in lime mortars [239]. 

The organic-modified lime that showed the most marked effect in terms of microstructural 

changes is also tested for fresh- and hardened-properties and carbonation rate using a 

variety of standardised tests: water retention [185,188], flowability [232], viscosity [74,240], 

compressive and flexural strength [20,217,233,234], ultrasound pulse velocity (UPV) 

[214,241], as well as SEM and XRD measurements [20,232,235,242,243]. For these tests, 

the production of a paste made of the organic-modified lime putty and an aggregate is 

necessary to obtain a material that can be cast into a mould and where the risk of developing 

drying-induced shrinkage cracks is reduced, since crack formation would compromise the 

validity of the tests. The characteristics of a control lime paste is compared to those of 

organic-modified lime pastes. 

3.2 Materials 

3.2.1 Quicklime 

Commercial quicklime was used as starting material throughout the experimental part of the 

project. In the UK, the three major lime manufacturers (represented by the British Lime 

Association [244]) are Tarmac, Singleton Birch, and Lhoist UK. A sample of quicklime was 

supplied by each manufacturer and the characteristics of each quicklime are summarised 

in Table 3-1 and Table 3-2 (the results were obtained using the equipment and methods 

described in sections 3.4.2 and 3.4.1, respectively). The limestones used by Tarmac and 

Lhoist share the same geological characteristics since they are extracted from quarries that 

are just 4 miles apart, located in the Bee Low limestone formation, in the Peak District, 

(Derbyshire). Limestones from the Bee Low formation are grey coloured, fine- to medium-

grained calcarenites, mainly biosparites (i.e. the cement is composed of sparry calcite: 

clean, coarse-grained calcite crystals) and bioclasts (i.e. shell fragments and skeletons of 

microorganisms) [245]. The quicklime from Singleton Birch, instead, is produced with 

limestone extracted from the Melton Ross quarry (North Lincolnshire), in the Welton Chalk 
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geological formation. Limestones originating in this formation are described as white, thickly 

bedded chalk with common flint (siliceous) nodules [246]. The geological difference is 

reflected in the microstructure of the quicklime, as Lhoist and Tarmac quicklimes show a 

similar micro-texture (sub-particles diameter in the range 0.4 – 0.7 μm), whereas Singleton 

Birch quicklime displays a significantly coarser microstructure (features diameter 0.8 – 1.5 

μm). A significant difference between Singleton Birch and Tarmac/Lhoist was experienced 

during slaking water, as with Singleton Birch a mild and slow reaction was (empirically) 

observed, while with Tarmac and Lhoist a violent and rapid reaction was observed, 

suggesting that these two products have higher reactivity. In Table 3-2 the chemical 

composition of each quicklime determined by X-ray fluorescence shows that all products 

are high-purity calcic quicklimes. Given the peculiarity of Singleton Birch quicklime of being 

produced from chalk and having a lower reactivity, it has been decided not to use it as a 

starting material for this research project. Between Tarmac and Lhoist, Tarmac quicklime 

has been selected for the experiments because, despite the slightly higher presence in 

impurities, the granulometry of the product is advantageous allowing both the selection of 

finer and of larger particles, and secondly because of the prompt availability of the product 

at the time of the experiments. The product used for the experiments was Calbux Fine 6, a 

calcic quicklime classified as CL90 according to the BS EN 459-1 [247], nominal particle 

size < 6 mm, 92-99% grade. 

 

Table 3-1. Characteristics of quicklime from three UK manufacturers. 

Producer Product 

Nominal 

particle 

size 

Source Geology Microstructure 

Tarmac 
Calbux 

Fine 6 
≤6 mm 

Tunstead 

quarry, 

Buxton 

(Derbyshire) 

[248] [249] 

Bee Low 

limestone 

formation 

(Carboniferous), 

highly pure 

calcarenite [250]  
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Lhoist UK 
Milled 

quicklime 
<2 mm 

Brierlow 

quarry, 

Buxton 

(Derbyshire) 

[251] 

 

Singleton 

Birch 

Microlime 

90 
≤0.18 mm 

Melton Ross 

quarry, 

Melton Ross 

(North 

Lincolnshire) 

[252] 

Welton Chalk 

formation 

(Cretaceous), 

biocalcarenite 

[250] 

 

 

Table 3-2. Chemical composition (% wt) of quicklime produced by three UK manufacturers 

determined by X-ray fluorescence.  

Producer CaO MgO SiO₂ Al₂O₃ Fe₂O₃ S Cl P₂O₅ 

Tarmac 98.8 0.53 0.361 0.083 0.075 0.05 0.015 0.009 

Lhoist 

UK 
99.9 <0.017 <0.0011 <0.0038 0.057 <0.001 <0.003 <0.0007 

Singleton 

Birch 
99.7 <0.017 <0.0011 <0.0038 0.124 <0.001 <0.003 <0.0007 

 

3.2.2 Organic additives 

The following products were specifically purchased for this research project: α-D-glucose 

96 % (Sigma-Aldrich, product cose 158968-500G); D-(-)-fructose ≥99 % (Sigma-Aldrich, 

product code F0127-500G); sucrose ≥99.0 % (Sigma-Aldrich, product code 84100-1KG); 

starch soluble ACS reagent grade (Sigma-Aldrich, product code S9765-500G); amylopectin 

from maize (Sigma-Aldrich, product code 10120-250G); D-Galacturonic acid monohydrate 

97 % (Fisher Scientific, product code 15497579); pectin from citrus peel with galacturonic 

acid content ≥74.0 % (Sigma-Aldrich, product code P9135-100G); 3,4-

Dimethoxybenzenesulfonic acid dihydrate (Sigma-Aldrich, product code PH015825-
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250MG); calcium lignosulfonate: calcium lignosulfonate 80 % with 15 % reducing sugars 

(Sigma-Aldrich, product code 471054-100G). 

3.2.3 Aggregates 

For paste production: commercial Fordacal marble powder, nominal particle size <32 µm, 

was purchased by MB Fibreglass. For mortar production: silica sharp sand produced by 

Chas Long & Son Aggregates, Richmond, UK with nominal particle size <4 mm. 

3.3 Sample Preparation 

3.3.1 Quicklime 

The quicklime chemical composition and microstructure was characterised as a starting 

material before any other use for the work of this thesis. For the characterisation analyses 

(SEM, XRD, and XRF), the quicklime was crushed to a powder with the following procedure: 

a sample of 50 g of quicklime granules were placed inside a glove box filled with nitrogen 

gas (N2) to prevent reaction with atmospheric CO2 and water. The granules were crushed 

with an agate mortar and pestle and the obtained powder was sieved to select particles with 

diameter <500 μm. During crushing and sieving, CO2 concentration was monitored using a 

K30 10,000 ppm CO2 Sensor from CO2Meter.com and constantly kept <200 ppm by 

flushing the glovebox with N2 when needed. The quicklime sample preparation setup is 

shown in Figure 3-1. 

 

 

Figure 3-1. Quicklime sample preparation setup. 
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3.3.2 Water Slaking 

The quicklime was placed into a metal bucket and deionised water was added all at once. 

After the initial vigorous bubbling, the slurry was hand-mixed for at least 10 minutes. The 

mass ratio used was 1/3 oxide/water, indicated in previous studies for the preparation of 

lime putty [74,76,84,253]. According to Boynton [1], the mixture obtained by slaking calcic 

quicklime with water at this mass ratio is defined a slurry. This ratio was selected to make 

sure that all the oxide would be slaked without the risk of ‘burning’ the lime, i.e. causing 

localised high temperatures due to a low water/oxide ratio (hot-spots) [1]. 

3.3.3 Steam Slaking 

In order to carry out the steam slaking, a ‘steam-slaking chamber’ was prepared, where 

quicklime could stay in contact with water vapour for a prolonged time (8 hours), without 

any direct contact with water in its liquid phase.The quicklime was first crushed and sieved 

to obtain particles with ø < 500 μm to allow for a higher surface area available for hydration. 

The quicklime was then placed in an oven together with open beakers filled with de-

carbonated water at 90 °C (Figure 3-2), so that steam was produced but water did not reach 

boiling point and spilling of liquid water onto the quicklime was prevented. The quicklime 

was left to slake in the oven for 8 hours. For the subsequent characterisation analyses, 

samples were collected so that the whole depth of the material was included. 

 

 

Figure 3-2. Steam-slaking setup. 
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3.3.4 Water Slaking with Additives 

The two different methods used to prepare additive-modified lime putty are referred to as 

Slaking A and Slaking B. 

In the Slaking A method, the quicklime was slaked in an aqueous solution containing the 

dissolved additive. The aqueous solution was prepared by mixing the additive as received 

with deionised water. For each additive one specific concentration was selected based on 

the results of previous works (Table 3-3). For the additional additives that have not 

previously tested, the same concentration was kept within the same group. To facilitate the 

dissolution of additives that tend to clump (i.e., pectin), a hot-plate/magnetic stirrer was used 

to mildly heat the solution (up to 60 °C) and agitate it at a stirring speed of 1500 rpm. Once 

the additive was fully dissolved (the solution was clear and no solid particle was visible with 

naked eye), the quicklime was slaked with the prepared solution as described in section 

3.3.2. 

In the Slaking B method, instead, a batch of lime putty was prepared as detailed in section 

3.3.2 and, after 10 minutes of hand-stirring, the solid additive was directly added to the mix 

as received. To make sure that it was evenly combined with the slaked lime, the additive 

was first thoroughly mixed with a small portion of the slurry and then the mixture was 

combined with the rest of the lime batch. 

 

Table 3-3. Additives and concentrations used for the organic-modified lime putty 

preparation. 

Additive Concentration (% wt) Reference 

Sucrose 5 [148] 

Pectin 0.5 [114] 

Lignosulfonate 1.5 [179] 
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3.3.5 Lime Putty Sampling Procedure 

Prior to analysis, the solid and liquid phases of the lime putty were collected with a 

consistent method to avoid introducing undesired variables.  

For the solid phase, a sample of about 10 g of putty was collected from the core of each 

batch, rinsed with ethanol and dispersed in a quote of the same solvent into a plastic tube 

until analysis. It is assumed that the bulk of the putties, where the samples were collected 

from, was homogeneous. Dispersing colloidal Ca(OH)2 in ethanol (or acetone), also known 

as quenching, not only stops the maturation of lime putty underwater, but also minimises 

sample preparation artefacts, as shown by previous extensive research ([162] and 

references therein). 

3.3.6 Freeze-Drying 

Prior to N2-BET analysis (section 3.4.5), wet lime putty samples were subject to freeze-

drying (or lyophilisation). The equipment used was a Martin Christ Alpha 2-4 LDplus 

laboratory freeze dryer with internal condenser. 

A sample of lime putty was collected from the batch with a spatula, rinsed with ethanol to 

remove the supernatant, and placed into a flask filled with liquid N2. The flask was then fixed 

onto a valve connected with the freeze-drier vacuum chamber as shown in Figure 3-3 and 

let dry for 24 hours. The dried sample was then collected and stored into a sealed vial until 

analysis.  

With this method, the formation of ice crystals inside the sample (by immersion in liquid N2) 

is extremely rapid and allows the preservation of the sample texture. The subsequent 

removal of water (in the solid state) from the sample occurs at low pressure by sublimation 

– directly from solid to vapour state. The sample is dried under vacuum without 

thawing [254]. 
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Figure 3-3. Freeze-drying of lime putty samples prior to analysis. 

 

3.3.7 Mortar Mixing 

Lime putty was mixed with silica sand using a binder:aggregate ratio of 1:3 in volume. The 

mixture was combined mechanically using a planetary mixer as specified in BS EN 196-1 

[255]. 

3.3.8 Paste Mixing 

Lime pastes were produced to test the fresh- and hardened properties of control and 

sucrose-modified lime putty and limit the development of cracks induced by drying 

shrinkage. The pastes were produced by adding 30 % wt marble powder to the lime putty. 

A mixture similar to a ‘fat’ marmorino Venetian plaster (a mixture of lime putty and marble 

powder mainly used for indoor finishes [256]) was obtained. The marble powder was 

mechanically combined with the putty using a planetary mixer as specified in BS EN 196-1 

[255]. 

3.4 Analytical Techniques and Tests 

3.4.1 X-Ray Fluorescence (XRF) 

X-Ray Fluorescence (XRF) analysis is an analytical technique for the detection and 

quantification of elements within an unknown sample, firstly used in geology-related fields 

and subsequently also for the analysis of alloys, powders, and liquids. The physical principle 

of XRF is the interaction between X-rays (or gamma rays) and the sample atoms and their 
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subsequent excitation. When the sample is bombarded with X-rays, its photons have 

enough energy to dislodge an electron from the inner orbitals of the sample atoms. When 

electrons from outer orbitals progressively move to lower ones to fill the vacancy left by the 

dislodged electron, the electron transfer is accompanied by the emission of X-rays of energy 

equivalent to the difference of the initial orbital’s energy to the arrival orbital’s energy (Figure 

3-4).  

 

 

Figure 3-4. Schematic illustration of the physical principle of X-ray fluorescence. Image 

reproduced from [257]. 

This emission is called fluorescence and its energy is characteristic of a specific element, 

while its intensity is linked to the abundance of such element in the sample [20]. 

XRF was used to characterise the chemical composition of the quicklime. The advantages 

of the technique are the possibility to quantify a large number of elements with one 

measurement, and to detect and quantify trace elements (<1% wt). The drawbacks are the 

need for a smooth surface that requires some sample preparation in the case of quicklime 

pebbles, the difficulty or impossibility to analyse elements with mass lower or equal to 

sodium, and the impossibility to identify molecules. In this case, the calcium detected in the 

quicklime samples is assumed to be in the form of calcium oxide however, to verify whether 
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there is presence of other forms of calcium (e.g. calcium hydroxide or carbonate) other 

techniques are necessary. 

3.4.1.1 XRF: Instrument and Parameters 

In this work, quantitative XRF analysis was performed using a Spectro Xepos benchtop 

XRF analyser. The ‘Geochemistry traces’ method was used as internal calibration, and 

resolution was 131.5 eV at 5.89KeV. Samples were finely ground (<63 µm) with an agate 

pestle and mortar and mixed with an inert wax binder (Fluxana Cereox wax, C38H76O2N2). 

The mixture was then poured into a pressing die (Fluxana PR-25N) and pressed at a 

pressure of 20T for 1 minute to obtain pellets. 

3.4.2 SEM Analysis 

Scanning Electron Microscopy (SEM) is an imaging technique that allows to obtain 

magnified information about the topography and microstructure of various samples with a 

resolution in the nanometric range. 

 

 

Figure 3-5. Schematic illustration of: (a) the SEM column; (b) sample-beam interactions in 

the SEM. Image reproduced from [258]. 
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The operating principle of the SEM is based on the creation of focused electron beam, 

adequately modified by a series of apertures and lenses in order to scan a raster (x-y) 

pattern. The interaction of the electron beam with the specimen produces two electron 

signals: i) backscattered electrons (BSE), i.e., beam electrons that are scattered and 

deflected by the surface atoms of the sample; ii) secondary electrons (SE), i.e., electrons 

from the surface of the samples ejected by beam electrons. The BSE signal is usually used 

to investigate the compositional microstructure on polished cross sections; the SE signal to 

investigate the topography. The operating voltage (typically selected in the range from 0.1 

to 30 keV) affects the electron interaction volume with the specimen and is gauged to 

optimise the signal quality. The beam column and the sample chamber must be under high 

vacuum (<10-4 Pa) during the analysis to limit the unwanted scattering of beam electrons 

with the gas molecules. Non-conductive samples must be coated with a conductive 

nanolayer to avoid the development of surface charge [259]. 

In this work, three types of samples were analysed with the SEM: dry powders (quicklime 

and hydrated lime), wet samples (lime putty), and hardened mortars/pastes. The main 

microstructural features that were investigated were crystal size and shape, pore size 

distribution, texture, and presence of microcracks. In order to obtain images at high 

magnification, the analysis needs to be conducted under high vacuum and therefore wet 

samples must be previously desiccated [260]. The drying process is known to induce 

agglomeration and crystal coarsening in lime putty, altering the microtextural features of 

portlandite crystals and therefore inaccurately representing the microstructure of the wet 

putty [5,84]. To limit drying-induced agglomeration, some authors recommend freeze-drying 

as the best procedure to prepare lime samples prior to SEM investigations, since it 

preserves the microstructure without introducing artefacts such as preferred orientation and 

crystal coarsening [5]. Drying in a vacuum or inert atmosphere is also carried out prior to 

SEM investigations of lime putty [74]. For this work, both methods have been preliminarily 

tested and representative SEM micrographs of lime putty prepared with freeze-drying and 

vacuum drying are shown in Figure 3-6. No difference in extent of agglomeration and crystal 

preferred orientation were apparent and crystal size and shape, pore size, microtextural 
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features, and microcracks observation could be equally investigated in the lime putty dried 

with both methods. Because the output quality appears similar across the methods and the 

vacuum drying procedure is much less time-consuming than the freeze-drying, this drying 

method was preferred to prepare samples subject to SEM investigation in this research 

project. 

 

 

Figure 3-6. SEM micrographs of: (a) and (b) vacuum-dried lime putty; (c) and (d) freeze-

dried lime putty. 

 

3.4.2.1 SEM: Instrument and Parameters 

All SEM analyses in this work were performed using a Tescan Mira3 microscope, in high 

vacuum mode at 5-15 kV voltage using secondary electrons (SE) signal from both chamber 

mounted and in-column SE detectors. Image analysis has been carried out with the 

software ImageJ v. 1.53a [52]. All samples were sputter-coated with a nanolayer of platinum 

to make them conductive. Powder samples (i.e. quicklime and dry hydrated lime) were 
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sprinkled on an adhesive carbon tape placed on a metal stub, and sputter coated with a 5 

nm platinum layer. Wet samples (lime putty) were firstly dispersed in ethanol (see section 

3.3.4), then a few droplets of the ethanol-lime dispersion were transferred on a metal stub 

with a pipette and dried for 1 hour at 50 °C in a vacuum oven. The dried samples were then 

sputter-coated with a 5 nm platinum layer. For the analysis of hardened lime-based 

mixtures, broken cross sections fragments were obtained by splitting the mortar/pastes 

specimen with a narrow flat chisel or a scalpel. The fragment was carefully dusted with a 

pressurised nitrogen gun, mounted on a metal stub and fixed with copper conductive tape. 

The cross-sectional area was sputter coated with a 7 nm Pt layer to investigate the 

topography of the surface (crystal size and shape, micro-cracks, texture). 

3.4.3 XRD Analysis 

X-ray diffraction (XRD) is based on the principle that crystalline materials produce, by 

interaction with X-rays through elastic scattering, a known pattern of X-rays waves by 

constructive interference, dependent on the crystal lattice characteristic of the material, 

according to Bragg’s law [261] shown in Equation 3-1: 

𝑛𝜆 = 2𝑑 sin𝜃 

 

Equation 3-1 

Where d is the spacing between atomic planes of the analysed material, θ is the incident 

angle of the X-ray beam, n is an integer, and λ is the wavelength of the incident beam. The 

directions in which the beam is diffracted, characteristic of a specific crystalline phase, build 

a diffraction pattern that can be used to identify crystalline phases in an unknown sample. 

 

Figure 3-7. Schematic illustration of Bragg’s law conditions. Image reproduced from [262]. 
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There is a distinction between single crystal XRD and powder XRD. In this research, only 

powder XRD is involved. When a powder, or a highly-polycrystalline material, is analysed, 

every crystal orientation is equally represented in the sample (assuming that crystals are 

randomly arranged), therefore in the resulting diffraction pattern (the diffractogram) each 

atomic plane is represented [261]. The position and relative intensity of the diffracted peaks 

in a diffraction pattern are characteristic of a specific phase, thus making a ‘fingerprint’ for 

a specific material. A sample with multiple phases shows superimposed patterns that allow 

the identification and determination of the relative concentrations of the phases in the 

mixture. For accurate results of quantitative phase analysis, a full-pattern analysis technique 

such as the Rietveld method can be used for multi-phase, polycrystalline materials. It allows 

the refinement of the crystal structure by comparing the theoretical diffraction pattern with 

the observed one and minimizing the difference through the adjustment of various 

parameters, such as preferred orientation or texturing [263]. An internal standard can be 

added to the sample in a known quantity to quantify possible amorphous phases. Common 

internal standards are corundum (Al2O3) or zincite (ZnO) powder [264]. In this work, zincite 

powder was used for this purpose. 

 

 

Figure 3-8. Schematic drawing showing the principle of powder XRD. Image adapted 

from [265]. 
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Different configurations can be used while measuring with an X-ray diffractometer. The 

Bragg-Bentano geometry is the most commonly used setting which allows high resolution 

and high intensity signal. In this geometry, the incident beam is divergent, very sensitive 

towards sample surface roughness, and contributes to peak broadening due to the 

instrumental function. Another configuration is the parallel beam geometry which lists 

among its advantages a lessened sensitivity towards sample roughness and the reduction 

of the instrumental function error, at the expense of signal intensity [266]. The reduction of 

the instrumental function is especially useful when making crystallite size measurements. 

The mean crystallite size of the analysed material can be calculated by measuring the peak 

broadening with the Scherrer’s law [261,267] shown in Equation 3-2: 

𝐷ℎ𝑘𝑙 =
𝐾𝜆

𝛽2𝜃 cos 𝜃
 

 

Equation 3-2 

Where Dhkl is the mean crystallite size in the direction perpendicular to the hkl plane, K is 

the grain-shape dependent constant 0.92, λ is the wavelength of the incident beam 

(1.5408 Å for Cu-Kα radiation), θ is the Bragg reflection angle, and B2θ is the line broadening 

at half-height of the diffraction peak (in radians). With this method, mean crystallite size 

values of single (00.1), (10.1) and (10.0) reflections of portlandite were estimated. However, 

a number of factors determine B2θ including instrumental factor, crystal defects, microstrain, 

and the crystallite size. The use of parallel beam geometry allows to virtually eliminate the 

instrumental contribution, whereas the strain contribution can be separated by using the 

Halder-Wagner method [268] implemented in the Rigaku SmartLab Studio II software 

package. This method, according to a recent comparative study [269], produces results that 

match better with imaging techniques than other methods that estimate crystallite size from 

XRD data. The Halder-Wagner method allows to separate the crystallite size contribution 

S2 to the overall line-broadening B2 from the strain contribution 2, which are correlated 

by the relationship shown in Equation 3-3 [268]: 
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𝑆2 
𝐵2 

= 1 − (
2 

𝐵2 
)
2

 Equation 3-3 

The size broadening S2 is defined as in Equation 3-2. The strain broadening 2 is defined 

as in Equation 3-4: 

𝜀2 = 4𝑒 ⋅ tan 𝜃 Equation 3-4 

By substituting S2 and 2 with their definitions in Equation 3-2 and Equation 3-4 respectively 

into Equation 3-3 and rearranging it, the following linear equation is obtained: 

𝐵2 
2

tan2 𝜃
=
𝑘𝜆

𝐿
⋅

𝐵2 
tan 𝜃 sin𝜃

+ 16𝑒2 Equation 3-5 

In this way, by plotting the broadening of various reflections a linear trend is obtained, where 

the angular coefficient is related to the mean crystallite size, and the intercept is related to 

the lattice strain. 

Two types of polycrystalline samples were analysed with XRD: loose powders and oriented 

aggregates. Powder analysis is advantageous for carrying out phase quantification and 

crystallite size measurements, whereas analysis of oriented aggregates was performed to 

estimate the abundance of platelet-shaped crystals. 

Various types of loose powder samples were analysed: i) hydrated lime, ii) quicklime, and 

iii) hardened mixtures. Hydrated lime samples were dried in a vacuum oven, manually 

crushed to a powder with an agate pestle and mortar and analysed in parallel beam 

geometry to perform crystallite size measurements. Quicklime and hardened mortar/paste 

powder samples were analysed in Bragg-Bentano geometry in order to perform phase 

identification and Rietveld quantitative analysis. To obtain information about the carbonation 

progress of mortar/paste cylindrical specimens (described in section 4.7) a consistent 

procedure was adopted for sub-sampling. For each pre-set mortar age, the specimen was 

chisel-cut to obtain a central 2 cm thick slice, which was then crushed using a hammer until 

particle size was <5 mm. From the crushed material, a sub-sample was selected using the 

coning and quartering method. The sample obtained was then finely crushed with an agate 

pestle and mortar to a <106 μm granulometry. 
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Oriented aggregates were produced by placing few drops of ethanol-lime dispersion on a 

zero-background silicon wafer and letting it dry in a vacuum oven. In this way, it is assumed 

that portlandite crystals lie on their {001} faces [261]. This procedure was followed in order 

to estimate the platelet abundance in the putty samples according to the method proposed 

by Rodriguez-Navarro et al. [2]. From the XRD scans collected on the oriented aggregates, 

the abundance of platelets A00.1 was calculated according to equation Equation 3-6: 

𝐴00.1 =
𝐼(001)

𝐼(101)
 Equation 3-6 

Where I(001) is the integral intensity of the peak relative to the (001) reflection, and I(101) is the 

integral intensity of the peak relative to the (101) reflection. The parameter A00.1 expresses 

the ratio between the face (001) and (101), allowing to infer which face grows at the expense 

of the other. When the parameter A00.1 is high, this suggests that the face (001) is more 

abundant relatively to the face (101). 

3.4.3.1 XRD: Instrument and Parameters 

All XRD analyses were performed with a Rigaku SmartLab instrument. X-ray source was a 

Cu tube producing Kα radiation, scans were collected in the 10°–90° 2-θ range with steps 

of 0.5° and, scan speed of 1°/min, at 50 kV and 40 mA. The wide 2-θ range explored allows 

to look for the peaks relative to the most common mineral phases. The selected step is 

gauged according to the mean full width at half maximum of the peaks so that each peak of 

the diffractogram is defined by about 10 scanning points which, together with the low scan 

speed selected, ensures an optimal signal/noise ratio. The current and amplitude selected 

are the routine operational settings of the machine to produce an adequate X-ray source. 

Data analysis was carried out with the Rigaku SmartLab Studio II software. Phase 

identification was performed using a search/match approach. Quantitative phase analysis 

was performed using the Rietveld method implemented in the Rigaku SmartLab Studio II 

software. 
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3.4.4 Laser Diffraction-Particle Size Distribution (LD-PSD) Analysis 

The laser diffraction technique for the measurement of particle size distribution (LD-PSD) 

is based on the measurement of the angular variation in intensity of light scattered by a 

dispersed particulate sample as an optical laser beam passes through it. The light scattering 

angle is inversely proportional to the size of the particle causing the scattering. The 

scattered light intensity data is analysed, and the particle size is calculated, reported as a 

volume equivalent sphere diameter. There are multiple models of light scattering which can 

turn into a particle size distribution through an inversion algorithm, depending on a 

dimensionless parameter α defined by the particle diameter and the wavelength of incident 

radiation [270]: 

- Rayleigh scattering, when the particles are smaller than the light wavelength; 

- Mie scattering, when the particle are about the same size of the light wavelength; 

- Geometric scattering, when the particles are much larger than the light wavelength. 

In the LD-PSD technique, because visible light is used as laser source (380 – 700 nm), 

particle size typically in the range 0.01 – 1000 μm can be calculated from the scattering 

pattern using the Mie theory, which requires knowledge of the optical properties (i.e., the 

refractive index) of the sample and dispersant [37]. In this work, laser diffraction was used 

to determine the particle size distribution of lime putty. The technique is advantageous since 

the measurement is carried out on wet samples (i.e., a colloidal dispersion), therefore 

sample preparation has little effect on the characteristics of the tested samples that are 

already a suspension of solid particles in a liquid. Laser diffraction has been successfully 

used to measure the particle size distribution of lime putty in previous studies [5,80]. 
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Figure 3-9. Schematic illustration of the LD-PSD physical principle. Image reproduced 

from [271]. 

 

3.4.4.1 LD-PSD: Instrument and Parameters 

The particle size distribution of lime putty was measured  using a Mastersizer 3000 (Malvern 

Panalytical; LD-PSD from now on). The refractive indexes of calcium hydroxide (1.57 [272]) 

and of ethanol (1.36 [273]) used to calculate the particle size from the scattering intensity 

data were retrieved from the built-in database included in the instrument software. Particle 

agglomeration was reduced by using ethanol as dispersant and through sonication for 1 

minute in the instrument cell. During the measurements, the laser obscuration was kept 

within 15–20%. For each sample, at least 3 consecutive measurements were carried out in 

order to obtain a relative standard deviation within the thresholds recommended by BS ISO 

13320 [274] (<3% for d50 percentile and < 5% for d10 and d90 percentiles of the particles 

population). 

3.4.5 N2-BET Analysis 

The N2-BET analyses were carried out at the BRE Centre for Innovative Construction 

Materials of the University of Bath, UK. 
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This technique allows for the determination of surface area by calculating the amount of N2 

adsorbed on the surface of the material as a function of the relative pressure [275]. The 

output is an adsorption (and desorption) isotherm. The Brunauer-Emmett-Teller (BET) 

theory is the most commonly used adsorption model used to calculate the specific surface 

area from the experimental data and, according to it, the specific surface area (SBET) is given 

by Equation 3-7: 

𝑆BET =
𝑣m𝑁A𝑠

𝑉𝑎
 

Equation 3-7 

Where 𝑣m is the monolayer volume of adsorbate N2, 𝑁A is Avogadro’s number, 𝑠 is the 

adsorptivity of N2, 𝑉 is the molar volume of N2, and 𝑎 is the mass of the sample. 

The type of hysteresis loop observed in the adsorption-desorption isotherm gives 

information about the pore shape of the adsorbent material [276–279] (see examples in 

Figure 3-10) and it has been previously used to gather information on the microstructure of 

lime putty [253]. Specific surface area is relevant to the characterisation of lime putty since 

it is one of the parameters of calcium hydroxide particles, together with size distribution and 

crystal shape, that can be correlated with some of the physical properties of lime putty and 

lime-based mixtures [5]. 
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Figure 3-10. Classification of hysteresis loops according to pore types. Image reproduced 

from [280]. 

 

3.4.5.1 N2-BET Adsorption: Instrument and Parameters 

Specific surface area of lime putty was measured by N2 adsorption with a Micromeritics 

3Flex version 5.00 adsorption analyser at 77 °K. Outgassing was performed prior to 

analysis. Samples of wet lime putty were collected from the core of each batch, rinsed with 

ethanol, and freeze-dried as described in section 3.3.6 to limit drying-induced agglomeration 

and provide an accurate representation of the wet putty conditions [5]. 
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3.4.6 Inductively Coupled Plasma/Optical Emission Spectroscopy (ICP-

OES) 

Inductively Coupled Plasma/Optical Emission Spectroscopy (ICP-OES), or Atomic 

Emission Spectroscopy (ICP-AES), is an analytical technique used for element 

determination and quantification of liquid (mostly water-dissolved) samples. It entails the 

generation of plasma created by ionised argon, where the sample is nebulised into a mist 

and collides with the plasma ions [53]. The sample molecules break up into atoms and ions 

and in the process, they emit radiations at wavelengths that are characteristic of the 

elements introduced in the plasma. The emitted radiation is analysed in an optical chamber, 

where elements are identified and quantified based on the intensity and subsequent 

interpolation with element-specific calibration lines. 

ICP-OES is one of the most widely used techniques to characterise the composition of pore 

solutions and it has been used in previous studies to characterise the chemistry of pore 

solutions in cementitious materials [281]. In this work, ICP-OES measurements have been 

carried out to monitor the calcium concentration of the pore solution of lime putty overtime, 

with the aim of assessing the effect of the presence of organic additives on the solubility of 

calcium hydroxide. A limit of this technique is that it can only carry out elemental analysis, 

therefore other techniques are required to identify (and quantify) the presence of organic 

molecules. 
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Figure 3-11. Schematic illustration of an ICP-OES instrument configuration. Image 

reproduced from [281]. 

 

3.4.6.1 ICP-OES: Instrument and Parameters 

The ICP-OES measurements to determine the calcium concentration in the supernatant 

solutions were carried out with a Perkin Elmer Optima 8000 spectrometer. A sample of 10 

mL of solution from each batch was collected with a syringe and then filtered through a 0.1 

μm PTFE syringe filter to remove any solid suspended particle. It is assumed that, upon 

filtering, the Ca detected during the ICP-OES analysis is only due to the presence of Ca 

ions in aqueous solution, in equilibrium with solid Ca(OH)2, and not from solid Ca(OH)2 or 

CaCO3 particles in suspension. The filtered solutions were then diluted (x100 or x1000 

depending on the Ca concentration) in a 2% HNO3 solution to obtain a concentration of 

calcium within the linear range of the instrument. 

3.4.7 Liquid Cromatography/Mass Spectrometry (LC-MS) 

Liquid Cromatography/Mass Spectrometry (LC-MS) is the combination of a separation 

technique (liquid chromatography) and molecular analysis (mass spectrometry), allowing 
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the identification and quantification of molecules within a mixture with multiple compounds 

[52,53]. In the liquid chromatography part, the mixture to be analysed (a liquid sample) is 

separated into its components through their distribution between two immiscible phases, 

i.e., the stationary phase and the mobile phase [53]. The mobile phase, where the sample 

is mixed in, is composed of a mixture of eluents (i.e., organic solvents) and is pumped at 

high pressure through a column, containing the stationary phase, i.e. a solid phase that 

lines the walls of the column. The mobile phase flows at a known rate through the column, 

and the components of the sample are separated according to their different chemical 

affinity with both the mobile phase and stationary phase, through a series of sorption and 

desorption steps resulting from the interaction of the liquid with the stationary bed [54]. 

Depending on such different chemical affinity, the components of the sample will flow out 

of the column at different times. The flow-out time, called retention time, is characteristic of 

a specific compound, allowing its identification [55]. In order for the compound to be 

detected at the time of its flow-out, the cromatographer needs to be coupled with a 

molecular analytical technique, e.g., UV-Vis spectroscopy or mass spectrometry. In this 

case, the second part of the coupled technique is mass spectrometry, an analytical 

technique that allows to identify molecules by measuring the mass/charge (m/z) ratio of an 

ionised sample. The main components of a mass spectrometer are the ion source, the mass 

analyser, the detector, and the computer interface. In the ion source, the sample is ionised, 

i.e., the molecules are broken into gaseous ionised fragments. In this case, samples were 

ionised through electrospray ionization (ESI). The ionised molecule fragments are then sent 

to the mass analyser, where they are sorted by an electric or magnetic field according to 

their m/z ratio. Finally, the detector measures and amplifies the ions signal and gives out 

the abundance of the mass-resolved ions, producing a mass spectrum characteristic of a 

specific molecule [53]. 
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Figure 3-12. Schematic diagram of an LC-MS equipment. 

 

In this work, the LC-MS was used to elucidate the chemical composition of the supernatant 

solutions of additive-modified lime putty, with the aim to gather information about the organic 

species present in the pore solution. The results contributed to clarify if and to which extent 

the highly alkaline environment and, in case of A-type putty, the thermal treatment during 

slaking, transformed the organic additives used and contributed to understand which 

organic species are playing a role in the modification of portlandite crystals. The coupling 

of liquid chromatography with mass spectrometry is advantageous as it allows to separate 

complex mixtures of delicate compounds (such as organic compounds), where the chemical 

composition needs to be elucidated. A limitation of the technique is that macromolecules 

and polymers cannot be analysed with this method, and other complementary separation 

techniques are required, e.g., size exclusion chromatography (SEC) or pyrolysis/gas 

chromatography/mass spectrometry (Py-GC/MS) [56]. For this reason, the supernatant 

solutions of lime putties with addition of high weight molecules (starch, amylopectin, inulin, 

pectin, and lignosulfonate) were not analysed. 
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3.4.7.1 LC-MS: Instrument and Parameters 

The LC-MS analyses were carried out at the Material and Chemical Characterisation (MC²) 

Facility of the University of Bath, UK.  

LC-MS analyses were performed using an Agilent QTOF 6545 with Jetstream electrospray 

ionization (ESI) spray source coupled to an Agilent 1260 Infinity II Quat pump HPLC with 

1260 autosampler, column oven compartment and variable wavelength detector (VWD). 

The chromatographic separation (5 μL sample injection) was performed using an Agilent 

InfinityLab Poroshell 120 HILIC-Z 2.1 x 100 mm, 2.7 μm column at 0.5 mL/min. 

Different operating conditions were adopted for the carbohydrate-containing samples 

(glucose, fructose, sucrose, and galacturonic acid) and for the DMBS, adjusting the 

parameters to optimise the separation and mass analysis according to the chemical 

characteristics of the analyte. For the glucose, fructose, sucrose, and galacturonic acid 

samples, the method was as follows. The MS was operated in negative ionization mode 

with the gas temperature at 300 °C, drying gas flow at 13 L/min and nebulizer gas flow at 

30 psi (2.06 bar). The sheath gas temperature and flow were set to 350°C and 12 L/min, 

respectively. The MS was calibrated using reference calibrant introduced from the 

independent ESI reference sprayer. For All ions MS/MS the three scan segments were set 

with collision energies of 0, 20 and 40 eV. In the LC part, the mobile phase A was H2O with 

0.1% formic acid, and mobile phase B consisted of 20 mM ammonium formate (pH 3) in 

90% acetonitrile. Gradient elution started at 100% B, progressing to 70% A at 11.5 min, 

returned to 100% B at 12 min, and held for 3 min for re-equilibration in a total 15 min run. 

Data analyses were performed in MassHunter Quantitative analysis B0.10. 

For the DMBS samples the following settings were changed. The MS was operated in with 

the gas temperature at 250 °C, the drying gas at 12 L/min and the nebulizer gas at 45 psi 

(3.10 bar). The sheath gas temperature and flow were set to 350°C and 12 L/min, 

respectively. In the LC part, the mobile phases A and B flow is 0.3 mL/min at 50% B. Data 

processing was automated in Qual B 07.00 with a Find by Formula algorithm matching 

tolerance of 10 ppm. 
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3.4.8 pH Analysis 

To monitor possible changes overtime in the chemistry of the pore solutions of lime putty 

subject to ageing, the pH of the supernatant solutions was measured using a Hannah HI-

991300 pH meter (0–14 pH range) that was calibrated prior to analysis using the two-points 

calibration method with the 7.01 and 10.01 buffer solutions. The pH was measured by 

immersing directly the pH-meter probe into the supernatant and waiting until the 

measurements was stable to record the measured value. Since the supernatant solutions 

consist in saturated aqueous solution of Ca(OH)2, their pH is theoretically highly alkaline 

(12.5 at 20–25 °C [282]). Glass electrodes can suffer from the so called ‘alkaline error’ at 

very high pH (>12) that can result in higher readings [283].  

3.4.9 Phenolphthalein Test 

Phenolphthalein is a chemical compound commonly used as an indicator in acid-base 

titrations [60]. It turns pink in basic solutions (pH >8-9) and colourless in acidic solutions. 

Other pH indicators that show a colour shift at a similar pH are phenol red (from yellow to 

pink at pH 7-8), thymol blue (from yellow to blue at 8-9), and thymolphthalein (from 

colourless to blu at 9-10). Several other compounds work as pH indicators shifting colour at 

lower pH, useful when dealing with acidic systems. The most common compounds used as 

pH indicators are shown in Figure 3-13. 
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Figure 3-13. Chart of the most common pH indicators. Copyright 2019 of Flinn Scientific. 

 

In this work, phenolphthalein test was carried out to monitor the carbonation process of 

hardened lime pastes and mortars. The presence of pink staining on phenolphthalein-

sprayed lime samples suggests the presence of Ca(OH)2, whereas the absence of pink 

staining suggests a limited presence of Ca(OH)2, which is assumed to be correlated to the 

conversion of portlandite to calcite through the carbonation reaction. It is difficult to calculate 

exactly the concentration of Ca(OH)2 to cause the pink staining, since various factors have 

an effect on the colouration, e.g., time passed between the surface observation and the 

spraying. The advantage of this test is that it provides spatial information by mapping on the 

cross section of a sample the most carbonated areas and therefore it can be useful to 

estimate the carbonation depth. The phenolphthalein test was carried out according to the 

British Standard BS EN 14630 [284] on chisel-split halves of paste/mortar specimens. The 

test surfaces were photographed immediately (i.e., within 2 seconds) after spraying 

phenolphthalein. The product used was a phenolphthalein solution 1 % in ethanol (indicator 

grade) from Fisher Scientific. 
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3.4.10 Water Retention Test 

The capability of lime putty to retain water is usually regarded as a quality as it can be 

correlated with limited bleeding phenomena and with good plasticity and workability. The 

water retention test was carried out to evaluate: 

- The effect of the presence of sucrose on the workability of lime pastes, by comparing 

the results of sucrose-modified pastes with a reference lime paste. 

- The effect of steam slaking on the workability of lime mortars, by comparing the 

results of steam-slaked lime mortar with a reference water-slaked lime mortar. 

The water retention of fresh pastes/mortars was investigated using the method detailed in 

the British Standard BS EN 459-2:2010 [285], previously used by other researchers [187], 

and the testing equipment provided by Novanna Measurement Instrument (product code 

1.0246). In these tests, fresh pastes/mortars are put in contact with a filter plate, simulating 

the action of an absorptive substrate. To calculate water retention, 3 replicas of each sample 

were tested in order to acquire statistically meaningful data. 

 

 

Figure 3-14. Various steps of the water retention test carried out on a sample of lime mortar. 

 

According to BS EN 459-2:2010, the water fraction (W1) of the paste/mortar is calculated 



75 
 

as in Equation 3-8 where m21 is the total mass of water in the mix (g) and m22 is the mass 

of dry mix (g). 

𝑊1 =
𝑚21

𝑚21 +𝑚22
 Equation 3-8 

The water content of the tested samples of paste/mortar (W2) was defined as in Equation 

3-9: 

𝑊2 = 𝑚23 ×𝑊1 Equation 3-9 

where m23 is the mass of the tested sample of paste/mortar (g). The mass of water absorbed 

by the filter plate (W3) was defined as in Equation 3-10: 

𝑊3 = 𝑚20 −𝑚17 Equation 3-10 

where m20 is the mass of the soaked filter plate (g), and m17 is the mass of the dry filter plate 

(g). The relative loss of water from the mix (W4) was defined as in Equation 3-11. 

𝑊4 =
𝑊3

𝑊2
× 100  Equation 3-11 

The water retention capacity (WR) of the fresh paste/mortar was calculated as a percentage 

according to Equation 3-12. 

WR = 100 −𝑊4  Equation 3-12 

 

3.4.11 Flowability Test 

The flowability test was carried out to evaluate: 

- The effect of the presence of sucrose on the workability of lime paste, by comparing 

the results of sucrose-modified pastes with a reference lime paste. 

- The effect of steam slaking on the workability of lime mortars, by comparing the 

results of steam-slaked lime mortar with a reference water-slaked lime mortar. 

The consistency of pastes/mortars was measured using the the flow table test as in BS EN 

459-2:2010 [285] and BS EN 12350-5:2019 [286]. This apparatus determines the 

consistency of the fresh mix by measuring its spread on a horizontal flat plate which is 



76 
 

subjected to jolting (Figure 3-15). Results are reported as the average obtained by 

measuring the minimum and maximum dimension of the mortar spread and are reported to 

the nearest 10 mm. To obtain a statistically significant value of the spread of the mix, 3 

replicas were carried out for each sample. 

 

 

Figure 3-15. Flow table apparatus for measuring the spread of a fresh lime mortar. 

 

3.4.12 Viscosity Test 

To evaluate the effects of the presence of sucrose on the consistency of fresh lime paste, 

the dynamic viscosity of sucrose-modified pastes were measured and compared with that 

of a reference paste. Vibrational (or resonant) viscometers operate by measuring the 

damping imposed by the sample (a viscous fluid) on an oscillating resonator, which consists 

in a vibrating rod to be immersed in the sample. The damping is directly correlated to the 

viscosity of the fluid and is measured by measuring the energy necessary to keep the rod 

oscillating at constant amplitude [287]. 
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Figure 3-16. Schematic illustration of the operating probe of a vibrational viscometer 

immersed in the liquid sample. Image reproduced from [288]. 

 

The dynamic viscosity was measured using a handheld vibrational viscometer Hydramotion 

Viscolite 700 (model VL7-100B-d15). The viscosity value was noted after at least 20 s from 

probe immersion, while stirring the paste to stabilise the measurements, and the averaged 

value of 7 readings was considered to obtain stable readings as recommended by the 

instrument user manual [289]. 

3.4.13 Flexural Test 

The flexural test was carried out to evaluate the strength development on hardened lime 

pastes and mortars and evaluate the effects of sucrose addition and steam slaking on the 

hardened properties of lime mixtures, in comparison with reference samples. The flexural 

strength (Rf, in MPa) is calculated according to Equation 3-13: 

𝑅𝑓 =
1.5×𝐹𝑓×𝑙

𝑏×ℎ2
  Equation 3-13 

 

where Ff is the load applied to the middle of the prismatic sample at fracture in N; b is the 

width of the tests sample in mm; h is the thickness of the tested sample, in mm; l is the 

distance between the supports, in mm.  
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Flexural strength was evaluated using the three-point loading method. Load rate was 0.2 

mm/min, and the distance between the two supports was 40 mm for pastes and 100 mm 

for mortars. On paste samples, flexural tests were performed with an Ametek Lloyd LR100K 

Plus testing machine with loading cell of 100 kN capability, and load cell accuracy of 0.5 %. 

On mortar samples, flexural tests were carried out using an INSTRON 3382 Floor Model 

Universal Testing System with loading cell of 100 kN capability, and load accuracy of 0.5% 

of the indicated load, as described in the British Standard BS EN 196-1:2016 [255]. 

3.4.14 Compression Test 

The compression test was carried out to evaluate the strength development on hardened 

lime pastes and mortars and evaluate the effects of sucrose addition and steam slaking on 

the hardened properties of lime mixtures, in comparison with reference samples. 

Compressive strength was evaluated using a load rate of 0.2 mm/min and calculated using 

Equation 3-14: 

𝑅𝑐 =
𝐹𝑐

𝑏×ℎ
  Equation 3-14 

where Rc is the compressive strength, in MPa; Fc is the maximum load at fracture, in N; b 

is the width of the tests sample in mm; h is the thickness of the test sample in mm. 

On paste and mortar samples, the compression tests were performed with the same 

machines used for flexural tests, respectively (section 3.4.13).  

3.4.15 Ultrasound Pulse Velocity (UPV) Test 

The Ultrasound Pulse Velocity (UPV) test is a non-destructive test commonly used to 

evaluate the homogeneity and strength of concrete and natural rocks, by measuring the 

velocity of ultrasonic pulsed waves passing through the material to be tested. Higher UPV 

indicate good quality (homogeneity) of the material, while lower UPV suggest the presence 

of voids and cracks. The equipment consists of a pulse generator, a transmission 

transducer that transforms the electronic pulse into a mechanical pulse of a given oscillation 

frequency, and a reception transducer that receives the signal. The two transducers are 

usually placed on opposite sides of the samples (Figure 3-17) and the pulse velocity is 
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calculated with the formula UPV = l / t where l is the path length, i.e., the distance between 

the transducers (normally equivalent to the sample width) and t is the time taken by the 

wave to travel across the transducers [290]. 

 

 

Figure 3-17. Schematic illustration of a direct transmission measurement on a prism 

specimen for determination of ultrasonic pulse velocity. 

 

In this work, the UPV test was carried out to monitor the hardening process of sucrose-

modified lime pastes as an additional non-destructive means to assess the strength 

development as well as changes in Young’s modulus overtime.  

Cazalla et al. [13] used UPV to monitor the carbonation of lime mortar. Exploiting the 

reduction of porosity associated with the conversion of lime to calcium carbonate, the 

authors found an inverse linear correlation between porosity and UPV data, making the 

technique suitable for monitoring the setting process. Wang et al. [241] used UPV to monitor 

the setting of lime pastes in a study aimed at investigating the effect of fibre reinforcement 

and tung oil addition and found that UPV is a suitable technique to assess strength 

development of the material. Nunes et al. [214] used UPV on hardening lime pastes as a 

means for the computation of dynamic elastic modulus. The advantage of this technique is 

that it is non-destructive. With respect to destructive mechanical tests, the measurements 

are less precise, with result stability depending on various factors such as surface 
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smoothness of the sample, the geometry of the transducers, and the selection of adequate 

operational parameters (frequency, voltage, amplitude, pulse width, etc.). 

3.4.15.1 UPV: Instrument and Parameters 

A Screening Eagle Pundit Lab+ portable UPV test instrument was used through the 

software PunditLink and equipped with 54 kHz Proceq transducers for P-wave 

measurements and 40 kHz dry point contact Proceq transducers for S-waves. The 

ultrasonic pulse velocity was obtained by direct transmission along the x, y and z directions 

as depicted in Figure 3-17. Path length along these directions was measured with a Vernier 

calliper prior to analysis. Measurements were taken at the following operating conditions: 

pulse voltage 500 V; probe gain 500 x; time frame 0.2 s; pulse width 9.3 µs (for P waves) 

and 12.5 µs (for S waves). The measured signal of each measurement was averaged on 

three replicas. The selection of the wave travel time was manually selected on the waveform 

display for best accuracy. 

The P and S wave velocity measurements were used to calculate the dynamic Young’s 

modulus (Ed) [291]. The P wave modulus (M) was determined according to Equation 3-15: 

𝑀 =  𝜌𝑉p
2 

 

Equation 3-15 

Where ρ is the bulk density of the material (determined by the weight of the sample and its 

envelope volume) and Vp is the pulse velocity of the P wave. The S wave modulus, or shear 

modulus (G), was determined by the S wave velocity according to Equation 3-16: 

𝐺 =  𝜌𝑉s
2  Equation 3-16 

Where Vs is the pulse velocity of the S wave. The Poisson’s ratio (v) can be determined 

according to Equation 3-17: 

𝑣 =  
𝑀 − 2𝐺

2𝑀 − 2𝐺
 

Equation 3-17 

The dynamic Young’s modulus (Ed) can be determined with Equation 3-18: 
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𝐸d = 2𝐺(1 + 𝑣) Equation 3-18 

 

3.5 Summary 

A summary of the experimental phases that make up this study is shown in Table 3-4 where 

the chapters containing the description of each phase are listed together with the rational 

supporting the testing of each phase. 

 

Table 3-4. Experimental phases of the research. 

Chapter Type of slaking Type of investigation Analysis and Tests 

4 Steam slaking 

Part I 
Lime 

microstructure 

SEM; XRD 

Part II Mortar properties 

Water retention; water 

demand; 

phenolphthalein test; 

SEM; XRD; 

compressive strength; 

flexural strength 

5 

Slaking with additives 

(sucrose, pectin, 

lignosulfonate) 

Lime microstructure at 

various aging times using 

only 3 main additives 

SEM; XRD; LD-PSD; 

pH; ICP-OES 

6 

Slaking with additives (array 

of carbohydrates and 

sulfonates) 

Lime microstructure using an 

extended group of additives 

SEM; XRD; LD-PSD; 

N2-BET; pH; ICP-

OES; LC-MS 

7 Slaking with sucrose 

Paste properties produced 

with the additive that showed 

the most evident changes to 

the proprieties of portlandite 

Water retention; water 

demand; viscosity; 

phenolphthalein test; 

SEM; XRD; He-Pyc; 

compressive strength; 

flexural strength; UPV 
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Chapter 4 

 
 

4. Steam-Slaking 

This chapter presents the results of the study focused on the effects of steam-

slaking on the characteristics of portlandite and related mortars. The chapter is 

divided into two parts. In part I, the work is focused on the effects of steam slaking 

on portlandite crystals so that microstructural investigations highlight the 

differences between lime slaked in liquid water and through steam exclusively. In 

part II, mortars produced with the steam-slaked lime are tested in terms of fresh 

and hardened properties and their characteristics are compared against a 

reference mortar produced using water-slaked lime. 

 

Part I: Effects on Microstructure and 

Mineralogy of Lime 

4.1 Introduction 

The work described in this chapter lays the groundwork for the research conducted in this 

thesis, by characterising lime putty obtained through traditional slaking in water, and by 

investigating the effects of water temperature and water/lime ratio on the microstructural 

characteristics of the obtained portlandite crystals. Moreover, an alternative slaking method 

is studied that entails the exclusive use of steam as water source for lime hydration.  

In recent years, vapour hydration of CaO is a process used to produce high-performance 

CO2 sorbents [91,107]. The reaction mechanism was firstly investigated in 1964 by 

Ramachandran [105] and later by Beruto et al. [106], who suggested that a different path is 

followed when CaO is slaked by liquid water compared to when is slaked by steam. In the 

former case, a liquid-state homogeneous dissolution/re-precipitation process occurs, 
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whereas in the latter case a solid-state topotactic reaction takes place. As a result, Ca(OH)2 

formed by steam slaking is made up of a fine, poorly crystalline phase which can rapidly 

react with CO2 [91,107]. Such characteristic can be advantageous when lime is used as a 

binder in mortars and plasters. Moreover, steam slaking of quicklime occurs in conditions 

that are probably similar to those established during the so-called “hot-mixing” – a traditional 

practice of producing mortars by slaking and mixing the quicklime under a heap of moist 

sand, in a receptacle very rich in steam [97]. 

Hence, it is clear that the effects of steam slaking on portlandite crystals are an essential 

aspect of the performance of lime-based mortars but which has never been investigated in 

detail. 

4.2 Experimental 

To investigate the effect of steam-slaking and water slaking at different temperature on the 

microstructural and mineralogical characteristics of lime, 4 different batches of slaked lime 

were produced by slaking the same quicklime in different conditions (Table 4-1).  

 

Table 4-1. List of samples 

Sample 

name 
Description Slaking conditions 

A Control 1/3 w/w quicklime/water at 20 °C 

B Drowned 1/10 w/w quicklime/water at 20 °C 

C Hot water 1/3 w/w quicklime/water at 80 °C 

D 
Steam 

slaked 
Water vapour at 90 °C for 8 hours 

 

Lime ‘A’ was produced at room temperature as a ‘control’ and, therefore, was used as a 

reference for evaluating any differences observed in the other batches of lime as a result of 

different slaking. For producing lime ‘A’, the procedure described in section 3.3.2 was 

followed.  
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Lime ‘B’ was produced to simulate the so-called ‘drowning’ effect [1]. The reason why this 

type of slaking has been included in the study is to study the effects of the water/lime ratio 

on lime properties and provide a means of comparison to study the effects of steam slaking. 

However, ‘drowning’ the lime is generally regarded as a malpractice in construction that 

results in a lime putty of inferior quality  [1]. The procedure used for producing the ‘drowned’ 

putty was similar to the one used for the lime ‘A’, however in this case the quicklime was 

mixed with water in a 1/10 mass ratio [1]. 

Lime ‘C’ was produced to investigate the effect of the water temperature on the 

characteristics of lime. For producing lime ‘C’, the quicklime and de-carbonated DI water 

were separately heated in an oven until they both reached 80 °C  [292]. Subsequently, the 

quicklime and the water were mixed in a mass ratio 1/3, in a similar way to the lime ‘A’.  

Lime ‘D’ was produced to investigate the effect of steam slaking on the characteristics of 

portlandite crystals. For producing lime ‘D’, the procedure described in section 0 was 

followed.  

After the slaking of limes A, B, C, and D, samples of the obtained hydrated limes were 

collected and dried in a desiccator for at least 24 h prior characterisation. The remaining 

lime was either stored in excess DI water (lime A, B, and C) or sealed inside airtight 

containers (lime D) until mortar production for the experiments described in part II of this 

chapter. 

The microstructural and mineralogical characteristics of the quicklime and slaked limes 

were investigated with SEM and XRD analyses in the operating conditions described in 

section 3.4.2 and 3.4.3. 

4.3 Results 

4.3.1 SEM Analysis 

Figure 4-1 shows some SEM images of the quicklime and of the four batches of lime 

analysed. The quicklime (Figure 4-1a) is characterised by a regular microstructure of 

interconnected particles with heterogeneous sub-rounded pores. 
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The microstructure of the control putty (batch A) slaked at 20 °C (Figure 4-1b) displays 

partially agglomerated crystals of a wide variety of habits and size. Most portlandite crystals 

have size up to 1.5 μm and display well-developed hexagonal {001} faces, with habits 

varying from platelets, short prism and rod-like. Such crystals are embedded in a matrix of 

smaller (10–100 nm) crystals showing a granular habit with less regular crystal facets.  

The microstructure of the “drowned” putty (batch B; Figure 4-1c) shows portlandite crystals 

with various habits as well (from hexagonal platelets to short prisms), with a significant 

amount of nanogranular crystals growing on the faces of µm-sized crystals. Compared to 

the control putty A, in the lime B putty the prismatic habit is more frequent than the tabular 

habit. 

The microstructure of the putty slaked with water at 80 °C (batch C) (Figure 4-1d) has pores 

of various size and shape (ranging from few nm to 0.5 nm, similar to the control putty). 

Portlandite crystals in batch C have less regular facets than those observed in the control 

putty. Few μm-sized crystals can be observed, while most crystals are nm-sized and of 

irregular shape. 

The microstructure of the steam-slaked lime (batch D) (Figure 4-1e) shows interconnected 

particles similar to the quicklime and with a similar heterogeneous pore network. Although 

the crystal facets appear mostly irregular, hexagonal thin platelets can be recognised in 

some of these nm-sized particles. The surface of several particles is characterised by nm-

sized cracks. 
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Figure 4-1. SEM images of quicklime and portlandite crystals in limes slaked with the 

different methods: a) CaO crystals in quicklime; b) lime slaked in 1/3 lime/water ratio at 20 

5 µm 

500 nm 
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°C; c) lime slaked in 1/10 lime/water ratio; d) lime slaked in 1/3 lime/water ratio at 80 °C; e) 

steam-slaked lime. The left and right columns show a low and high magnification (view field 

20 and 5 μm), respectively. Insets in b and d show details of individual crystals. 

 

4.3.2 XRD Analysis 

The diffractograms of the CaO and hydrated lime A, B, C, and D are shown in Figure 4-2. 

The results of phase identification and quantification performed by XRD-Rietveld analysis 

are reported in Table 4-2. In the quicklime, CaO is the dominant phase, but minor quantities 

of portlandite are identified as well. Traces of calcite were found in all lime samples, likely 

due to reaction with moisture and atmospheric CO2 during sample preparation. In all slaked 

limes, portlandite is the dominant phase but some differences can be observed across the 

four batches of lime. 

 

 

Figure 4-2. Diffractograms of the quicklime (black line), lime A (red line), lime B (blue line), 

lime C (pink line), and lime D (green line). The phases are shown with the following keys: 

P=portlandite; C=calcite; Z=zincite; Q=calcium oxide. 
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Table 4-2. Quantitative phase analysis of the lime samples. 

Sample CaO Portlandite Calcite 

A 0 94.5 5.5 

B 0 97.3 2.3 

C 3.3 95.2 1.5 

D 19.2 79.1 1.8 

 

In the batches A and B (control and drowned lime) no trace of original quicklime was found, 

suggesting that the CaO has fully reacted with water. Conversely, in batch C (the putty 

slaked at 80 °C) a small trace (3%) of CaO was identified. This could be due to various 

reasons: the slaking in hot water results in a more violent reaction than with water at room 

temperature [1], and the subsequent rapid evaporation of water may have had an effect on 

some hot spots in the core of quicklime particles that remain unreacted. Another possible 

explanation is that the rapid evaporation of water increased the actual quicklime/water ratio, 

resulting in the development of hot-spots with high temperatures (e.g., >200 °C) that may 

have dehydrated some of the lime that had initially hydrated [1]. In batch D (lime slaked with 

steam) most of the quicklime has been hydrated (80% portlandite), but the remaining 20% 

was unreacted CaO. This was probably due to the limited diffusion of steam within the pores 

of the pulverised quicklime. 

Results of the crystallite size analysis (method described in section 3.4.3) for the various 

types of lime, calculated from the XRD data are shown in Figure 4-3 and the full dataset is 

reported in Appendix I, Table I-1. The graph shows that the steam-slaked lime has 

significantly smaller crystallites (136 Å) than the water-slaked limes (in the range 200–400 

Å). This is visible by the marked peak broadening of the steam-slaked lime diffractogram in 

comparison with the other water-slaked limes (Figure 4-4).  

The control putty and drowned lime putty show similar crystallite sizes (293 Å and 290 Å, 

respectively), whereas the putty slaked at 80 °C shows a bigger crystallite size (424 Å) and 
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a remarkably higher standard deviation, suggesting that either the crystallites have a wide 

size distribution or have a high aspect ratio (e.g., plates or needles). Although the SEM 

micrographs cannot be used as a direct comparison for the crystallite size calculated with 

XRD (as the lime particles observed by SEM can be aggregates of several crystallites), they 

can be used for drawing some considerations. In the putty slaked at 80 °C (Figure 4-1c) the 

particles are rather granular and do not show a remarkable high aspect ratio with respect 

to control lime, which instead display crystals with elongated and plate-like shapes (Figure 

4-1b). Arguably, it is possible to discard the high aspect ratio hypothesis in favour of the 

wide crystallite distribution hypothesis, which however should be further verified and 

investigated. 

 

 

Figure 4-3. Portlandite crystallite size calculated from XRD data in the lime samples. 

 



91 
 

 

Figure 4-4. Comparison between the peaks relative to the (001) faces of the various types 

of lime. 

 

4.4 Discussion 

Overall, the SEM images suggest that the microstructure of the steam-slaked lime is 

significantly different from that of water-slaked lime. Portlandite crystals formed in the latter 

samples display a morphology that is commonly encountered in freshly-slaked lime putties 

[76], whereas the steam-slaked lime reveals a distinct microstructure that resembles that of 

the CaO. Such remarkable difference can be ascribed to the different conditions in which 

portlandite crystals are formed upon reaction with water. 

Previous studies have shown that well-crystallised Ca(OH)2 forms upon reaction between 

CaO and liquid water due to the portlandite crystallisation path, via precipitation from a 

supersaturated solution, and to the subsequent growth enhanced by the rapid diffusion of 

ionic species in a liquid medium [105,106]. However, the different microstructure of the 
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steam-slaked lime suggests that hydration took place following a different reaction path at 

a gas–solid interface. Without the presence of a liquid phase, diffusion of ionic species – 

which allows CaO and H2O to react – is very slow and does not account for the extensive 

portlandite formation measured by XRD. The reaction path proposed by Beruto et al. [106] 

involves the diffusion of gaseous H2O molecules into the CaO phase through the {111} 

planes of CaO made of O2- ions, which convert upon adsorption of water into {00.1} planes 

of Ca(OH)2. However, the distance between {111} planes of CaO is only 2.780 Å whereas 

the distance between {00.1} planes of Ca(OH)2 is 4.910 Å and this results in a high 

anisotropic expansion in the direction normal to the {00.1} planes [106]. Such mechanism 

is supported by SEM images, which show extensive cracks formation (width in the 

magnitude order of 10 nm) on the surface of the newly formed portlandite (Figure 4-1d, right 

column) likely generated by the stress caused by the volumetric expansion during the 

conversion from CaO to Ca(OH)2. 

Furthermore, the XRD analysis showed that the steam slaked lime has crystallites of 

remarkably smaller size than those formed upon water-slaking. This can be explained by 

considering the mechanism underlying the hydration of CaO by water in vapour phase 

proposed by Molinder et al. [90]. According to this study, during early hydration Ca(OH)2 

nucleates on the {111} planes of CaO, with Ca(OH)2 {00.1} planes parallel to the CaO {111} 

planes. However, the Ca-Ca bond length in the CaO {111} plane (3.401 Å) is different from 

the one in the Ca(OH)2 {00.1} plane (3.589 Å) and such lattice mismatch induces a 

significant internal stress in the Ca(OH)2 lattice, which results in failure of the crystal 

structure and eventually in a small crystallite size. 

During vapour hydration, the growth of Ca(OH)2 preferentially occurs in the direction parallel 

to the {00.1} planes, as a result of (i) easier diffusion of Ca2+ and O2- ions from the CaO-

core to the Ca(OH)2 surface layer and (ii) easier contact with H2O molecules [90,107]. The 

preferential growth of portlandite along the {00.1} planes results in crystals with a high 

aspect ratio (thin platelet shape), as supported by our SEM observations (Figure 4-1), which 

show that in our steam-slaked lime, portlandite mainly exhibits a thin platelet habit, whereas 
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in the other limes (A and B), crystals have thicker, well-developed platelets, short prism, 

rod-like or granular habits. 

It may be argued that during steam slaking, hydration occurs through contact of CaO with 

liquid water formed by capillary condensation. The minimum radius of the pores in which 

water can condense can be calculated using the Kelvin equation [293]: 

𝑟 =
2𝛾𝑉𝑚

𝑅𝑇 ln(
𝑃0
𝑃 )

 

where r is the pore radius (m), γ is the surface tension of water (0.0608 J/m2 at 90 °C), Vm 

is the molar volume of water (1.8·10−5 mol/m3), R is the gas constant (8.314 J/mol∙K), T is 

the temperature (363 °K), and P0/P is the relative vapor pressure of water. Since during the 

steam slaking experiment, the reservoir of water had to be periodically refilled, it can be 

assumed that inside the slaking chamber, water vapour never reached equilibrium with its 

liquid phase and hence the humidity was far from saturation. Even assuming a high RH%, 

e.g., 90%, it is possible to calculate that in such conditions capillary condensation occurs in 

pores with diameter <15 nm, which is almost two orders of magnitude lower than the pores 

observed in the SEM images. Thus, the hypothesis that the majority of CaO during steam-

slaking was slaked in liquid water by capillary condensation can only apply to a limited pore 

volume and, consequently, it is possible to assume that most of the hydration during our 

steam slaking experiments occurred in the absence of a liquid phase. 

4.5 Summary 

It can be concluded that portlandite crystals formed by steam-slaking are different from 

those formed by water-slaking. In particular, the formers are characterised by a smaller 

crystallite size, irregular shape and are grouped in assemblies with a micromorphology that 

resembles that of the unslaked CaO. These differences are likely due to the different 

reaction path of the hydration process when it occurs at a solid/gas interface compared to 

solid/liquid interface. The differences between portlandite formed by slaking in water at 

room temperature, by slaking in hot water, and by ‘drowning’ are not as significant as those 
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between water- and steam-slaked lime. Water-slaked limes have mostly big, rod-like 

crystals while steam-slaked lime has mostly smaller granular particles. 
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4. Steam-Slaking  
 

Part II: Effects on Lime Mortar Properties 

 

4.6 Introduction 

The work described in this part aims at highlighting the properties of mortar based on the 

limes described in the previous part I. Therefore, in this part, four types of lime-sand mortars 

were mixed (based on the four types of lime described in the previous part). Fresh properties 

(water retention and water demand) of mortars were measured. The mortars were then 

cured in atmospheric conditions (20 °C, 60 % RH) and the carbonation rate was monitored 

ex-situ using XRD, SEM and phenolphthalein tests. The flexural and compression strength 

of the mortars were measured at 28 days and 18 months of curing. 

4.7 Experimental 

The slaked limes obtained as described in section 3.3 were used to produce the mortars 

shown in Table 4-3, according to the procedure reported in section 3.3.7. In the case of 

water-slaked limes (A, B, and C), the lime putty was mixed with sand without adding further 

water. In the case of steam-slaked lime, which was in the form of a powder, firstly the 

hydrated lime was combined with sand in the mixer, and subsequently DI water was added 

gradually to the mix until reaching a w/b ratio of 0.6 w/w to obtain a workable consistency, 

determined with the flow table test described in section 3.4.11. 

Because steam-slaking results in a dry hydrated lime, water demand of the lime D mortar 

was gauged by measuring its consistency in comparison with lime A and lime C mortars. 

The consistency of mortars based on A and C lime was measured without adding any water; 

conversely, the water demand of mortar D was evaluated by adding various amounts of 

water to the combined steam-slaked lime and aggregate, until a consistency similar to lime 

A and lime C mortars was achieved. This allowed evaluating the water quota to add to the 

lime D mortar in order to reach an appropriate workability as required for water retention 

test. 
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Because drowned lime is known to show disadvantageous properties as a binder in 

construction [1], it was decided to focus the study predominantly on the other types of 

mortars. In this thesis, the mortar based on drowned lime has been characterised 

microstructurally and in terms of water retentivity only and was excluded from the water 

demand and hardened-properties tests. 

A summary of the tests carried out on the various types of mortars is illustrated in Table 4-3. 

 

Table 4-3. List of tests carried out on the investigated types of mortar. 

Sample Description 

Fresh properties 
Mechanical 

tests 

Microstructural 

tests 
Water 

retention 
Flowability 

A 

Mortar based on 

control lime (slaked 

in water 1:3 at 20 °C) 

    

B 
Mortar based on 

‘drowned’ lime 
 x x  

C 

Mortar based on lime 

slaked in water at 80 

°C 

    

D 
Mortar based on 

steam-slaked lime 
    

 

The water retention was measured with the testing procedure described in section 3.4.10. 

For the microstructural and hardened-state properties tests, two different types of mould 

were used: 

i. Prism specimens (40 × 40 × 160 mm) for flexural and compression tests: all 

specimens were cured inside the moulds for 14 days in laboratory conditions (20 °C, 

50 % relative humidity) after which they were demoulded. Four replicas were 

produced per batch of lime and testing was carried out after 28 days and 18 months 

of curing from casting. 

ii. Cylinder specimens (30 mm diameter × 50 mm height) for SEM analysis, XRD 

analysis, and phenolphthalein test: 24 specimens were produced for each batch of 

lime in order to obtain 3 replicas at each pre-set age of 15, 16, 17, 20, 21, 28, 35, 



97 
 

42 days and at 18 months of curing. The time points were selected in order to allow 

the samples to be safely demoulded, and to closely monitor the evolution of the 

samples at early ages (within one week from demoulding) on a weekly frequency as 

well as long-term, in addition to the standard curing times usually selected in studies 

of hydraulic binders. 

The casting of the mortars was carried out manually by compacting the mortar using a metal 

rod. The samples were cast in two layers, tamping firmly the mortar surface in a uniform 

manner with about 25 strokes each layer. 

Flexural tests were carried out on the prismatic samples as described in section 3.4.13. 

Compressive tests were carried out on the broken halves of the prismatic samples used in 

the flexural test. The reported strength results are the mean values of the measurements 

on the four replicas of each lime mortar sample. Error bars represent confidence intervals 

at 90% and were calculated with the following formula [30]: 

±𝑡𝑛−1
𝑠

√𝑛
 (8) 

 

where tn−1 is the Student’s t-score reflecting a confidence level of 90% (= 1.96) at n−1 (= 3) 

degrees of freedom, s is the sample standard deviation, and n is the sample size (= 4).The 

90% confidence level was selected because it is the minimum value that allows to highlight 

differences between samples, given the relatively high dispersion of the measurements 

especially at 28 days of curing.  

The microstructural characteristics of the mortar samples were investigated by SEM. For 

this analysis, a freshly cut sub-sample was removed from the core of 3 cylinders of each 

age. The fragments were then mounted on a metal stub with carbon tape and platinum 

coated. Since sample preparation took place at low RH (about 30%), it is possible to assume 

that during this time, no significant carbonation occurred. 

The mineralogical characteristics of the mortar samples were investigated by XRD. Phase 

identification, quantitative phase analysis and crystallite size evaluation were carried out 
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according to the methods described in section 3.3.3. An internal standard of 10 % w/w 

zincite was added to the samples as reference phase. 

To provide visual evidence of the carbonation front, the phenolphthalein test was carried 

out on all the cylindrical samples at each age. The phenolphthalein was sprayed onto the 

surface of two longitudinal halves of the cylinders, obtained by splitting them with a chisel. 

4.8 Results 

4.8.1 Water Retention Test 

Results of the water retention (WR) tests are reported in Table 4-4. The results obtained for 

the water retention of mortar based on lime A (water-slaked at 20 °C) are in good agreement 

with WR values reported by other authors for lime mortars [3,188] and references therein. 

The lowest value for WR was obtained with the mortar based on lime B, thus indicating that 

‘drowning’ the lime limited the ability of the mortar to retain water, despite lime A and B 

having similar crystallite size (section 4.3.2). 

Water retention of the mortar based on lime C (water-slaked at 80 °C) is close to the WR of 

the mortar based on the steam-slaked lime (type D) suggesting a possible influence of the 

slaking temperature on the capability of the mortars to retain water during mixing.  

The results also show that the mortar containing steam-slaked lime is capable to retain 

more water than the mortars produced using water-slaked lime. 

 

Table 4-4. Water retention (WR %) and water fraction (W1) of mortars based on lime slaked 

with different methods. 

Sample Slaking type W1 (g/g) WR % 

A Control (1:3 20 °C) 0.15 87.5 ± 1.2 

B ‘Drowned’ (1:10 20 °C) 0.18 76.2 ± 1.4 

C Hot water (1:3 80 °C) 0.14 92.6 ± 1.4 

D Steam 0.13 96.2 ± 0.8 
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4.8.2 Water Demand Test 

The water demand of the mortars was assessed by measuring their flowability and putting 

it in relation with the water/lime ratio (w/l). The w/l of putties A and C was determined 

gravimetrically by oven-drying (Table 4-5). Note that during mortar preparation no extra 

water was added to the mixture other than that already contained in the lime putties. 

Differently from the mortars produced using putties, a water quota was added to the mortar 

made of steam-slaked lime (i.e. a powder) and sand in order to obtain an appropriate 

workability. 

 

Table 4-5. Calculated w/l values in putty-based mortars, obtained by oven-drying 

Lime 

type 

Weight before 

drying (g) 

Weight after 

drying (g) 

w/l 

A 36.2 15 1.4 

C 52.5 22.9 1.3 

 

Figure 4-5 shows the flowability vs w/l plot of mortars based on lime putty (types A and C) 

and of steam-slaked lime (type D) mortar, prepared by adding various quotes of water. The 

figure shows that the mortar made with steam-slaked lime needs a w/l = 0.75–0.77 to obtain 

a spread similar to the mortar produced with lime slaked at 20 °C of w/l = 1.4; and a w/l = 

0.56–0.63 to reach a spread similar to the mortar produced with lime slaked at 80 °C (w/l = 

1.3). Hence, these results suggest that to produce mortars based on steam-slaked lime that 

have a spread similar to a ‘traditional’ putty-based mortar, only about half the amount of 

water is required. 
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Figure 4-5. Plot of flowability vs w/l ratio of mortars based on steam-slaked lime D (blue 

dots and trend line) and on the control A (green dot) and hot water lime C (orange dot). 

 

4.8.3 Flexural Test 

Figure 4-6 reports the results of the flexural test after 28 days and 18 months of curing. 

Results show that mortars produced with steam-slaked lime (D) have a significantly higher 

flexural strength than the other mortars. At 28 days, mortar D shows a large error bar that 

partially overlaps that of the other mortars. However, at 18 months, the superior flexural 

strength of the steam-slaked lime mortar in comparison to the other two becomes more 

evident. 
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Figure 4-6. Flexural strength at 28 days and 18 months of curing of the tested lime mortars. 

 

4.8.4 Compression Test 

Figure 4-7 reports the results of the compressive test at maximum load after 28 days and 

18 months of curing. Unlike in flexure, at 28 days, steam-slaked lime mortars showed to 

have a similar strength to the mortars produced with the other types of lime. The confidence 

intervals for the measurements of the steam-slaked lime mortars are much larger than the 

other two. A series of factors might have played a role in determining a larger error bar, 

including a different porosity, stress distribution along the loaded section, and formation of 

interfaces between the outer carbonated zone and uncarbonated core. 

Nonetheless, at 18 months of ageing, the steam-slaked lime mortar showed a much higher 

compressive strength than the other mortars. The error bar is similar to the one of mortar C 

(lime slaked in hot water). 
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Figure 4-7. Compressive strength at 28 days and 18 months of curing of the tested lime 

mortars. 

 

4.8.5 SEM Analysis 

Figure 4-8, Figure 4-9, Figure 4-10, and Figure 4-11 show the microstructural evolution at 

21, 28 and 42 days curing, of mortars produced with, respectively: control lime, drowned 

lime, 80 °C water-slaked lime, steam-slaked lime.  

The images show that, after 21 days of curing, the mortar produced with lime A (control) is 

characterised by a large number of hexagonal portlandite crystals. At 28 days, the number 

of visible portlandite crystals starts to reduce and some calcite crystals started to appear in 

the same mortar. Starting from 42 days, portlandite crystals are no longer visible and the 

microstructure appears more compact. No significant variations are visible at 18 months of 

curing.  

In the mortar B, produced with drowned lime, portlandite crystals are only visible at 21 days, 

while from 28 days the microstructure appears compact and only scalenohedral calcite 

crystals can be recognised. 
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Conversely, in the mortars made with lime C (hot water) and D (steam), portlandite crystals 

are visible until 42 days of curing. At 18 months, no portlandite crystals are visible and the 

microstructure appears more compact. 

 

 

Figure 4-8. SEM images (view field = 10 μm) showing the microstructural evolution of mortar 

produced with lime A (control) at 21, 28, 42 days and 18 months of curing. 

 

 

Figure 4-9. SEM images (view field = 10 μm) showing the microstructural evolution of mortar 

produced with lime B (drowned) at 21, 28, 42 days and 18 months of curing. 

 

 

Figure 4-10. SEM images (view field = 10 μm) showing the microstructural evolution of 

mortar produced with lime C (hot water) at 21, 28, 42 days and 18 months of curing. 
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Figure 4-11. SEM images (view field = 10 μm) showing the microstructural evolution of 

mortar produced with lime D (steam) at 21, 28, 42 days and 18 months of curing. 

 

4.8.6 Phenolphthalein Test 

Figure 4-12 shows the results of the phenolphthalein tests for the four types of mortar tested, 

at 15, 20, 28, 35 days and 18 months of curing.  

The results show that in the 20 °C water-slaked lime mortar cured for 20 days, the staining 

front is drastically reduced involving only a few mm along the core of the cylinder; at 28 

days, no pink staining is observed on the fractured surface. A similar result is obtained with 

the 80 °C water-slaked lime mortar, with the only difference that at 28 days the stained area 

is slightly thicker. 

The drowned lime mortar shows, like all other mortars, a completely stained surface at 15 

days, but, already at 20 days, no more staining is visible. 

For the steam-slaked lime mortar, significant staining is still observed in the core of the 

specimens at 28 days, and only at 35 days the fracture shows no significant staining. 

It is worth noting that, as indicated in the BS EN 14630:2006 [284], the colour change to 

pink in our samples was recorded within 30 s from spraying the surface. After that time, a 

diffused pink colouration slowly appeared on the whole fractured surface, suggesting that 

in all mortar samples after 35 days of curing only partial carbonation occurred. Similarly, at 

18 months, sparse pink staining started to appear after 30 s from spraying, indicating 

localised high pH and hence possible presence of portlandite. 
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Figure 4-12. Carbonation front as shown by phenolphthalein sprayed on broken surfaces of 

carbonated mortar samples. 

 

4.8.7 XRD Analysis 

Results of the XRD analysis used to investigate the carbonation in mortars are reported in 

Figure 4-13, where diffractograms of the mortar samples after 18 months of curing are 

shown, and in Figure 4-14, where the ratio between the carbonate phases (calcite and 

aragonite) and portlandite (C/P) for all mortar samples are plotted against the curing time, 

from 21 days to 18 months. 

At 18 months, the results show that the C/P ratios measured in the mortars made with water-

slaked limes has higher values, with the following order: control > drowned lime > hot-water 

> steam, suggesting that the carbonation rate is highest in the control mortar, and overall 
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higher in the water-slaked lime mortars compared to the mortar made with steam-slaked 

lime. 

 

 

Figure 4-13. Diffractograms of mortar samples at 18 months of curing. Keys: P = 

portlandite; Qz = quartz; C = calcite; A = anorthite; Ar = Aragonite; Z = zincite. 

 

 

Figure 4-14. C/P ratio of different mortar samples at various ages up to 18 months (540 

days plots). 
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4.9 Discussion 

4.9.1 Fresh Properties 

WR values of mortars based on lime C and D are remarkably high and this is likely related 

to the microstructural characteristics of these types of lime, that are, in turn, consequence 

of the slaking conditions. The SEM analyses (Figure 4-1) show that lime A is constituted by 

μm-sized, well-crystallised portlandite, and this is more evident in lime B, where abundant 

crystals with elongated prismatic shape are visible. Conversely, most portlandite crystals 

observed in lime C and D show a sub-micrometre granular shape and nm-sized thin platelet 

habit, respectively. These morphologies are likely to produce a higher specific surface area 

than the big crystals observed in lime A and B. The specific surface area of the binder is 

known to be positively correlated with the water retention of a mortar [187,294]. Moreover, 

the morphologies of limes C and D (particularly the latter), are also likely to be related to a 

higher colloidal stability [3] and in these systems water is more homogeneously distributed, 

allowing a higher water retention. In particular, small and plate-like Ca(OH)2 particles (like 

the ones found in our steam-slaked lime samples) are reported to have higher capacity of 

absorbing water than bigger, prism-shaped crystals and are thus able to increase the overall 

water retention of a mortar [3]. 

4.9.2 Mechanical Tests and Carbonation Rate 

By comparing the phenolphthalein results with the SEM observations, it can be observed 

that the analyses are in good agreement in showing that i) steam-slaked lime mortars are 

characterised by a slower carbonation rate than the control lime mortars and that ii) the 

drowned lime mortar carbonates faster than all other mortars. On the other hand, no clear 

distinction in carbonation rate could be observed by SEM between the 80 °C water-slaked 

lime mortars and the steam-slaked lime mortars, whereas the phenolphthalein tests clearly 

show that the steam-slaked lime mortars carbonate significantly slower than the 80 °C 

water-slaked lime mortars.  
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The XRD results are in good agreement with the phenolphthalein tests and SEM 

observations and confirm that the mortar produced with steam-slaked lime has the lowest 

carbonation rate. Calcite/portlandite ratios measured in the mortars made with water-slaked 

limes show higher values, with the following order: drowned lime > hot-water ≈ control, 

suggesting that the carbonation rate is highest in the drowned lime mortar, and overall 

higher in the water-slaked lime mortars compared to the mortar made with steam-slaked 

lime. 

By comparing the results of the carbonation tests with the mechanical tests, it is possible to 

observe to that the mechanical strength seems to be inversely correlated to the carbonation 

progress: the steam-slaked lime mortar is the least carbonated and shows the highest 

strength, both in compression and in flexure, with an increasingly marked difference from 

the other mortars with longer curing time. At 28 days, the C/P ratio plot in Figure 4-14 shows 

that the carbonation progress is still at a very early stage, with a curve that is still steeply 

rising, and suggesting that most of the binder is still unconverted Ca(OH)2. This is likely the 

reason why the results of the mechanical tests are close to each other across the tested 

mortars. At 18 months, the carbonation is not yet completed.  

It is well-known that lime mortars can take a very long time to fully carbonate and that 

strength development is recorded even after full carbonation due to transformation of 

CaCO3 phases into different polymorphs [6]. Our results also suggest that the mechanical 

performance of lime mortars is not necessarily correlated to the degree of carbonation, as 

it is often described in the literature relative to lime mortars [5,57], but rather to the overall 

sum of various factors, including degree of carbonation, as well as microstructure, texture, 

physical properties such as porosity, water transport, etc. [57]. 

Given that carbonation is a reaction occurring on the surface of the carbonating material, a 

mild correlation between specific surface area of lime and carbonation rate has been 

proposed in previous studies [195]. Hence, considering the microstructural observations in 

the lime samples carried out in part I of this chapter, it is expected that the carbonation of 

the mortars tested in this research would follow this order (from the highest carbonation rate 
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to the lowest): steam-slaked > water-slaked at 80 °C > water-slaked at 20 °C > drowned 

lime. Nevertheless, the data collected show the opposite behaviour.  

To explain such a behaviour, considerations on physical and water transport properties 

should be made as they are likely to play a major role in controlling the carbonation rate. As 

discussed in section 2.4.4, carbonation can only take place within an optimal range of RH 

included between 40 % and 80 %. In such humidity conditions, a molecular-scale layer of 

water forms on the surface of lime particles, allowing for the dissolution of Ca(OH)2 and CO2 

and subsequent precipitation of CaCO3, while the mortar pores are not fully saturated with 

water and the diffusion of CO2 inside the pore network is guaranteed [6,57,295–297]. Given 

the water retention data collected on the fresh mortars (section 4.8.1), it can be observed 

that the water retention is inversely correlated with the carbonation rate, thus suggesting 

that the pores of the most water retentive mortars were occluded with water and diffusion 

of CO2 into the pore network was limited, therefore hindering and slowing down the 

carbonation progress. Conversely, the least water retentive mortars released the pore water 

faster, CO2 could diffuse more easily and carbonation could proceed faster.  

Nonetheless, it is important to take into consideration that during curing the RH was 

relatively low (50 %) and that the water content of the mortars (Table 4-4) is correlated with 

the carbonation rate. Therefore, it is possible to suggest that under the conditions of low 

relative humidity at which the curing occurred, the higher water content facilitated the 

formation of a water layer where dissolution of Ca(OH)2 and CO2 could take place, fostering 

in this manner the carbonation reaction. Carbonation was slowed down in the steam-slaked 

mortar because – despite the high water retention – the low water content and the low 

relative humidity limited the formation of the water molecular layer on the surface of Ca(OH)2 

necessary for the dissolution of the involved species and faster carbonation.  

Overall, the results suggest that the water transport properties and the conditions of relative 

humidity are the main driving forces in governing the carbonation reaction, rather than the 

microstructural characteristics of portlandite crystals. 
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4.10 Summary 

In this chapter the following research questions have been addressed: 

1. How does steam slaking affect the characteristics of portlandite crystals? 

2. How do the characteristics of steam-slaked of portlandite crystals affect the 

properties (setting time, fresh properties, mechanical behaviour) of lime mortars? 

The following conclusions can be drawn from this part of the study. 

 Water retention of mortars showed the following trend: steam-slaked lime mortar > 

> water-slaked at 80 °C lime mortar > water-slaked at 20 °C lime mortar > drowned 

lime mortar. Such trend is likely the result of the morphological characteristics of 

portlandite crystals, as the finer-sized crystals observed in the first two limes can 

impart higher colloidal stability and capacity of water to evenly distribute within the 

body of the mortar. 

 Carbonation rate of the mortars follows the trend (from the lowest to the highest): 

steam-slaked << water-slaked at 80 °C < water-slaked at 20 °C < drowned lime. The 

water content plays a major role in determining the carbonation rate over other 

factors, such as the availability of surface area for carbonation given by different 

portlandite crystals morphologies. The higher water content of mortars made with 

water-slaked lime favours the carbonation whereas the same process is hindered in 

the mortar made with steam-slaked lime, because of its lower water content. 

 Overall, steam-slaked lime is characterised by microstructural properties that allow 

to produce mortars with higher water retention and that require less water to reach 

an appropriate consistency than putty-based mortars. 
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Chapter 5 

 
 

5. Effects of Organic Additives on Portlandite 

Crystallisation during Slaking and upon Ageing 

 

In this chapter, the results of the experimental work on the effects of sucrose, 

pectin, and lignosulfonate are discussed. The investigated variables are the type 

of additive, the mode of addition (before or after slaking), and the maturation time 

(spanning 0 to 18 months). The obtained lime samples were characterised in order 

to investigate modifications in the portlandite size and shape and study the effects 

of the additives on portlandite crystal nucleation and growth process. 

 

5.1 Introduction 

The aim of the work presented in this chapter is to investigate changes to portlandite crystals 

morphology in presence of various organic compounds, as gaining a deeper understanding 

of these changes could allow tailoring the properties of the lime-based construction 

materials to specific applications.  

As mentioned earlier, the carbonation rate of portlandite, as well as many other fresh and 

hardened properties of lime are highly affected by the morphology of portlandite crystals, 

which can also be affected by the “ageing” effect (section 2.2.3) and the presence of other 

phases, molecules or ions in solution at the time of slaking (section 2.2.1). 

However, while the effect of inorganic phases and individual ions on portlandite crystals 

have been extensively studied, little is known about the effects of organic compounds, in 

particular those historically used in mortars to modify their properties (section 2.3). Because 

of the variety of compounds used as additives and the little scientific research carried out 
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to date, there is little information on how organic additives used in lime-based materials can 

benefit the modern construction industry. 

This chapter presents the result of an investigation on the effects of three main organic 

additives – namely sucrose, pectin and lignosulfonate – on the microstructure and 

mineralogical characteristics of the Ca(OH)2 produced by lime slaking in excess of water. 

Choice of these additives is related to their wide historic use (i.e. sucrose and pectine) and 

to their modern use (i.e. lignosulfonate). Analyses of the crystals are carried out at various 

ages, from the freshly prepared putty, up to 18 months from slaking in order to gather 

information on how additives influence also the “ageing” process. 

While chapters 5 and 6 are both focused on the effects of various organic additives on the 

microstructure of lime, the following differences between the two chapters should be 

highlighted: in chapter 5, a selection of three organic molecules with different functional 

groups are tested, and the characterisation of the organic-modified lime putty is carried out 

overtime to investigate the effects on long-term aged lime. Conversely, in chapter 6, a wider 

array of molecules is tested, which includes derivatives of the three molecules tested in 

chapter 5 and is aimed at studying the effects of the molecules characteristics on lime 

microstructure. Furthermore, a wider range of analytical techniques is used in chapter 6 

with respect to chapter 5, to obtain a more insightful characterisation of lime microstructure. 

In chapter 6, the analyses were only conducted at the time of slaking, without further 

investigation on the effects on aged lime. 

5.2 Experimental 

For this work, a total of 7 lime putties were prepared as listed in Table 5-1: a control putty, 

and 6 putties produced by using the 3 aforementioned organic molecules. For each 

molecule, two batches of lime putty were produced following two different slaking 

procedures – Slaking A and Slaking B – as explained in section 3.3.4. After production, all 

putties were stored into airtight containers under excess of DI water. 

The parent quicklime used to produce the lime putty is the same used in chapter 4. 



113 
 

The solid phase and the supernatant solution of lime putties were analysed separately. The 

lime putty characterisation took place at four different ages: at the time of slaking, and at 6, 

12, and 18 months of storage underwater. 

The solid phase was characterised using the SEM, XRD, and LD-PSD. Samples of the solid 

phase were collected and quenched as described in section 3.2.4. For the XRD analysis, 

oriented aggregates were produced as described in section 3.3.3. For each oriented 

aggregate, 3 different scans were collected. Platelet abundance, crystallite size, 

microstrain, Dhkl (as described in the following paragraphs) were calculated from XRD data 

and are the average of 3 scans (error is calculated by standard deviation). For LD-PSD 

analysis, the dispersions were directly added to the dispersion unit prior to the measurement 

(full operating conditions in section 3.3.4). 

Sampling and conditions analysis (pH and ICP-OES) of the supernatant solutions are 

described in section 3.4.8 and 3.4.6. 

 

Table 5-1. List of prepared lime putties. 

Sample name Composition Description 

C quicklime + water (1:3 w/w) Pure lime putty (control) 

M1A quicklime + 5 % wt sucrose 

aqueous solution (1:3 w/w) 

Lime putty modified by slaking the quicklime in an 

aqueous solution of sucrose 

M1B quicklime + water (1/3 w/w) 

+ sucrose (5% water weight) 

Lime putty modified by adding dry sucrose 10 min 

after slaking 

M2A quicklime + 0.5 % wt pectin 

aqueous solution (1:3 w/w) 

Lime putty modified by slaking the quicklime in an 

aqueous solution of pectin 

M2B quicklime + water (1/3 w/w) 

+ pectin (0.5% water weight) 

Lime putty modified by adding dry pectin 10 min 

after slaking 

M3A quicklime + 1.5 % wt CaLS 

aqueous solution (1:3 w/w) 

Lime putty modified by slaking the quicklime in an 

aqueous solution of CaLS 

M3B quicklime + water (1/3 w/w) 

+ CaLS (1.5% water weight) 

Lime putty modified by adding dry CaLS 10 min 

after slaking 
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5.3 Results 

5.3.1 Slaked Lime Characterisation 

5.3.1.1 SEM Analysis 

Representative SEM images of all putties are in Figure 5-10, and further images are 

reported in Appendix II. 

In the fresh control putty (Figure 5-1, Figure 5-2 and Figure 5-10a), crystals are commonly 

interlocked with four shapes visible: 

i. short rod-like prisms of size of 0.5 ± 0.3 μm along the < 00.1 > direction.  

ii. hexagonal platelets of size 1 ± 0.4 μm along the < 10.0 > direction with 

overdeveloped basal {00.1} faces.  

iii. crystals with bipyramidal morphology and well-developed lateral {10.0} and edge 

{10.1} faces. 

iv. nanogranular crystals. 

 

 

Figure 5-1. Short prism (SP), stacked platelets (PL), and nanogranular (NG) crystal habits 

are highlighted by the yellow arrows. In short prism crystals, the orientation of the c axis is 

indicated with a pink line; in the stacked platelets, the (00.1) faces are highlighted. 
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Figure 5-2. Micromorphology of the fresh control putty. Top left: high magnification, sub-

micrometer platelets as well as nanogranular habit are visible. Top right and bottom left: 

medium magnification. Bottom right: low magnification. 

 

In the aged control putties, such granular nm-sized crystals appear more abundant whereas 

the μm-size crystals are less numerous (Figure 5-3). The latter display a hexagonal platelets 

morphology and have similar size as in the fresh putty, with stepping appearing on the 

overdeveloped {00.1} faces. The {10.0} faces of the prisms show marked cleavage signs 

along the <10.0> direction. The nanogranular habit appears to become increasingly 

abundant at the expense of hexagonal, µm-sized crystals with increasing aging time (Figure 

5-3, Figure 5-10a and Figure II-1, II-2 in Appendix II). 
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Figure 5-3. Control aged 6 months. Up left: High magnification, short prism showing 

corroded edges along the <10.0> direction. Up right: Medium magnification, few µm- and 

sub-µm sized crystals with extensive areas of nanogranular crystals, highlighted by the 

arrows. Bottom left: Medium magnification, area with nanogranular crystals. Bottom right: 

low magnification. 

 

Micromorphology of the putties produced in the presence of organic additives is shown in 

Figure 5-10b – d.  

In sample M1A (putty modified using sucrose solution), crystals display a granular nano-

sized habit (typically 100–200 nm) without a discernible geometry. Crystal facets are not 

visible, neither in the fresh nor in the aged samples (Figure 5-4, Figure 5-10b, II-3 – II-5). 
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Figure 5-4. High magnification SEM micrographs of M1a at various ages. Portlandite 

geometry is not visible. Left: Fresh putty. Right: Aged putty (12 months). 

 

In the freshly-slaked M1B putty (modified using solid sucrose), crystals are facetted and 

display a short rod-like morphology similar to that of the control putty, but with bigger 

average size (1 ± 0.3 μm, Figure 5-5, Figure 5-10c). Upon ageing, the rod-like habit 

becomes less expressed in favour of hexagonal platelet morphologies. Stepping of basal 

{00.1} faces and stacked-layers lamellar structure are visible as well as nanogranular 

crystals (Figure 5-6. Figure 5-10c, and II-6, II-7, II-8). 

 

  

Figure 5-5. Fresh M1B. Short rod-like crystals are highlighted by the arrows. Left: high 

magnification. Right: low magnification. 
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Figure 5-6. SEM micrographs of M1b at various ages. Stepping of basal faces is highlighted 

by red arrows, platelets (PL) by white arrows, and nanogranular (NG) crystal habits by green 

arrows. Left: Aged M1b (6 months). Right: Aged M1B (12 months). 

 

In the fresh M2A sample (pectin solution; Figure 5-10d) and fresh M2B samples (pectin 

solid, Figure 5-10e), the overall morphology is similar to the control putty aged for 6-12 

months: the majority of the crystals display a nanogranular habit (mean size 50–100 nm) 

with few crystals μm-size and hexagonal platelet habit (Figure 5-7). The hexagonal crystals 

have well-developed and dominant basal {00.1} faces and small {10.0} faces (Figure 5-7, 

Figure II-9, II-10, II-11, II-12). No significant differences could be observed in the aged M2A 

and M2B samples (Figure 5-10d,e, and II-13, II-14, II-15, II-16), which kept substantially 

unaltered the features observed in the fresh samples. 

 

stepping 

PL NG 

NG 
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Figure 5-7. Aged M2a (6 months). Platelets (PL) and nanogranular (NG) crystal habits are 

highlighted by white and green arrows, respectively. 

 

In sample M3A (CaLS solution; Figure 5-10f), portlandite crystals exhibit both facetted and 

regular hexagonal plate-like habit, with largely overdeveloped basal {00.1} and small prism 

{10.0} faces. The crystals size distribution ranges between 0.1 and 1 μm. Smaller crystals 

also exhibit a facetted regular platelet-like shape and very few nanogranular crystals are 

visible. Lateral {10.0} faces do not show (or show only minimal) cleavage signs, and some 

overdeveloped {00.1} faces show a nanogranular surface structure (Figure 5-8, Figure II-

17). With ageing, the features of the M3A putty do not seem to substantially change (Figure 

5-10f and II-18, II-19, II-20).  

NG 

PL 
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Figure 5-8. SEM micrographs of fresh M3a showing portlandite crystas with large platelet 

habit (PL) shown by white arrows, smaller crystals with platelet habit (yellow arrows). Large 

platelets sometimes show a nanogranular texture on their basal faces (as shown by pink 

arrows).  

 

The fresh M3B (CaLS solid) putty shows a microstructure similar to that of the aged control 

putty, with hexagonal platelets of size between 0.5 and 1 μm and abundant nanogranular 

crystals (Figure 5-9, Figure 5-10g and II-21). With ageing, the nanogranular crystals 

become more abundant (Figure 5-9, Figure II-22, II-23, II-24). 

  

Figure 5-9. SEM micrographs of M3B. The platelet and nanogranular crystal habits are 

highlighted by white and green arrows, respectively. Left: Fresh putty. Right: Aged putty 

(12 months). 

PL 

PL 
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Figure 5-10. Selection of SEM micrographs of portlandite crystals of control sample and of 

the modified putties. Scale bars are 1 µm. 
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5.3.1.2 XRD Analysis 

Table 5-2 shows the results of quantitative phase analysis for all samples (the relative 

diffractograms are reported in Appendix B). Results show that portlandite is the main phase 

identified in all samples, with Bragg peak positions of all samples matching well those of a 

portlandite reference pattern (COD Card No. 7020138). Traces (< 5%) of calcite and 

monohydrocalcite are detected in fresh M1A, M2A and M3B putties. Formation of these 

carbonates is likely due to the presence of small amounts of CO2 dissolved in the water 

contained in the lime putty and to the contact with air during preparation. Traces of 

monohydrocalcite, a hydrous, unstable polymorph of calcium carbonate, might have formed 

along with stable calcite due to the fast water evaporation occurred in the vacuum oven 

during sample preparation. It cannot be excluded that the presence of additives may have 

played a role in promoting the carbonation reaction since in the control samples no traces 

of carbonates were found.  

 

Table 5-2. Rietveld QPA from XRD data. 

Sample Age (months) Portlandite (%) Calcite (%) Monohydrocalcite (%) 

C 0 100.0 - - 

6 100.0 - - 

12 100.0 - - 

18 100.0 - - 

M1A 0 95.2 4.8 - 

6 100.0 - - 

12 100.0 - - 

18 100.0 - - 

M1B 0 100.0 - - 

6 100.0 - - 

12 100.0 - - 

18 100.0 - - 

M2A 0 96.4 2.5 1.1 

6 100.0 - - 

12 100.0 - - 

18 100.0 - - 

M2B 0 100.0 - - 
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6 100.0 - - 

12 95.00 4.00 1.00 

18 100.0 - - 

M3A 0 100.0 - - 

6 100.0 - - 

12 100.0 - - 

18 100.0 - - 

M3B 0 97.6 0.3 2.1 

6 100.0 - - 

12 100.0 - - 

18 100.0 - - 

 

The platelets abundance A00.1 and mean Halder-Wagner crystallite size of the control and 

modified putties at 0, 6, 12, and 18 months are shown in Figure 5-11. The control shows no 

substantial changes between 0 and 18 months with a peak at 6 months. The modified 

putties seemed to show an increase in platelets abundance overtime up to 12 months. 

However, at 18 months, the values are similar to the ones measured at the time of slaking, 

suggesting that either, there has been a change in aspect ratio after 12 months, or that 

overall, the platelet abundance did not vary significantly overtime and that the variations 

observed are linked with the variability of the lime samples. These results alone suggest 

that additive-modified lime putties show optimal characteristics at 12 months, followed by a 

change at 18 months which makes the system more similar to the fresh one, therefore 

implying that organic-modified lime putty aged for 12 months is of optimal quality. However, 

before drawing such conclusion, more data should be further gathered to confirm the fact 

that at 12 months the platelets abundance is highest and is followed by a drop at 18 months, 

and that such trend, if existing, can be correlated with superior working properties of the 

lime putty. 
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Figure 5-11. Platelets abundance calculated from XRD data of control and modified 
putties at various ages. 

 

Figure 5-12 shows the mean crystallite size for all samples, both fresh and aged at various 

times. The results show that the crystallite size is smaller in the sucrose-solution (M1A) and 

lignosulfonate (M3A and M3B) modified putties than in the control. The pectin (M2A and 

M2B) and the dry-sucrose (M1B) modified putties show a similar crystallize size to the 

control which ranges between 30 and 40 nm. A remarkably low mean crystallite size is 

measured in M1A (sucrose solution) samples, with values within 10-20 nm.  

In the control, the mean crystallite size remains constant with ageing, whereas in the 

modified putties it slightly increases. The microstrain ε, calculated using the Halder-Wagner 

method is negligible with values range 0.00–0.13% regardless of the presence of the 

additives and ageing time. 
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Figure 5-12. Mean crystallite size determined by XRD data with the Halder-Wagner 
method. 

 

 

Figure 5-13 shows D00.1, D10.1 and D10.0 for each putty at various ages. Results show that in 

the control lime putty, the crystallite size undergoes a slight increase both along and 

perpendicular to the c axis. In sample M1A (sucrose solution), the results show that the 

crystallite dimension in the directions parallel and perpendicular to the c axis increase 

overtime with a slight overdevelopment of the (001) faces with respect to the (100). Notably, 

the crystallite size in all directions is included in the range 100–400 Å, which is remarkably 

smaller than the control (400–700 Å). Sample M1B (sucrose solid) also shows a slight 

increase in the size along and normal to the c axis with ageing. Data showing that D00.1 is 

similar to D10.0 suggests an equiaxed crystallite morphology. Samples M2 (pectin) show 

similar crystallite size to the control, and no significant variation is observed with ageing. In 

sample M3A (CaLS solution), a slight increase in the directions parallel and perpendicular 

to the c axis is shown with ageing. The crystallite morphology seems plate-like with slightly 

overdeveloped basal faces as D00.1 < D10.0. Crystallite size is smaller than the control in all 

directions (in the range 200–400 Å). Sample M3B (CaLS solid) shows a slight decrease in 
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all directions with ageing. The crystallite size is slightly lower than the control (in the range 

350-500 Å). 
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Figure 5-13. Crystallite size along the <00.1>, <10.1>, and <10.0> directions estimated by 

Scherrer equation from XRD data for all samples tested. 

 

5.3.1.3 LD-PSD Analysis 

The results of LD-PSD analysis of the modified putties in comparison to the control 
sample are shown in  

 

Figure 5-14. In this graph, the control sample shows a trimodal particle size distribution at 

all ages. The sample is characterised by: (i) small particles with size between 0.3 and 1.0 

μm and a maximum at 0.5 μm; (ii) particles 1.0–15 μm size with a maximum at ~4 μm (this 

is the predominant group at all ages, encompassing ~46 vol%); (iii) larger particles with size 

between 15 and 80 μm and a maximum at ~30 μm.  

With ageing, the PSD is slightly shifted towards higher values, and the group of large 

particles is spread over a wider range reaching a size of up to 300 μm. The PSD of fresh 

M1A (sucrose solution) is similar to the control, although the maximum of the mid-sized 

group of particles is higher (~5 μm) and the distribution is slightly narrower. At 6 and 12 

months the PSD is narrower than the fresh sample, quasi-bimodal and shifted towards 

smaller values (0.3–5 μm), with the highest maximum at ~1.4 and 0.5 μm, respectively. At 

18 months, the PSD returns to be trimodal and with values slightly shifted towards smaller 

values in comparison to the fresh sample. The PSD of fresh M1B (sucrose solid) is 

polydisperse and has a long tail of large particles (max. size 100 μm). While the PSD at 6 

months is similar to the fresh one, at 12 months a strong shift towards higher value is 

measures, which is kept up to 18 months of ageing. The PSD of M2A (pectin solution) shows 

again a trimodal distribution at all ages. The maximum of the large particles group (at ~100 

μm at 0 and 6 months) is shifted towards smaller values (~70 μm) at 12 and 18 months, 

and the volume of these group is also reduced with ageing in favour of the mid-sized group. 

The PSD of the M2B (pectin solid) shows a sample with more polydisperse and wider 

particle size than the control sample at all ages. Similar to M2A, the large particles group's 

volume and the max size are significantly higher than the control. No significant variation 
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can be observed related to ageing. The (trimodal) PSD of M3A (CaLS solution, Fig. 6j, k) is 

comparable to that of the control, but the vol% of particles > 10 μm is significantly higher. 

With ageing, the PSD shows a slight increase of the mid-sized particle population at the 

expense of the big-sized one. The PSD of M3B (CaLS solid) is also trimodal and shows, as 

opposed to M3A, a gradual decrease of the small- and mid-sized particle population in 

favour of the big-sized, resulting in a widening of the distribution. 
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Figure 5-14. LD-PSD of control and modified lime putties at various ages. 

 

5.3.2 Supernatants Characterisation 

5.3.2.1 pH Analysis 

The pH of the supernatant solutions on the control and modified putties for fresh and 6 to 

18-month-old samples are reported in Table 5-3. These values are above the theoretical 

pH of 12.5 of a saturated aqueous solution of Ca(OH)2 at 20 °C [56]. Even accounting for 

the lower temperature at which the pH measurements were taken, according to PHREEQC 

simulations [298], the pH of a saturated aqueous solution of calcium hydroxide at as low as 

15 °C is of about 12.7 – 12.8, still much lower than any pH measured on the lime putties. It 

is likely that the pH meter is affected by the ‘alkaline error’ at very high pH ( >12) that can 

result in higher readings [283]. The measured pH values are in the range 13.2–14.00 

regardless of the presence or absence of the organic additive or of the ageing time. 
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Table 5-3. pH measurements of the supernatants. 

Sample Fresh 6 months 12 months 18 months 

 pH T (°C) pH T (°C) pH T (°C) pH T (°C) 

C 13.27 15.9 13.14 16.9 13.82 17.0 14.00 15.4 

M1A 13.30 15.8 13.43 17.2 13.94 17.0 14.00 15.8 

M1B 13.34 15.8 13.68 17.2 13.88 17.1 14.00 16.2 

M2A 13.35 15.9 13.68 17.0 14.00 17.1 14.00 15.9 

M2B 13.30 15.9 13.80 17.1 14.00 17.3 13.92 15.8 

M3A 13.20 16.2 13.50 17.2 14.00 17.3 14.00 15.5 

M3B 13.16 16.1 13.59 17.2 14.00 17.2 14.00 15.1 

 

5.3.2.2 ICP-OES Analysis 

The total Ca concentration in the supernatant solutions measured using ICP-OES are 

reported in Figure 5-15. Results show that the Ca concentrations is in the range 100–2000 

mg/L regardless of the presence or absence of additive and ageing time, with the exception 

of the supernatant in samples M1 (sucrose) both, A and B, with values ranging from 3000 

to 8000 mg/L, i.e., ~2–8 times higher than the other samples. 
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Figure 5-15. Calcium concentration measured by ICP-OES in the supernatants in all 

samples tested at 0-18 months curing time. 

 

5.4 Discussion 

5.4.1 Control Lime Putty 

Microstructure of the fresh control putty (Figure 5-10a) showed textural features that are 

typical of portlandite crystals obtained through lime slaking with excess of water [76], 

characterised by crystals of irregular shape and wide size distribution with a rod-like habit 

(Figure 5-10a). With ageing, the size of the basal {00.1} faces seems to increase at the 

expense of lateral {10.1} faces overtime, acquiring a plate-like habit. With regard to the 

crystal shape, direct correlations between platelet abundance A00.1 and age of the putty 

cannot be established (because of the intrinsic variability across various types of lime), and 

the results (Figure 5-11) show no significant increase in platelets abundance with ageing, 

as opposed to previous observations [2,13]. The signs of cleavage normal to the <00.1> 

direction observed at the SEM (Figure 5-10) have been reported by various other authors 

[2,80,85] and are likely due to the transformation of the non-equilibrium prismatic habit to 

the equilibrium platelet habit, which entails the preferential dissolution of prism {10.0} and 
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edge {10.1} faces compared to the basal {00.1} face with, eventually, separation in the 

direction perpendicular to the c axis. Such preferential dissolution is due to the different 

coordination number of the Ca on the surface of these faces [66]. In fact, Ca ions on the 

{10.1} and {10.0} faces are 4-fold and 5-fold coordinated whereas they are 6-fold 

coordinated on the {00.1} face, like in the bulk. Water molecules and hydroxyl groups have 

a strong affinity for the under-coordinated sites and most likely scavenge them [8]. 

As regards the reduction in crystallite size upon ageing reported by other authors 

[2,12,13,80,82], the XRD data in this research do not show a similar effect and, on the 

contrary, show a rather stable value throughout the investigated period up to 18 months 

(Figure 5-12 and  

Figure 5-13). Several parallel mechanisms may have played a role in producing such a 

result. On one hand, the aging of portlandite crystals has been often reported as an overall 

reduction and formation of small crystals at the expense of the bigger ones [2,12,13,80,82]. 

On the other hand, an increase in crystal size follows the well-known Ostwald’s ripening 

mechanism [299], and is in agreement with the secondary precipitation of portlandite 

occurring during ageing, as previously observed by Rodriguez-Navarro et al. [2]. Secondary 

crystals are likely to have higher crystallinity than primary crystals as the nonclassical 

Ca(OH)2 crystallisation takes place through a cascade of dissolution/reprecipitation steps 

with formation of phases (prenucleation clusters – dense liquid precursor – amorphous 

Ca(OH)2 – Ca(OH)2 mesocrystals – Ca(OH)2 crystals) of increasing structural order [162]. 

Hence, secondary precipitation of Ca(OH)2 is likely to bring about higher crystallinity, 

resulting in an increase in crystallite size. 

In the putties with addition of organic molecules, various effects on the crystal morphology 

can be observed. The effect of each additive is discussed in detail in the following sections, 

considering, first, the results of sample “A” (putty modified with additive in solution), followed 

by the results of sample “B” (putty modified with solid additive). 

Further considerations emerging by the comparison of the two batches (i.e., ‘A’ and ‘B’) are 

reported at the end of each section. 



133 
 

5.4.2 Sucrose-Lime Putty 

Results of the SEM analysis show that portlandite crystals formed by slaking the CaO in 

sucrose solution (Figure 5-10) are characterised by irregular shapes with jagged edges and 

no facets developed. This suggests that the sucrose inhibits the growth of all faces. Similar 

irregularities were reported also by Martinez-Ramirez et al. [148] in portlandite precipitated 

in sucrose solution. Inhibition of the crystal growth is also supported by the XRD data (Figure 

5-12 and 

Figure 5-13), suggesting that the crystallites in lime slaked with sucrose solution are more 

than 2 times smaller than the control putty, and from 0.3 to 2.3 times smaller than all other 

modified putties. The Ca concentration in the supernatant solution is about 0.5 – 2.5 times 

higher than the control and the theoretical Ca concentration that is 1.2 g/L, given the 

solubility of Ca(OH)2 at ambient T of 1.7 g/L [300]). This suggests that some of the Ca atoms 

present in the supernatant must not be in its free Ca2+ form (otherwise the solution would 

be highly supersaturated with respect to portlandite and the latter would eventually 

precipitate), but it is complexed to sucrose or its degradation by-products [148,149]. 

Conductivity measurements of the supernatant solutions could have supported this 

argument, but due to the unavailability of the instrumentation and time limitations these 

measurements could not be performed. A high Ca concentration is found at all ages, 

suggesting that such Ca-sucrose complexes are stable up to 18 months. LD-PSD of the 

fresh sample is significantly narrower than the control and becomes quasi-monodispersed 

at 6 and 12 months of ageing ( 

 

Figure 5-14). The smaller particle size in the fresh putty is likely the result of the nucleation 

inhibition effect of sucrose also observed in other studies during cement hydration [134–

136,139,142]. In the presence of sucrose, Ca(OH)2 nucleates at high supersaturation, 

leading to a high nucleation density and to the formation of smaller, more numerous 

Ca(OH)2 crystals. With ageing, larger particles are fewer, suggesting that sucrose effectively 
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prevents the formation of agglomerates acting as a dispersant, by either surface adsorption, 

growth poisoning or through calcium chelation [301].  

Substantial differences are observed between the putty slaked in sucrose solution and the 
putty slaked in pure water with the subsequent addition of solid sucrose. In the latter case, 

portlandite crystals display a prismatic habit with well-developed {100} and {101} faces 
and their overall microstructure observed by SEM is comparable to the control putty 

(Figure 5-10). The average crystallite size is only slightly lower than that of the control, as 
opposed to the marked reduction measured in the putty slaked in sucrose solution (Figure 

5-12). The LD-PSD ( 

 

Figure 5-14) is comparable to the control up to 6 months, while the PSD of the putty slaked 

in sucrose solution is remarkably narrower. Starting at 12 months, significant particle 

agglomeration takes place, possibly promoted by the presence of sucrose through an 

adsorption mechanism [141]. 

Despite these differences, the Ca concentration in the supernatant solution of the putty 

modified with dry sucrose is similar to that of the putty slaked in sucrose solution. This 

suggests that the complexing activity of sucrose towards Ca atoms (responsible for the high 

Ca concentration measured in solution) is not the only factor that accounts for the distinct 

characteristics observed between portlandite crystals in the putty slaked in sucrose solution 

and in the putty with addition of solid sucrose. To explain these differences, it is important 

to consider the possible effects of alkaline and thermal degradation of sucrose molecule. 

Since both sucrose-modified putties have pH >12 (Table 5-3), alkaline degradation 

processes, which are only related to the pH, have likely occurred in both batches. They can 

lead to formation of reducing sugars and other organic acids [137,144,154], which contain 

the HO-CC=O group (similar to carboxyl but with hydroxyl and carbonyl linked to two 

distinct, adjacent carbon atoms), responsible for the adsorption of sugars on the surface of 

Ca(OH)2 particles according to Bruere [137]. 

Therefore, the experimental results in this research suggest that the temperature plays a 

critical role on the effect that sucrose can have on the growth of portlandite crystals. This, 

in turn, suggests that in the solution surrounding the putty slaked with solid sucrose, the 

main species are sucrose and the products of its alkaline degradation. These compounds 
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have only a minor effect on the growth of portlandite crystals as microstructure (Figure 5-10) 

and crystallite size (Figure 5-12) since in the sample analysed are rather similar to that the 

control putty. Differently, it is likely that in the putty slaked with the sucrose solution, the 

heat generated by the slaking process resulted in the formation of compounds such as 

glucose, fructose and other reducing sugars derivatives [155–158], which contributed to the 

significant reduction in crystallite size (Figure 5-12) and to the distinct microstructure made 

of small, jagged-edged crystals (Figure 5-10). The mechanisms by which these compounds 

interact with Ca(OH)2, other than complexation, is not yet clear and should be further 

investigated. It is possible, however, that these new molecules affect the stability of 

prenucleation cluster by delaying the nucleation of Ca(OH)2  [147,162,253]. The possible 

formation of sugar derivatives upon thermal treatment and their effect on lime microstructure 

is one of the key aspects investigated in the following chapter 6. 

5.4.3 Pectin-Lime Putty 

In the putties modified with pectin, the effects of the additive on the crystallisation of 

portlandite are not as obvious as for the sucrose, as both crystallite size and microstructure 

(Figure 5-10d, e) are broadly comparable to that of the control putty. A higher amount of 

granular nm-sized is observed in the putty slaked with an aqueous solution of pectin (Figure 

5-10d). This enhanced formation of small-size Ca(OH)2 crystals induced by the addition of 

pectin is likely to be due to growth poisoning, as a result of the chemisorption of pectin 

mainly on the basal {001} faces [135,162,253]. In fact, the layered structure of portlandite 

crystals is characterised by sheets of Ca atoms coordinated with 6 OH groups, with the 

layers stacked along the <001> axis and held together by H bonds [65]. According to 

computer simulations [253], the {001} surface is positively charged with CaOH2
+ species, 

similarly to the MgOH2
+ species found on the {001} face of the isostructural brucite [302]. 

The interaction between the deprotonated carboxyl groups of pectin and the positively 

charged {001} portlandite surfaces could occur via chemisorption through the following 

reaction [253]: 
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CaOH2
+ + R − COO− → CaOOC − R + H2O Equation 5-1 

In highly alkaline environment (pH >12), pectin tends to depolymerise into a variety of 

reducing sugar end units including xylose and galactose [163–165,253] which can adsorb 

onto the Ca(OH)2 particles. Their presence in solution could account for the granular crystal 

formation observed in the pectin-modified putties. 

Pectin thermal degradation occurs in the range of 180–270 °C [166–168] which is only 

partially within the temperature of the lime putty during slaking. Hence, the heat produced 

during the slaking could only partially degrade the pectin, and this observation seems to be 

in good agreement with the experimental results which show a less marked effect on 

portlandite morphology compared to sucrose.  

Nonetheless, the thermal treatment during the slaking may have promoted the formation of 

some reducing sugars [169,170]. If this is the case, the ionised hydroxyl and carboxyl 

groups of these species are able to adsorb onto Ca(OH)2 nuclei, hindering their growth. 

This hypothesis is supported by the XRD data, which show that the crystallite size of 

Ca(OH)2 slaked in pectin solution is smaller than that of the control, and by SEM data, which 

show that the putty slaked in pectin solution is rich in nm-sized and μm-sized crystals with 

a tabular shape. However, because the depolymerisation mechanism of β-elimination is 

favoured in pectins with high degree of methylation, the de-esterification caused by alkaline 

conditions should reduce heat-induced depolymerisation [170]. Thus, the formation of 

reducing sugars (consequence of the depolymerisation) is limited by the alkaline-induced 

de-esterification and their quantity should not be as high as in the putty slaked in sucrose 

solution, where the effect of crystallite size reduction is much clearer. 

5.4.4 Lignosulfonate-Lime Putty 

XRD results showed a crystal size reduction in the CaLS-modified putties compared to the 

control sample, which is in agreement with results of other researchers [178,179]. The 

microstructure of CaLS-modified putties displays a variety of crystal shapes and sizes. 

However, various μm-sized crystals with a clear tabular shape and with significantly 

overdeveloped {001} basal faces are observed (Figure 5-10), which is in agreement with 
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previous studies [179,180] indicating that CaLS molecules can adsorb onto Ca(OH)2 

surfaces. Although some papers suggest a complexing ability of CaLS towards Ca ions in 

Portland cement mixtures [173,175,303,304], the stability of CaLS complexes is much lower 

than Ca-sucrose complexes [305], as also clearly shown by the results of the supernatant 

solutions which show that the Ca concentration in the CaLS-modified samples is 

comparable to the control and pectin-modified samples (the pectin has also a reduced 

tendency to bind Ca [163,253]). Thus, these results suggest that the microstructural effects 

observed in the SEM images (i.e. the tabular habit of Ca(OH)2 crystals) is the result of the 

preferential absorption of CaLS onto {001} basal faces through a reaction analogous to 

Equation 5-1, in this case between the sulfonate moieties of CaLS (see structure in Fig. 1) 

and the CaOH2
+ species forming the basal Ca(OH)2 faces [36]: 

CaOH2
+ + R − SO3

− →  Ca − SO3 − R + H2O Equation 5-2 

According to the literature [181–183], it is possible to infer that the heat developed during 

the slaking process could have partially contributed to a structural modification of the CaLS. 

In this case, it should be noted that vanillin, the compound mainly formed upon thermal 

treatment, has a pKa of 7.4 at 25 °C [184] and therefore, at the high pH of the solution (pH 

>12, Table 5-3), this compound exists in the negatively-charged deprotonated form, which 

can potentially absorb on the positively-charged {001} basal Ca(OH)2 faces (following 

Equation 5-2) and interact with Ca2+ ions (complex formation). The occurring of these 

reactions and their extent should be further investigated. 

The microstructural and mineralogical evidence on CaLS-modified putties (Figure 5-10, 

Figure 5-11, Figure 5-12, and  

Figure 5-13) showed that the observed overall results (formation of platelet-like crystals and 

crystallite size reduction) were more marked in the putty slaked in CaLS solution than in the 

putty produced with addition of solid CaLS. This suggests that the structural modifications 

produced in the CaLS by the thermal treatment during the slaking, affected the Ca(OH)2 

crystallisation process by contributing to the growth of the {001} face in some Ca(OH)2 

crystals, and by reducing the mean crystallite size, through mechanisms that are also likely 
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to be ascribable to the destabilisation of Ca(OH)2 PNCs [162]. The large Ca(OH)2 crystals 

systematically observed in the CaLS-modified putties were also observed by Rodriguez-

Navarro et al. [162]. 

5.4.5 Ageing Effect in Modified Putties 

The changes induced by ageing in the modified putties are somewhat different from those 

induced in the control putty, in terms of crystal shape and size, and system chemistry 

evolution. Remarkably, the effects induced by the additives in the fresh putties (e.g., 

modifications in crystal habit, calcium concentration in solution, etc.) are maintained during 

ageing. 

In the CaLS modified putties, the hexagonal-platelet shape observed in the fresh samples 

has been observed also after ageing, suggesting that the series of 

dissolution/reprecipitation steps occurring during the maturation process are not able to 

alter the crystal habit imprinted by the organic molecule. Such a preservation of the 

portlandite crystal habit over time can be related to the nonclassical crystallisation of 

Ca(OH)2, which entails the aggregation of meso- or nanocrystals. This crystallisation 

pathway can allow the preservation of crystals' morphological features with respect to the 

classical route. As recently shown by Rodriguez-Navarro et al. [162], such a preservation 

of morphological features is enhanced in presence of organic additives. 

As regards the effects of ageing to the overall crystal morphology, the abundance of 

nanogranular crystals seem to increase with ageing in all modified putties. As mentioned in 

section 5.4.1, the nanogranular habit is assumed by secondary crystals, which are known 

to form upon ageing of pure lime putty [2]. A similar trend was in fact observed in the control 

sample in this study. Secondary precipitation is not hindered in additive-inclusive samples 

and, on the contrary, it seems to be promoted as extensive areas of the samples display 

nanogranular crystals that could be consistently observed at the SEM. Arguably, the 

presence of the additives contributes to an increase in nucleation density linked with the 

stabilisation of Ca(OH)2 PNCs, brought about by various types of organic molecules 

including lignosulfonates and carbohydrates [162]. 



139 
 

The crystallite dimensions are overall stable or show a slight increase with ageing, 

according to the crystallite size calculated in the directions normal to the (001), (100) and 

(101) planes. Differences across the used additives (mainly regarding the crystallite size of 

all directions rather than the crystallite shape determined with the Scherrer method) were 

detected while the putties were freshly slaked and maintained throughout the ageing period.  

A general trend of increase in crystallite size could be noted in the modified putties over the 

ageing period. As mentioned in section 5.4.1, this can be related to the secondary 

precipitation taking place during ageing and is likely enhanced by the presence of the 

organic additives. 

Overall, these results show that the tested additives lead to an general crystallite size 

reduction of Ca(OH)2 in the additives-modified putties with respect to plain Ca(OH)2. The 

reduced crystallite size has been related to lower mechanical strength of portlandite crystals 

and to a higher proneness to failure [90] as well as to a higher reactivity towards CO2 

resulting in faster carbonation [253]. The crystallite size reduction might be the result of 

several mechanisms. It can be argued that the intercalation of the additive between Ca(OH)2 

particles is the underlying mechanism. However, this process would result in high 

microstrain which can be detected by XRD [177,253]. The results presented in this chapter 

show no or very low microstrain in all samples, suggesting that the additives were not 

embedded into the portlandite lattice, in agreement with previous studies [137,253]. Organic 

molecules and agglomerates may act as nucleation centres for portlandite, a process that 

is well-known in biochemistry (e.g. in crystallisation of biogenetic CaCO3 [306]). 

5.5 Summary 

This chapter elucidated the effect of three organic additives commonly used in lime and 

cement mixtures on the mineralogical, crystallographic and morphological characteristics of 

portlandite crystals.  

In this chapter the following research question has been addressed: 
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1. How do sucrose, pectin, and lignosulfonate affect the characteristics of portlandite 

crystals? 

Results indicate that: 

• Lime slaking in sucrose solution produces changes in the morphology of 

Ca(OH)2 crystals, which display a peculiar irregular shape and a significantly 

smaller crystallite size than those usually found in pure Ca(OH)2. This effect was 

not as marked in the putty slaked in pure water with later addition of solid 

sucrose. It is speculated that this difference is consequence of the thermal 

treatment that sucrose undergoes during the slaking, which leads to a series of 

degradation processes that foster the formation of species, such as reducing 

sugars and lactic acid, that adsorb onto Ca(OH)2 particles and affect their 

growth. The Ca concentration in the supernatant solution indicates that sucrose 

has high affinity for Ca ions and forms stable complexes over the time since Ca 

concentration remains similar at time 0 and after 18 months of ageing.  

• The effect of pectin on Ca(OH)2 morphology is not very marked, both in terms of 

crystal shape and crystallite size, which are similar to crystals in a pure Ca(OH)2 

system. The high molecular weight of this compound makes pectin more 

resistant than sucrose to thermal degradation, which accounts for the little effect 

observed on the crystal morphology. 

• The addition of CaLS to the lime pastes produced remarkable changes in the 

morphology of portlandite crystals, which systematically displayed a regular 

plate-like shape with some crystals of size (up to few μm) bigger than those seen 

in crystals of pure lime putty (up to 1 μm). This morphological change is related 

to a preferential adsorption of CaLS on the basal faces of portlandite. 
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Chapter 6 

 
 

6. Effects of Functional Groups and Molecular 

Weight of Organic Additives on Portlandite 

Crystallisation 

 

This chapter presents the results of the experimental work on the effects of various 

organic compounds on the characteristics of lime. The compounds tested include 

those used in the previous chapter – sucrose, pectin, and lignosulfonate (whose 

tests have been repeated in this part to include a full characterisation at the time of 

slaking with all the techniques used in this chapter) – plus further carbohydrates 

and sulfonate compounds, that allow investigating how the chemical characteristics 

and the molecular weight of additives influence the crystallisation of portlandite. 

 

6.1 Introduction 

In the previous chapter, it was found that the morphology and mineralogical characteristics 

of Ca(OH)2 crystals are modified by the presence of three additives, namely sucrose, pectin, 

and calcium lignosulfonate (CaLS), with crystal shape and size significantly different from 

those observed in a control lime paste. Among these, the additive that induced the most 

relevant modifications was found to be the sucrose, followed by CaLS and pectin. Moreover, 

it was observed that the effects of the additives are enhanced when the additives are 

dissolved in water and participate to the slaking process, with respect to adding them to the 

already-slaked lime. It was speculated that the enhanced effects of the first method are 

likely due to the slightly different interaction mechanisms between portlandite and organic 
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species formed upon thermal degradation of the additives induced by the highly exothermic 

reaction between the lime and water. 

In this chapter, the effects of a wider array of organic additives on the characteristics of 

portlandite crystals were investigated, with a special focus on the relationship between such 

effects and the structural and chemical characteristics of the added organic molecules. The 

selection of organic additives used in this research is based on the presence of specific 

functional groups and the molecular weight as this study aims at finding a relationship 

between structural and chemical properties of organic molecules and their effects on 

portlandite crystallisation. The results contribute not only to understand the mechanisms by 

which traditional organic additives used in the past centuries in lime-based mortars work, 

but also to select adequate additives for novel formulations, which can be of interest to the 

modern construction industry as well as for the conservation of the built heritage. Thus, the 

additives examined in this study are divided into three types of compounds (Figure 6-1):  

i. polyalcohols containing hydroxyl groups (-OH).  

ii. compounds with a carboxylix acid group (-COOH) in addition to the -OH group.  

iii. compounds with a sulfonate group (-SO3H) in addition to the -OH group. 

The polyalcohols studied herein includes six molecules: the monosaccharides glucose (Glu) 

and fructose (Fru), the derived oligosaccharide sucrose (Suc), and the relative 

polysaccharides, starch (Sta), amylopectin (Amy, the branched fraction of starch), both 

based on glucose repeating units, and inulin (Inu), based on fructose units. The compounds 

containing -COOH and -OH groups include the monosaccharide galacturonic acid (Gal) and 

the derived polysaccharide pectin (Pec). The compounds containing the -SO3H and -OH 

groups include the polymer Ca lignosulfonate, a molecule of complex structure, and the 

identified repeating unit, that is the 3,4-dimethoxybenzenesulfonic acid (DMBS), a cathecol-

like structure with a sulfonate group in the meta/para position. 
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Figure 6-1. Matrix representing the tested additives. From left to right the increase in 

molecular weight of the molecules tested is highlighted. From top to bottom the different 

families of additives are represented. 

 

6.2 Experimental 

In this part, a total of twenty putties, each one modified with a specific molecule, plus one 

reference putty were prepared. For each additive two application methods were used, 

before and after the slaking of lime, as already done in the previous chapter. The ‘reference’ 

putty was produced with the same oxide as the other twenty. Concentrations of sucrose, 

pectin and lignosulfonate were selected as explained in the previous chapter. For the 

expanded range of additives tested in this study, the same concentration for the whole 

monomer-dimer-polymer group was selected. It is worth noting that this study is limited to 

one additive concentration, and for each group of additives a different concentration was 

selected. For this reason, the final concentration of active functional groups in the lime putty 

is different across the putties not only due to the characteristics of the molecule itself, but 

mainly to the additive concentration used (Figure 6-2). The concentration of functional 

groups is calculated for each additive using the number of functional groups present in the 
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compound molecule, the molecular weight of the compound, and the concentration used to 

produce the lime putty (full calculations shown in Appendix III, Table III-1). However, for 

polymeric additives the reported concentration of functional groups is an estimate based on 

the weight average molecular weight declared by the producer, which is expressed as a 

range rather than an individual value due to the polydisperse nature of these high-molecular 

weight compounds. Therefore, since it is not possible to accurately determine an additive 

concentration that allows to obtain lime putties with the same functional groups 

concentration, it was decided to use the same additive concentration within families. 

Table 6-1 reports the full list of putties prepared in this study with the respective sample 

name, preparation method, additive used and its concentration. The molecular weights of 

the tested additives are shown in Figure 6-3.  

The lime putties were characterised using a variety of techniques. The solid phase has been 

analysed with the following techniques: 

- micromorphology and crystal habit were investigated using a scanning electron 

microscope (SEM). 

- the mineralogical characterisation was obtained by using X-ray diffraction (XRD) 

analysis. The aim was to obtain information about the portlandite crystal facets 

development and crystallite size. To gain information about the facets’ development 

of portlandite crystals the method developed by Rodriguez-Navarro et al. [35] to 

estimate the platelets abundance in a slaked lime sample was replicated in this 

study.  

- specific surface area measurements were obtained using the N2 adsorption 

technique 

- particle size distribution was obtained using the technique of laser diffraction (LD-

PSD). 

Chemical analysis of the supernatant solutions at equilibrium was carried out using the 

following techniques:  



145 
 

- inductively coupled plasma - optical emission spectrometry (ICP-OES) was used to 

measure the calcium concentration. 

- liquid chromatography - mass spectrometry (LC-MS) was used to detect and 

quantify the dissolved organic species. 

 

Table 6-1. List of tested lime putties sorted by addition method, with the related sample 

name, additive used and related concentration. 

Preparation method Additive Additive concentration (g/L) 
Sample 
Name 

Additive dissolved in 
slaking water (“A” mode) 

Glucose 

50 

Glu-A 
Fructose Fru-A 
Sucrose Suc-A 
Starch Sta-A 
Amylopectin Amy-A 
Inulin Inu-A 

Galacturonic acid 
5 

Gal-A 
Pectin Pec-A 

DMBS acid 
15 

DMBS-A 
Ca lignosulfonate LS-A 

Additive introduced as a 
dry powder to the slaked 
lime putty (“B” mode) 

Glucose 

50 g/L 

Glu-B 
Fructose Fru-B 
Sucrose Suc-B 
Starch Sta-B 
Amylopectin Amy-B 
Inulin Inu-B 

Galacturonic acid 
5 g/L 

Gal-B 
Pectin Pec-B 

DMBS acid 
15 g/L 

DMBS-B 
Ca lignosulfonate LS-B 

Control - - C 

 

 

 

Figure 6-2. Concentration of functional groups expressed in moles per 100 g of slaking 

solution. 
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Figure 6-3. Molecular weight of the tested additives. 

 

6.3 Results 

6.3.1 SEM Analysis 

The microstructure of Glu-A, Fru-A, Suc-A, and Inu-A putties (Figure 6-4b,d,f,h) is 

characterised by portlandite crystals showing non-geometrical crystal facets, which are 

instead recognisable by their hexagonal shape in the control putty (Figure 6-4a). In the Glu-

A and Fru-A samples the crystals agglomerates appear coarser than those observed in 

Suc-A and Inu-A, which display a finer texture. The Glu-B, Fru-B, and Suc-B samples 

(Figure 6-4c,e,g) show a micromorphology overall similar to the control, with abundant well-

developed hexagonal crystals. In starch- and amylopectin-modified samples well-

developed hexagonal portlandite crystals can also be observed (Figure 6-4i-l), along with 

extensive agglomeration and slightly more abundant presence of nanogranular crystals.  

The microstructure of galacturonic acid- and pectin-modified putties shows an increase in 

plate-like/granular nano-sized crystals (Figure 6-4m-p) with respect to the control. 

No significant change in microstructure could be observed in the DMBS-modified putties 

(Figure 6-4q, r) with respect to the control. Conversely, the LS-modified putties clearly 
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showed a crystal habit modification from the control, with abundant portlandite crystals over 

2 µm in size with highly overdeveloped basal faces (Figure 6-4s,t). 

 

 

Figure 6-4. SEM micrographs showing the microstructure of the control and organic-

modified lime putties. The scale bar (1 µm) is the same for all micrographs. 

 

6.3.2 Platelets Abundance 

The results of the platelets abundance in the various putties as estimated by XRD are 

shown in Figure 6-5a. Most modified putties show a higher platelets abundance than the 

control, with the exception of LS-A and Fru-B samples, which show a value lower than that 
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of the control. The samples with the highest platelets abundance are the polyalcohols-

modified. The putties produced with the method B seem to show an overall higher platelets 

abundance compared to putties produced with the method A. Correlations between 

platelets abundance and molecular weight of the related additive have very low coefficients 

(Figure 6-5b). A mild correlation (R2 = 0.5) can be identified in the B samples and this 

suggests that low-MW (molecular weight) additives might promote formation of platelets. 

This is likely due to the fact that low-MW additives have a higher concentration of functional 

groups. Indeed, it has been shown that organic additives with functional groups that are de-

protonated in alkaline conditions (such as hydroxyl, carboxyl and sulfonate moieties present 

in the tested additives) can easily bind with the positively-charged basal faces of portlandite, 

inhibiting the growth along their c axis and causing the overdevelopment of the basal face, 

hence the resulting plate-like habit [162]. Changes in crystal shape from short prism to plate-

like of portlandite in presence of organic compounds have been previously reported [114]. 

An increase in platelets abundance has been also observed in portlandite of months- and 

years-aged lime putties [2,13]. In a study by Rodriguez-Navarro et al. [2], a fresh putty 

showed a value of 0.7, which shifted to 1.1 and 2.0 at 2 and 14 months of ageing, 

respectively. In our study, the control putty showed a value of 0.8 and several additive-

modified putties (LS-B, Sta-B, Gal-B, DMBS-B, Pec-A, Pec-B, Amy-A, Suc-B, Suc-A) 

showed values ranging between 1-1.5. Thus, these results show that the introduction of 

organic additives in lime putties promotes the formation platelets crystals (almost 

instantaneously upon slaking): a characteristic that is achieved by a plain lime putty through 

ageing for 2-12 months. 
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Figure 6-5. a) Platelets abundance calculated from XRD data of lime putty samples. The 

samples are sorted by increasing platelets abundance. The error bars depict ± one standard 

deviation. The yellow horizontal band represents the error of the control putty for 

comparison. b) Relationship between the calculated platelets abundance and the molecular 

weight of the additive used in the related putty. 

 

6.3.3 Crystallite Size 

The mean crystallite size values obtained from XRD data are shown in Figure 6-6a. The 

results show that most additive-modified putties had lower mean crystallite size than the 

control, with the exception of Amy-A and DMBS-A samples. In particular, polyalcohols (with 

the exception of amylopectin) induce a remarkable crystallite size reduction when used in 

the A mode. A very weak (R2 = 0.2-0.4) correlation between molecular weight and crystallite 

size can be found (Figure 6-6b), which suggests that high-MW additives favour the 

formation of bigger crystallites. No obvious correlation between the crystal shape (platelets 

abundance) and crystallite size can be found (Figure 6-7) however, the slight trend suggests 

an inverse relationship (i.e. putties with smaller crystallites have higher platelets 

abundance). The very low linear and regression coefficients, however, are not sufficient to 

establish such relationship. 

A clear distinction can be observed between B-type putties, which showed a moderate 

crystallite size reduction with respect to the control, and the A-type putties, which overall 

showed a more marked effect. Such a clear difference is remarkable and it suggests an 
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effect of nucleation inhibition brought by the additive [114,162]. Chelation was initially 

suggested as an underlying interaction mechanism [135], which occurs in presence of 

additives with Ca-scavenging ability, but it was later disregarded in favour of a ‘nuclei 

poisoning’ theory via formation of pre-nucleation clusters [114,145,147,162,307]. The 

crystallite size reduction measured in the additive-inclusive putties produced with the A-

mode is likely caused by the interaction of the organic molecules with the mineral phase at 

the very early stages of Ca(OH)2 precipitation, influencing the nucleation and crystal growth 

process as already shown both, in the precipitation process of Ca(OH)2 [114,162] as well 

as other mineral phases such as CaCO3 [145,308] and hydroxyapatite [309]. 

Reduction in crystallite size has also been observed in aged lime putties, with values shifting 

from 370-610 Å in a fresh putty to 340 Å (-32 %) and 280 Å (-44 %) at 2 and 14 months of 

ageing, respectively [2,84,114]. In comparison, our control putty showed a crystallite size of 

366 Å while most of the additive-modified putties showed a crystallite size ranging from 337 

Å (-8 %) to a remarkable 104 Å (-72 %). Pectin and pectin-like compounds dissolved in the 

slaking solution have been shown to cause a reduction in crystallite size with values of 260-

270 Å [114], comparable to that of our Pec-A putty, which showed a crystallite size of 293 

Å and a reduction of 20 % in crystallite size with respect to the control. Sugar has been 

reported to induce a significant broadening of the portlandite XRD peaks (caused by an 

increase in the number of crystallites with size < 1000 Å and lower crystallinity [2]) when 

added to the slaking water [228]. This is in agreement with the strong reduction in crystallite 

size observed in our sucrose-modified putties and its derivatives (Glu-A, Fru-A, Sta-A, Inu-

A, Suc-A). 

It is worth noting that the micro strain ε values measured by XRD were all very low (≤0.1 %) 

irrespective of the presence/type of additive, suggesting that the majority of the peak 

broadening contribution was due to the presence of small crystallites, rather than by defects 

in the crystal lattice. This suggests that the additives interacted with portlandite exclusively 

through an adsorption mechanism of the organic molecule onto the surface of portlandite 

crystals, while there is no evidence of inclusion of the organic molecules into the crystal 

lattice, in agreement with previous studies [114,162,177]. 
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Figure 6-6. a) Mean crystallite size calculated from XRD data. The samples are sorted by 

decreasing crystallite size. The error bars depict ± one standard deviation. The yellow 

horizontal band represents the error of the control putty for comparison. b) Relationship 

between crystallite size and molecular weight of the related additive. 

 

 

Figure 6-7. Correlation between crystallite size and platelets abundance. 

 

6.3.4 BET-Specific Surface Area 

The results of the BET-N2 adsorption analysis for specific surface area (SSA) 

measurements are illustrated in Figure 6-8a. The control putty shows a lower specific 

surface area with respect to most of the modified lime putties, with the exception of Fru-A 
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and Glu-A. The samples with the most significant SSA increase were prepared by method 

A and are modified with polyalcohols (Suc-A and Inu-A) however, some of the -COOH and 

-SO3H compounds also cause a significant SSA increase, especially lignosulfonate (LS-A), 

galacturonic acid (Gal-A), and pectin (Pec-A). There is a very weak inverse correlation (R2 

= 0.01 – 0.5) between SSA and molecular weight of the tested additive (Figure 6-8b), 

suggesting that low-MW additives can be linked with a high SSA. 

The increase in specific surface area is a well-known effect of ageing in plain lime putty 

[1,2,5,79]. Typically, SSA values of a fresh lime putty are 15 m2/g [114], 16.1 m2/g [2], 22.96 

m2/g [11], and 27.8 m2/g [84]. In comparison, the SSA of our control putty shows a value of 

26.15 m2/g, in good agreement with the values reported in the literature. A SSA increase of 

11 % after 2 months of ageing and of about 140 % after 14 months of ageing have been 

reported for plain lime putty [2]. The same SSA increase has been reported in presence of 

organic additives, in particular in a lime putty slaked in a 0.5 % nopal juice (a polysaccharidic 

soluble mucilage) solution, and an even higher SSA increase (160 %) in a lime putty slaked 

in a 0.5 % pectin solution [114]. The results obtained in this study are very similar, with a 

measured SSA increase from control to Pec-A modified putty of 159 % (26.1 m2/g being the 

control SSA and 41.5 m2/g the Pec-A SSA). Overall, most of the tested additives induced 

an increase in SSA in the related putties with respect to the control (up to 235 % SSA 

increase for sample Suc-A), in good agreement with the literature and consistent with the 

crystallite size reduction measured by XRD.  

All the isotherms were identified as Type IV according to the IUPAC classification for gas 

adsorption on the surface of solid adsorbents [276] which describe the multilayer adsorption 

together with capillary condensation to mesoporous (2-50 nm pore diameter [277]) 

adsorbents [278]. The type of hysteresis loop found for each isotherm is shown in Table 

6-2. According to IUPAC, a type H1 hysteresis loop is associated with the presence of well-

defined cylindrical-shaped pores or agglomerates of uniform spheres, whereas the 

formation of a H3 hysteresis loop is linked with slit-shaped pores formed by non-rigid 

aggregated of plate-like particles [279]. Examples of H1 and H3 hysteresis loops are shown 

in Figure 6-9. The isotherm plots of all lime putties can be found in the Appendix B.1. The 
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results show that while the control putty has mainly cylindrical mesopores, the presence of 

glucose, fructose, sucrose, inulin and lignosulfonate (mode A only) induces a change in the 

mesopores shape from cylindrical to slit-shape, consistent with an increase in plate-like 

crystals observed by XRD (section 6.3.2). However, not for all samples a high score in 

platelets abundance necessarily corresponds to the rise of a H3 hysteresis loop (e.g. Sta-

A) and vice versa (e.g. LS-A), suggesting that other variables are critical in affecting the 

pore shape and crystal habit, such as agglomeration, crystallinity, surface roughness, etc. 

 

 

Figure 6-8. a) Specific surface area obtained by BET-N2 adsorption of the various lime putty 

tested in this research. The samples are sorted by increasing specific surface area. The 

error bars depict ± one standard deviation. The yellow horizontal band represents the error 

of the control putty for comparison. b) Relationship between specific surface area and 

molecular weight of the used additive. 
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Table 6-2. Hysteresis loop types of the isotherms measured by BET-N2 sorption analysis. 

H-Type Samples 

H1 (cylindrical-
shaped pores) 

Control 

Sta-A 

Amy-A 

Gal-A 

Pec-A 

DMBS-A 

LS-B 

Sta-B 

Amy-B 

Gal-B 

Pec-B 

DMBS-B 

H3 (slit-shaped 
pores) 

Glu-A 

Fru-A 

Glu-B 

Fru-B 

LS-A 

Suc-A 

Suc-B 

Inu-B 

Inu-A 
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Figure 6-9. Isotherm linear plots obtained by BET-N2 adsorption measurements: a) plot of 

the control lime putty showing a H1-type hysteresis loop; b) plot of the Glu-A lime putty, 

showing a H3-type hysteresis loop. 

 

A good inverse correlation (R2 = 0.8) was found between crystallite size and BET-SSA 

(Figure 6-10). Although most samples followed the trend, with only three exceptions, namely 

Glu-A, Fru-A, and Sta-A, deviating from it and were hence excluded from the fitting curve. 

These samples exceptionally showed to have low crystallite size and a very low SSA. Two 

distinct possible explanations, one for Glu-A and Fru-A, and the other for Sta-A, are 

proposed. For Glu-A and Fru-A, it is possible that a local increase in crystallinity takes place 

at the very surface of portlandite crystals as a result of a strong interaction between the OH 

groups of glucose/fructose and the crystal surface, in a similar way to what observed in the 

interaction between glucose and hydroxyapatite [309], making the crystal surface much 

smoother and hence resulting in a drastic SSA decrease. As for Sta-A, the interaction of 

OH groups of starch with Ca atoms is known to induce the formation of clumped aggregates 

[310], therefore the low SSA might be linked to an extensive agglomeration of Ca(OH)2 
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particles, so that the big particle size would be the predominant factor in determining the 

low SSA with respect to the reduction in crystallite size. 

With the exception of Glu-A, Fru-A, and Sta-A, the inverse relationship found between 

crystallite size and SSA can be modelled by a power function of type y = K ∙ x3 which is in 

agreement with a model of spherical crystallites. The residual between the experimental 

data and the theoretical spherical model can give an indication of the extent of crystallites 

agglomeration. 

If the system is assumed to be made of spherical particles only, we can firstly calculate the 

mean volume of each sphere in nm3 (𝑉sphere) from the crystallite size data (with the XRD-

determined crystallite size cs in nm being the diameter) with Equation 6-1: 

𝑉sphere =
4

3
𝜋cs3 Equation 6-1 

The number of spheres contained per gram of portlandite (Nspheres/g) can be calculated by 

using the density of Ca(OH)2 in g/nm3 (𝐷Ca(OH)2
 = 2.24 ∙ 10-21) and by introducing a packing 

factor 𝜙 (0.74 hexagonal close-packed sphere packing factor [311] as in Equation 6-2: 

Nspheres/g =
1

𝐷Ca(OH)2
∙  𝜙 ∙  𝑉sphere

 
Equation 6-2 

 

The theoretical specific surface area of spherical particles in m2/g (SSAsphere) can be 

calculated as in Equation 6-3: 

SSAsphere = 𝐴sphere ∙  Nspheres/g ∙ 10
−18 Equation 6-3 

 

Where Asphere is the surface area in nm2 of one spherical particle with diameter equal to 

the crystallite size measured by XRD. By combining Equation 6-1, Equation 6-2, and 

Equation 6-3, Equation 6-4 can be obtained, which highlights the inverse relationship 

between SSA and crystallite size: 

SSAsphere =
2𝜌Ca(OH)2𝜙

CS
 

Equation 6-4 
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Where CS is the crystallite size in m and 𝜌Ca(OH)2 is the density of Ca(OH)2 in g/cm3 (2.24). 

The theoretical SSA/CS curve is plotted in Figure 6-10 for comparison. 

 

 

Figure 6-10. Correlation between crystallite size and BET-specific surface area (orange, 

blue and grey plots). The purple dotted line shows the power trendline of the plots. The 

green dots and trendline show the relationship between crystallite size and the theoretical 

specific surface area of the crystallites if they were spherical particles. 

 

In this figure it is possible to note that the experimental SSA measured by BET-N2 

adsorption (SSABET hereafter) has always much lower of SSA than the relative SSAsphere for 

the crystallite size, suggesting that there is a certain degree of crystallite agglomeration, 

rather than each crystallite being a single particle. Therefore, the difference between 
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SSAsphere and SSABET can be considered as an index of polycrystallinity, calculated with 

Equation 6-5: 

Polycrystallinity % =  
SSAsphere − SSABET

SSAsphere

∙ 100 
 Equation 6-5 

 

The results of the polycrystallinity calculations are shown in Figure 6-11. Given that the 

chart shows the sorted values from smallest to largest and that the control putty lies 

approximately in the middle of the chart, a clear overall effect of the additives on 

polycrystallinity cannot be identified. On the contrary, single additives or groups of additives 

result with different effects. All additives that lead to an increase in polycrystallinity belong 

to the OH group and are of A type. In particular, Sta-A, Fru-A and Glu-A show remarkably 

high values, suggesting that crystallites are extensively agglomerated. The polycrystallinity 

of Suc-A and Inu-A is not much higher than that of the control, suggesting that crystallite 

agglomeration is less extensive than in Fru-A, Glu-A, and Sta-A. 

 

 

Figure 6-11. Polycrystallinity of the lime putty samples. The samples are sorted by 

increasing values. The dashed red line highlights the value of the control putty. 

 

6.3.5 Particle Size Distribution 

The results of particle size distribution measured by laser diffraction are shown in Figure 

6-12, where the d10, d50, and d90 percentiles are compared across samples and sorted 
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by the d50 percentile from the smallest to the largest. The PSD of lime putties is typically 

trimodal, and the selected percentiles are a good representation of the three particle 

populations. The control putty lies about in the centre of the chart, suggesting that the 

presence of the additives produced different effects depending on the molecule. Some of 

the additives (glucose, fructose, inulin, galacturonic acid, and DMBS) reduce the particle 

size of the putty and make the distribution narrower. This effect might be linked with the 

ability of these compounds to act as dispersants due to the interaction of their hydroxyl and 

sulfonate groups with the Ca atoms on the portlandite particle surface [312], with an overall 

effect of preventing agglomeration and resulting in a more homogeneously-dispersed 

particles population. In the case of sucrose, the A-type putty shows reduced particle size 

and a narrow distribution, similarly to the aforementioned additives, whereas the sucrose-

modified B-type putty shows increased particle size and wide distribution. This is consistent 

with the observed differences in crystallinity, surface area, and micromorphology between 

Suc-A and Suc-B samples, suggesting that: i) the interaction sucrose-portlandite occurs 

through different pathways if Ca(OH)2 precipitation occurs in a sucrose solution or if sucrose 

interacts with already-formed portlandite crystals, and ii) that sucrose acts as a nucleation 

centre for portlandite precipitation when added prior to slaking. Similar effects have already 

been observed in a relevant study [309] focused on hydroxyapatite-saccharides systems 

produced with methods comparable with the A/B modes tested in our study. 

Conversely, other additives (pectin and lignosulfonate) promote agglomeration of bigger 

particles and result in a wider distribution. Starch is particularly effective in promoting 

particle agglomeration: in the A-mode, particle size is increased with respect to the control 

in all size ranges, whereas in the B-mode in the mid- and big-size range only, resulting in a 

wider distribution. The main field where the interaction between starch and Ca(OH)2 is 

studied is food processing, where the traditional process of nixtamalization entails the 

treatment of corn flour with a Ca(OH)2 solution and results in formation of a dough whose 

microstructure is made of granules of about 10 µm. In our system, the Ca(OH)2 is much 

more abundant than the starch (< 5% wt) compared to any test in food sciences, but a 

similar agglomeration process is likely to take place. Since such agglomeration is not 
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detected in the amylopectin-modified samples, it is likely that the linear structure of the 

amylose fraction contained in starch (about 30 % [313]) promotes the interaction with Ca 

atoms, unlike the highly-branched structure of amylopectin. 

 

 

Figure 6-12. Particle size distribution of lime putties measured by laser diffraction. For each 

sample, the distribution is represented by its d10 percentile (triangular plots), d50 percentile 

(circular plots), and d90 percentile (square plots). The colour keys are: green = 

polyalcohols; orange = -COOH; purple = -SO3H. The error bars depict ± one standard 

deviation (if not visible, the error bar is smaller than the plot marker). The yellow horizontal 

bands represent the error of the control putty for comparison. 

6.3.6 Ca2+ Concentration in Solution 

The results of ICP-OES to determine the calcium concentration in the supernatant solutions 

are shown in Figure 6-13a. The control solution shows a concentration of about 1.7 g/L, 

which is the expected value of Ca(OH)2 solubility at 20 °C [300]. According to the results for 

the other solutions, the additives can be sorted into two groups depending on their effect 

on Ca(OH)2 solubility: i) starch, amylopectin, galacturonic acid, pectin, DMBS, and 

lignosulfonate do not affect the Ca concentration in solution, as the supernatants (of both 

A- and B-type putties) show a concentration close to 1.7 g/L; ii) glucose, fructose, sucrose, 

and inulin strongly enhanced the Ca concentration in solution, as the supernatants show 

values that are 2-8 times higher than the typical Ca(OH)2 solubility at 20 °C. As shown in 
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Figure 6-13b, there is a mild inverse correlation between calcium concentration in solution 

and molecular weight of the additive used. Indeed, among the group of additives affecting 

Ca(OH)2 solubility, only inulin is a polymer, whereas all other are monomers or dimers. 

Interestingly, only polyalcohols have an effect on Ca concentration. Sugars are known to 

form complexes with calcium and raise its solubility [148,149] and, more generally, organic 

compounds that possess a pair of oxygen atoms linked to neighbouring carbon atoms are 

able to form stable complexes with calcium [137,148,314]. Nonetheless, this moiety is 

present in the molecule of all selected additives, therefore it is likely that the capability of 

glucose, fructose, sucrose and inulin to scavenge calcium and raise its solubility is given by 

other characteristics, such as the presence of specific conformers that allow oxygen pairs 

to acquire an advantageous position for Ca chelation. 

 

 

Figure 6-13. a) Calcium concentration in the supernatant solutions of various putties, as 

measured by ICP-OES. The samples are sorted by increasing calcium concentration. The 

error bars depict ± one standard deviation. The yellow horizontal band represents the error 

of the control putty for comparison. B) Relationship between calcium concentration and 

molecular weight of the used additive. 
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6.3.7 Liquid Cromatography/Mass Spectrometry Analysis 

The results of the LC-MS analysis are shown in  

Table 6-3. For each sample, the target analytes were the organic additive introduced in the 

lime putty, along with possible compounds formed upon alkaline/thermal degradation. In 

the table, target analytes that were not detected in the sample are indicated with a 0 % wt 

quantity. For the DMBS samples, the quantification in percentage of the total weight was 

not possible due to the lack of standard material, therefore only the areas of the DMBS 

peaks of the chromatograms are reported in the table. 

For all samples, the quantity of detected organic is less than the amount originally added 

during the preparation of lime putty, suggesting that either the molecules have degraded 

into other compounds not included as target analytes, or a fraction of the molecules have 

absorbed onto the solid phase, or a combination of these phenomena.  

Glucose- and sucrose-inclusive samples showed small amounts of glucose and sucrose, 

respectively. No degradation products of sucrose (glucose and fructose) were found in Suc-

A or Suc-B sample. In the fructose and galacturonic acid samples, the respective additives 

(or other degradation products) could not be detected, suggesting that all the introduced 

additive either degraded into other compounds, or was absorbed onto the solid phase. 

As regards the A/B type of putty, no clear pattern emerged. For the glucose samples, the A 

type sample shows a higher amount of glucose with respect to the B type. This result might 

be related to a better adsorption of the glucose molecules to the solid portlandite crystals in 

the B type putty, possibly determined by the different, well-developed shape of the crystals 

in Glu-B with respect to Glu-A (Figure 6-4). Conversely, the sucrose samples show an 

opposite trend as Suc-B shows a higher sucrose concentration than Suc-A. This is likely 

due to the more advanced degradation of sucrose in the A putty, which entails the 

introduction of the organic molecule before the slaking and therefore being subject to a 

thermal treatment, with respect to the B putty, where sucrose is only subject to alkaline 

degradation. 
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As regards the DMBS samples, it is possible to calculate that the DMBS content of the 

DMBS-A sample is 0.7 of the DMBS content in the DMBS-B sample. A similar mechanism 

to what described for the sucrose samples is likely to have occurred in the DMBS samples, 

where in the A type solution the more advanced degradation induced by the thermal 

treatment undergone during slaking results in a lower DMBS content with respect to the B 

solution. 

 

Table 6-3. Results of the LC-MS analyses for the detection and quantification of organic 

species dissolved in the supernatant solutions of organic-modified lime putties. 

Sample Target Analytes 

Glucose Fructose Sucrose Galacturonic acid DMBS 

Glu-A 1.26 % wt 0 % wt - - - 

Glu-B 0.31 % wt 0 % wt - - - 

Fru-A 0 % wt 0 % wt - - - 

Fru-B 0 % wt 0 % wt - - - 

Suc-A 0 % wt 0 % wt 0.05 % wt - - 

Suc-B 0 % wt 0 % wt 0.59 % wt - - 

Gal-A - - - 0 % wt - 

Gal-B - - - 0 % wt - 

DMBS-

A 

- - - - 28 · 106 counts 

DMBS-

B 

- - - - 40 · 106 counts 

  

6.4 Discussion 

6.4.1 Polyalcohols 

Figure 6-14 clearly show that the additives rich in hydroxyl groups induce marked effects 

on the characteristics of Ca(OH)2 crystals. Among the tested polyalcohols, the 

concentration of functional groups (per weight unit) varies and follows the trend glucose = 

fructose > sucrose > inulin > starch ≈ amylopectin. Such trend is somewhat reflected in the 

extent of the effects on Ca(OH)2 shown in Figure 6-14, as additives with a higher 

concentration of functional groups, such as glucose and fructose, show more marked 

effects than additives with a lower concentration of functional groups, such as starch and 

amylopectin. These groups are deprotonated at the highly alkaline pH of lime, and the 
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anionic charge density is known to play a major role in the interaction between Ca-minerals 

and organic additives [315]. The negatively-charged -O- terminal groups tend to bind with 

the positively-charged basal {001} faces of portlandite crystals [114,162].  

 

 

Figure 6-14. Radar charts showing the effects of various polyalcohols on the characteristics 

of lime putty. The shown PSD percentile is d50. a) Glucose; b) Fructose; c) Sucrose; d) 

Inulin; e) starch; f) Amylopectin 

 

Based on the results of this research, polyalcohols can be sorted into three groups 

according to the effects imparted to the characteristics of Ca(OH)2 crystals: i) monomers 



165 
 

glucose and fructose; ii) di- and polymer sucrose and inulin; iii) high-MW polymers starch 

and amylopectin. 

Glucose and fructose show similar behaviours as additives: when added in the A-mode, 

they both result in Ca(OH)2 crystals of reduced crystallite size and specific surface area, 

showing an opposite trend with the rest of the modified putties (Figure 6-10). Indeed, both 

sucrose/inulin and glucose/fructose induced a drastic crystallite size reduction, however, 

whereas sucrose and inulin also caused the expected increase in specific surface area, 

glucose and fructose promoted the formation of a coarse microstructure (as shown by the 

SEM observations) which caused the low specific surface area measured by N2 adsorption. 

In chapter 5, it was speculated that the differences observed between the putties prepared 

with method A and those prepared with method B were caused by the formation of 

degradation products upon the thermal treatment that the organic is subject to when it is 

added in the solution before the slaking. For the sucrose, a treatment up to 200 °C 

(temperature that can be reached by the lime during slaking [1]) can result in the formation 

of a number by-products, including the building monomers, glucose and fructose [156]. 

Therefore, it is reasonable to infer that a putty produced by adding directly glucose or 

fructose would result in a lime putty with similar characteristics to a sucrose-modified putty 

of A type. Nonetheless, our results show that this is not the case: the glucose- and fructose-

modified putties of B-mode show a slight crystallite size reduction and a micromorphology 

overall similar to the control (with a frequent presence of well-developed hexagonal 

crystals), resembling more a B-type sucrose-modified putty (Figure A2), where glucose or 

fructose are not formed as a result of the alkaline degradation only. Moreover, in the A-

mode, glucose and fructose induce different effects in comparison with sucrose: while the 

latter causes a significant increase in specific surface area, glucose and fructose impart the 

opposite effect (Figure 6-8). Different steps have been reported in sugars thermal 

degradation [156,316,317]. For sucrose, these are sucrose  glucose and fructose (via 

hydrolysis)  organic acids. The duration of the slaking might have allowed the sucrose in 

the Suc-A sample to degrade only into the first step of degradation (to glucose and fructose), 

whereas by direct addition of glucose or fructose (Glu-B and Fru-B samples), these can 
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degrade all the way until the formation of organic acids such as, formic, lactic and levulinic, 

which are reported to be effective ligands with metal ions [317]. In Glu-A and Fru-A samples, 

the formation of the large aggregates shown by our SEM observations (Figure 6-4) is likely 

the result of the ability of the products of glucose and fructose thermal degradation to bind 

metal ions and bridge portlandite crystals/facets, promoting additive intercalation. Additive 

intercalation has been already proposed as a mechanism to induce portlandite crystal 

modifications in presence of organic compounds [162,180]. As regards to inulin, this 

compound is known to thermally degrade into short-chain fructo-oligosaccharides and di-

fructose [318,319]. The formation of dimers and the similarity of di-fructose and sucrose 

(also a dimer) might be linked with the similarity observed in the characteristics of sucrose- 

and inulin-modified lime putties, both in terms of micromorphology (Figure 6-4), crystallite 

size reduction (Figure 6-6) and increase in specific surface area (Figure 6-8). 

The last group of polyalcohols includes starch and amylopectin. These compounds are 

known to be able to bind Ca2+ ions [119], accounting for the extensive agglomeration 

measured by laser diffraction (Figure 6-12) and supported by SEM observations (Figure 

A3). Although the two compounds are chemically very similar – starch being a mixture of 

amylopectin (branched structure) and amylose (about 30 %, linear structure), some 

differences could be observed between starch- and amylopectin-modified putties in terms 

of crystallite and particle size (Figure 6-14). In absence of other variables, these results 

show that even structural variations of molecules with same chemical composition can lead 

to different effects on the crystallisation of portlandite. 

 

6.4.2 -COOH Compounds 

 



167 
 

 

Figure 6-15. Radar charts showing the effects of additives with carboxyl groups (-COOH 

compounds) on the characteristics of lime putty. The shown PSD percentile is d50. a) 

Galacturonic acid; b) Pectin. 

 

SEM observations (Figure 6-4) and XRD measurements (Figure 6-5 and Figure 6-6) on the 

pectin-modified putties show an increase in plate-like/granular nano-sized crystals, 

consistent with an increase in specific surface area as measured by BET-N2 adsorption 

(Figure 6-8). These results are in agreement with previous studies [114,162] and lead to 

ascribe to the pectin an enhanced secondary crystallisation of portlandite, favoured by i) 

the chemisorption of the de-protonated carboxyl groups of pectin onto the positively charged 

basal faces of portlandite, and ii) the formation of alkaline degradation by-products 

(reducing sugars) able to adsorb onto the crystal surface. When pectin is used in A-mode, 

the partial thermal degradation of pectin [166] leads to the more marked crystallite size 

reduction and increase in specific surface area measured in the Pec-A putty with respect to 

the Pec-B.  

In comparison, our results showed that the monomer galacturonic acid is more effective 

than pectin in reducing crystallite size and increasing the specific surface area (Figure 6-15). 

This is likely due to the higher concentration of active functional groups present in the 

monomer galacturonic acid (2.8 mol/100 g) in comparison with pectin (1.4 mol/100 g), which 

entail more abundant binding sites for the organic to adsorb onto the portlandite crystal 
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surface. Moreover, the thermal degradation by-products of the galacturonic acid, mainly 

reducing sugars [320], are likely to contribute to the enhance effects of galacturonic acid on 

portlandite crystals shape and size. 

 

6.4.3 -SO3H Compounds 

 

Figure 6-16. Radar charts showing the effects of additives with sulfonate groups (-SO3H 

compounds) on the characteristics of lime putty. The shown PSD percentile is d50. a) 

DMBS; b) lignosulfonate. 

 

Results for the -SO3H compounds show that the addition of DMBS leads to an increase in 

platelets abundance and particle size. Conversely, the addition of lignosulfonate (especially 

in A-mode) results in a significant crystallite size reduction and a consistent increase in 

specific surface area (Figure 6-16), similarly to the effect of sugars previously described 

(Section 3.1). Indeed, it has been previously suggested that the effects of lignosulfonate-

based plasticisers on mineral phases are controlled by the reducing sugars impurities 

commonly found in commercial lignosulfonates rather than by the lignosulfonate molecules 

itself [173]. Our SEM observations (Figure 6-4) clearly showed a shift in crystal habit 

towards bigger (> 2 µm), well-developed plate-like crystals in LS-modified putties. Similarly 

to carboxyl- and hydroxyl-bearing molecules, lignosulfonate contains sulfonate moieties 

that are de-protonated in alkaline environment, promoting the adsorption of the organic onto 
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the basal faces, and in turn the oriented attachment of plate-like crystals stacked along the 

c axis, resulting in the formation of large prismatic portlandite crystals, also observed by 

Rodriguez-Navarro et al. [162] in presence of lignosulfonate. 

Similar mechanisms do not happen with the use of DMBS as additive, as only slight 

changes were measured in the DMBS-modified putties with respect to the control (Figure 

6-16 and Figure A4). The ‘inactivity’ of DMBS as habit modifier might be due to the low 

concentration in functional groups (0.4 mol/100 g – whereas lignosulfonate has 1 mol/100 

g). 

 

6.5 Summary 

This chapter is focused on the results of the experimental work carried out to study the 

effects of a wide array of organic compounds on the crystallisation process of portlandite, 

with the aim of identifying potential additives that can induce advantageous microstructural 

modification to lime as a binder.  

In this chapter the following research question has been addressed: 

1. How do derivatives of sucrose, pectin, and lignosulfonate affect the characteristics 

of portlandite crystals? 

The following conclusions can be drawn from this study: 

- Four main groups can be identified according to the effect produced on the 

micromorphology as observed by SEM: i) Glu-A, Fru-A, Suc-A, and Inu-A showed 

crystals of irregular morphology, with the former two showing a coarser texture and 

the latter two showing a finer texture; ii) LS-A and LS-B showed big, plate-like 

crystals, as already observed in chapter 5; iii) Gal-A, Gal-B, Pec-A, and Pec-B 

showed slightly more abundant granular crystals than the control; iv) all other 

samples showed crystal shapes similar to the control. 

- Most additive-modified samples showed higher platelets abundance, smaller 

crystallite size, and higher specific surface area and showed more marked effects 
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when added in the A mode with respect to the B mode suggesting that, regardless 

of the interaction mechanism, the addition of compounds that can interact with 

phase portlandite in the slaking water can more substantially affect its nucleation 

and growth stage.  

- Polyalcohols bring overall more marked effects, either because of an inherently 

strong interaction of the hydroxyl groups or because of the higher concentrations 

selected for this group with respect to the others. Three sub-groups can be 

identified: i) glucose and fructose, which induce low crystallite size and low specific 

surface area when added in the A mode; ii) sucrose and inulin, which lead to low 

crystallite size and high specific surface area when added in the A mode; iii) starch 

and amylopectin, which were the less active compounds in the group. Moreover, 

glucose, fructose, sucrose, and inulin can actively enhance the solubility of calcium 

hydroxide, bringing more calcium ions in solution. 

- -COOH compounds lead to an increase in granular crystals and specific surface 

area, with more marked effects in galacturonic acid-inclusive samples, which also 

show a remarkably low crystallite size. 

- -SO3H compounds show differentiated effects. While the monomer DMBS is rather 

inactive, the polymer lignosulfonate induced strong crystallite size reduction and 

specific surface area increase, together with a strong modification of the crystal 

habit.
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Chapter 7 

 
 

7. Effects of Sucrose on the Properties of Lime 

Pastes 

 

This chapter reports the results of the experimental work done to assess the 

properties of lime pastes modified with sucrose additions. Considering the results 

obtained in chapters 5 and 6, sucrose was selected as additive with the most 

marked effects on portlandite crystals. In this chapter, sucrose-modified lime 

pastes were prepared, and their microstructure, fresh properties, hardened 

properties and carbonation rate were assessed with a variety of tests and analytical 

techniques. 

 

7.1 Introduction 

The aim of this chapter is to assess the effects of sucrose additions to the fresh properties 

and setting of lime pastes and to investigate the underlying mechanisms. 

In chapters 5 and 6, it was shown that the addition of sucrose is effective in modifying the 

crystal habit of Ca(OH)2, with a more evident effect when sucrose is added to the slaking 

water, before the slaking process takes place, compared to when it is added as a soluble 

phase to an already-slaked lime putty. In such circumstance, the resulting portlandite 

crystals shows characteristics, such as reduced crystallinity and irregular facets, that can 

influence the carbonation rate.  

Recent research has shown that sucrose-based compounds, whose use in lime mortars 

has a long history, can enhance the mechanical properties and durability of lime pastes and 

mortars [113,128,226]. Mechanisms proposed for the observed improvements are related 
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to the effects of this molecule on the nucleation and growth of calcium hydroxide crystals 

[132,134,135,148] via complex formation [148,149] or adsorption/nuclei poisoning 

mechanism [114]. A more recent study [228] shows that sucrose affects the carbonation 

rate and improves the mechanical performance of mortars made with air lime. Furthermore, 

it has been established that sucrose affects calcium hydroxide carbonation, promoting and 

stabilising the formation of amorphous calcium carbonate, and eventually leading to the 

formation of elongated chain-like calcite agglomerates [321].  

Despite the advantages of adding sucrose to lime pastes and mortars highlighted by the 

limited literature currently available, the effects of sucrose on the performance of lime-based 

mixtures are still poorly investigated.  

7.2 Experimental 

For this project three lime pastes were prepared using: i) a lime putty without additives 

(control); ii) a lime putty slaked in a 5% wt sucrose solution (S1); iii) a lime putty slaked in 

pure water subsequently mixed with sucrose at the same sucrose concentration as S1 (S2). 

The raw materials (quicklime and sucrose) used are described in section 3.1. The slaking 

methods and mode of the sucrose addition are described in section 3.2.  

Lime putty and marble powder (30% wt) were mixed into marmorino-like pastes to limit 

drying shrinkage, as the development of cracks would compromise the reliability of 

mechanical tests. It is known that marble powder can affect the carbonation of lime since 

marble particles can act as nucleation centres for calcite crystallisation during carbonation, 

arguably accelerating the process with respect to using other aggregates such as silica-

based aggregate. However, the decision of using marble powder as aggregate was made 

in order to obtain, once carbonation is completed, a single-phase system (calcium 

carbonate, with negligible traces of sucrose in the organic-inclusive samples) that would 

allow to carry out in the future atomistic simulations to calculate mechanical properties to 

be validated against experimental tests carried out in this chapter. The simulation part is 

ongoing and it is not included in this thesis. The same amount of marble powder is 

introduced in all tested samples so that it can be assumed that the carbonation progress is 
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influenced to the same extent in all samples and a comparison between reference and 

sucrose-modified pastes is still valid. 

The paste mixing procedure is described in section 3.2.7. The water content of the produced 

pastes was determined by oven drying until constant weight (Table 7-1). 

 

Table 7-1. List and composition of the tested lime pastes and relative water content. 

Sample  Binder Aggregate 
Water 

content % 

Control Plain lime putty 

Marble 

powder 

(30 % wt) 

37.5 

S1 
Lime putty slaked in 5% wt 

sucrose solution 
38.2 

S2 

Lime putty with addition of solid 

sucrose (5% wt slaking water) 

after slaking  

33.2 

 

Flowability, dynamic viscosity and water retention were investigated as characteristics of 

the fresh pastes using the methods described in sections 3.3.10, 3.3.11, and 3.3.12, 

respectively. 

The fresh pastes were cast into two sets of moulds: a set of prismatic moulds (40 x 40 x 

160 mm) with at least 8 specimens per type of paste prepared in order to account for any 

possible preparation problem (e.g., shrinkage cracks), and a set of cylindrical moulds (40 

mm diameter x 50 mm height) with at least 6 specimens per type of paste. All samples were 

placed into a ventilated environmental chamber with 80 % RH and atmospheric CO2 

concentration (about 400 ppm) for curing. The prism samples were demoulded as soon as 

the pastes were stiff enough to hold their shape without the supporting moulds, that is after 

19 days of curing for prismatic samples, and after 28 days for cylindrical samples. 

Changes in the mechanical properties of the hardened samples were monitored overtime 

by ultrasound pulse velocity (UPV) measurements, three-point flexural test and uniaxial 

compression test. The UPV measurements were carried out on prismatic samples at ages: 

21, 28, 35, 42, 49, 56, 63, 70, 77, and 84 days of curing. The curing ages include the days 

when the specimens were still inside the moulds. The three-point flexural tests and uniaxial 
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compression tests were performed on the prismatic samples at two ages: 70 and 84 days 

of curing. The compressive test was performed on the broken halves of the prismatic 

samples used in the flexural tests. The static Young’s moduli (Es) in flexure and 

compression were obtained by calculating the slope of the linear elastic region of the 

measured stress-strain curves. 

Chemical, mineralogical and microstructural characteristics of the hardened pastes were 

measured using various analytical techniques (detailed below) at 28, 35, 42, and 56 days 

of curing on the cylindrical samples. No microstructural tests could be performed at the time 

of the mechanical tests due to the loss of the specimens caused by cracking.  

XRD analyses (see operating conditions in section 3.3.3) were carried out with the aim to 

assess the carbonation rate. Phenolphthalein tests were carried out on fresh broken 

sections of the cylindrical samples (see method details in section 3.3.9). SEM analyses 

were carried out under the operating conditions described in section 3.3.2. 

 

7.3 Results 

7.3.1 Water Retention Test 

Results of the water retention tests are reported in Table 7-2. The change % in water 

retention of the modified samples with respect to the control is calculated with Equation 7-1: 

WRcontrol −WRsample

WRcontrol
× 100 

Equation 7-1 

where WRcontrol is the water retention of the control sample, and WRsample is the water 

retention of the sucrose-modified samples. The results show that the water retention of the 

sucrose-modified pastes (i.e., S1 and S2) is slightly reduced compared to the control. 

 

Table 7-2. Water retention of the tested lime pastes. 
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Sample Water retention (%) Change (%) 

Control 92.5 ± 0.7 - 

S1 89.9 ± 1.3 -2.8 ± 0.8 

S2 82.9 ± 1.2 -10.4 ± 0.2 

 

7.3.2 Viscosity Test 

The results of the viscosity tests are reported in Table 7-3. The % change in viscosity of the 

modified samples with respect to the control is calculated with Equation 7-2: 

ηcontrol − ηsample

ηcontrol
× 100 

Equation 7-2 

where ηcontrol is the viscosity of the control sample, and ηsample is the viscosity of the sucrose-

modified samples. The results show that the presence of sucrose led to a decrease in 

viscosity. The effect is particularly relevant when sucrose is added as a solid after slaking 

(sample S2), considering that the results highlight a drop of 79% compared to the control, 

and of 77% compared to sample S1. 

 

Table 7-3. Viscosity of the tested lime pastes. 

Sample Viscosity (mPa∙s) Change (%) 

Control 660 ± 60 - 

S1 590 ± 10 -11 ± 1 

S2 138 ± 2 -79 ± 0.2 

 

7.3.3 Flowability Test 

The results of the flowability tests are reported in Table 7-4. The % change in flowability of 

the modified samples with respect to the control is calculated with Equation 7-3: 

𝐹control − 𝐹sample

𝐹control
× 100 

Equation 7-3 

where Fcontrol is the flowability of the control sample, and Fsample is the flowability of the 

sucrose-modified samples. The results suggest that, consistently with the viscosity 

measurement, an increase in flowability was measured in the sucrose-modified pastes, in 

particular in sample S2 (+75 % compared to the control). 
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Table 7-4. Flowability of the tested lime pastes. 

Sample Flowability (mm) Change (%) 

Control 171.1 ± 1.2 - 

S1 229.0 ± 3.5 33.8 ± 0.1 

S2 299.4 ± 1.2 75.0 ± 0.03 

 

7.3.4 Phenolphthalein Test 

The results of the phenolphthalein tests are shown in Figure 7-1.The staining of the cross 

section for the control paste shows a homogeneous, pink-stained surface at 28 days of 

curing. This suggests that the whole section at this age was characterised by an average 

pH >8-8.5, hence limited carbonation had taken place during the first 28 days. At 35 days, 

a non-stained external ring with depth of about 2 mm appeared, suggesting that the pH in 

that section dropped below 8-8.5. Therefore, it is possible to infer that the amount of calcium 

hydroxide at the surface of the specimens started to reduce through its transformation to 

calcium carbonate. The depth of this ring remained approximately constant up to 56 days 

curing, suggesting that between 35 and 56 days the pH of the whole section did not change 

substantially and, therefore, that the carbonation rate slowed down with respect to the 

previous period. 

Conversely, the cross sections of sucrose-modified lime pastes showed a homogeneous 

pink-stained surface throughout the testing period, that is up to 56 days of curing. This 

suggests that the pH of all sections was >8-8.5 and, therefore, that limited carbonation had 

occurred. 
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Figure 7-1. Photographic records of freshly broken sections of lime paste specimens 

sprayed with phenolphthalein. Comparison between control, sucrose solution-modified 

(S1), and solid sucrose-modified (S2) lime pastes at various ages. 

 

7.3.5 XRD Analysis 

The diffractograms of the control, S1 and S2 pastes at 28 days and the identified mineral 

phases are shown in Figure 7-2. The only identified phases were calcite, portlandite and 

dolomite. The presence of calcite is ascribable to both the addition of marble powder as a 

filler, and the carbonation of lime putty. No other calcium carbonate polymorph could be 

identified in any of the collected diffractograms. It is likely that the presence of calcite 

crystals from the marble powder prevented the formation of metastable polymorphs of 

calcium carbonate. The presence of portlandite is ascribable to the uncarbonated lime putty. 

Minor but significant amounts (always <10 % wt) of dolomite have been found in all collected 

diffractograms. Dolomite is not a product of dolomitic lime carbonation [322], hence the 

presence of this phase cannot be ascribed to the carbonation of lime putty, but rather to 

impurities contained in the marble powder used to produce the lime pastes. No other phases 

were identified in the samples even at later stages of curing. 

 



178 
 

 

Figure 7-2. Diffractograms of the control, S1 and S2 pastes at 28 days of curing. The 

identified phases are shown with the following keys: P = portlandite, C = calcite; D = 

dolomite. 

 

The carbonation progress in all samples was estimated through calcite content 

measurements by XRD as shown in Figure 7-3. The XRD measurements show that in the 

control paste the amount of calcite at 28 and 35 days of curing is about 40 % wt. At 42 days, 

a significant increase in calcite weight is measured (about 70% wt), suggesting that 

significant carbonation took place. At 56 days, the amount of calcite is stable at around 70 

% wt. In the S1, the measured amount of calcite is about 60 % wt, suggesting that this paste 

is more carbonated than the control at the same curing time. Similarly to the control, a 

significant carbonation progression is measured at 42 days. At 56 days, the amount of 

calcite is stable at about 85 % wt, a higher amount than the control at the same curing time. 

In the S2 paste, the calcite content at 28 days is similar to S1 (about 60 % wt) however, 

overtime the increase in calcite content is very small, suggesting that little carbonation took 
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place in this type of paste. At 56 days, the calcite content is still about 60 % wt, i.e. lower 

than the control at the same curing time. 

 

 

Figure 7-3. Graph showing the carbonation progress in control and sucrose-modified lime 

pastes, estimated by changes overtime of XRD-determined calcite weight %. 

 

7.3.6 SEM Analysis 

A selection of representative images of the microstructures of the pastes at 28 and 42 days 

of curing is shown in Figure 7-4. The images show that at 28 days, several well-developed, 

hexagonal portlandite crystals in the control pastes developed (Figure 7-4a), confirming that 

the binder is still largely uncarbonated. The microstructure appears quite porous, with 

numerous circular pores (Figure 7-4b). Conversely, the shape of portlandite crystals visible 

in the S1 and S2 pastes is different from the control, as it is influenced by the presence of 

sucrose (as described in chapters 5 and 6). Portlandite crystals in S1 are of irregular shape 

and with jagged edges (Figure 7-4c), whereas those observed in paste S2 are well-

developed and with an elongated prismatic habit (Figure 7-4e). The sucrose-modified 

pastes show an overall more compact microstructure than the control (Figure 7-4d, f). At 35 

days, a marked crystal coarsening is observed in paste S2 (Figure C1) accompanied by the 



180 
 

formation of several slit-shaped pores, likely due to drying-induced crystal agglomeration 

(Figure C2). The effect of such coarsening can be observed throughout the investigated 

period, i.e. both at 42 days (Figure 7-4i) and at 56 days (Figure C3). Signs of partial 

carbonation can be observed in the control and S2 paste samples, in the form of small 

calcium carbonate nuclei forming on the surface of portlandite crystals (Figure C4). A 

different microstructure between the areas located near the surface (Figure 7-4g,h) – 

characterised by agglomerates of scalenohedral calcite crystals - and those in the core of 

the samples – characterised by a more porous texture and the presence of portlandite 

crystals (Figure C5) confirm the formation of a carbonation crust in the control paste 

specimens as suggested by the phenolphthalein tests. 

 

 

Figure 7-4. SEM micrographs of broken fractures of paste specimens, with and without 

sucrose additions, at 28 and 42 days of curing. For each time of curing, the left column 

shows a higher magnification (view field 5 µm) and the right column a lower magnification 

(view field 20 µm). 
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7.3.7 UPV Test 

The graph in Figure 7-5 shows the results of the UPV measurements with the relative mean 

bulk densities measured at the same ages. Overall, very little variation in UPV values were 

recorded within the tested period (up to 84 days of curing), for all three types of tested 

pastes. For the control samples, a slight constant increase in UPV value is observed, 

ascribable to the increase in compactness due to the carbonation process. For the S1 and 

S2 samples, after a first stage (up to 35 days) where a significant loss in UPV is observed, 

the values start to slowly increase overtime at a rate similar to the control. Starting from 35 

days, the UPV of the S1 paste is lower than the control and the S2.  

The results of bulk density measurements taken at the same ages as the UPV 

measurements, show the variations overtime in the control, S1 and S2 pastes. Consistently 

with the UPV result, in the period up to 42 days all three types of paste show a significant 

decrease in bulk density, which can be interpreted as the pore water evaporation. The 

decrease is faster in the S1 paste, probably because of the bigger diameter of the pores as 

observed by SEM (see section 7.3.6). After such drying period, the bulk density of the 

pastes shows a stable value throughout the whole investigated period, up to 84 days of 

curing. At 84 days, the pastes show close bulk density values, with the following order: S1 

< Control < S2. This is in agreement with the UPV results, whose values reflect the 

compactness of the tested material [13]. 
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Figure 7-5. Weekly P-waves UPV values (dotted line with markers plots) and bulk density 

(solid line plots) of control and sucrose-modified lime pastes monitored overtime during 

curing from 21 to 84 days. 

 

7.3.7.1. Young’s Modulus 

The UPV-determined elastic Young’s modulus values at 70 and 84 days are shown in Error! 

Reference source not found.. The results show similar moduli across all types of pastes. 

As regards the control paste, a very high variability was obtained in the measurements of 

this sample, with a mean value that is similar to the S2 paste. The values of dynamic 

Young’s moduli show mean values in a range between 1 – 2.5 GPa. The results are in good 

agreement with those obtained by Nezerka et al. [215], who found values of dynamic elastic 

moduli of 3.2 GPa in lime mortars at 90 days of curing. 
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Figure 7-6. Young’s modulus determined in control and sucrose-modified lime pastes at 70 

and 84 days of curing by P- and S-waves UPV values. 

 

7.3.8 Flexural Test 

The results of the three-points bending tests are shown in Figure 7-7. At 70 days of curing, 

the pastes showed a flexural strength in the following order: S1 < control < S2, whereas at 

84 days the flexural strengths of control and S1 pastes are similar in terms of mean value, 

although the control shows a very high variability which suggest a heterogeneity across 

specimens. The flexural strength of the S2 paste at 84 days is significantly higher than the 

control and S1. The results are consistent with the UPV measurements, which show that P-

wave velocity follow the same order S1 < control < S2. Interestingly, these results suggest 

that the degree of conversion of calcium hydroxide into calcium carbonate is not necessarily 

correlated with an increase in mechanical strength. A similar result is obtained in chapter 4, 

where different lime slaking conditions were tested and the least carbonated mixture 

performed better in terms of compressive and flexural strength than the mortars where 

carbonation showed to be more advanced. 
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Figure 7-7. Flexural strength of control and sucrose-modified lime pastes at 70 and 84 days 

of curing. 

 

7.3.9 Compression Test 

The results of the uniaxial compression tests are illustrated in Figure 7-8. The compressive 

strength is similar throughout the three types of pastes at 70 days of curing, with mean 

values included between 0.68 and 0.93 MPa. An increase in compressive strength is 

recorded at 84 days of curing, with compressive strength mean values ranging between 

0.86 and 1.73. At this age, a significant difference in strength is recorded across the types 

of paste. The control paste shows the lowest compressive strength (0.86 MPa mean value), 

whereas the S1 paste shows a slightly higher mean value (1.34 MPa), and the S2 paste 

shows the highest compressive strength (1.73 MPa mean value). The results show that the 

addition of sucrose to lime paste lead to an increase in compressive strength, and that the 

strength increase is more marked when sucrose is added as a solid after slaking. 
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Figure 7-8. Compressive strength of control and sucrose-modified lime pastes at 70 and 

84 days of curing. 

 

7.4 Discussion 

7.4.1 Fresh Properties 

The results of the tests on fresh properties (sections 7.3.1, 7.3.2, and 7.3.3) show that the 

sucrose-modified lime pastes retain less water, nevertheless have a higher flowability 

(therefore are less viscous) than the control paste. Minimum water retention and viscosity, 

and maximum flowability are obtained by adding sucrose after slaking. It is a well-

established fact that sucrose used in mixtures is a water-binding agent [228], therefore a 

higher water retention would be expected in the sucrose-modified lime pastes. Nonetheless, 

our results clearly indicate the opposite. These are in contrast also with previous 

observations relating the water retention capacity of a lime putty to its specific surface area 

[187,188]. In fact, our previous results showed that sucrose-modified putties have a higher 

specific surface area than plain lime putties (section 5.3.2). The correlation between water 

retention and specific surface area is usually observed with the maturation of plain lime 

putty, where portlandite crystals are supposed to undergo a size reduction upon ageing and 

the increased surface area results in a higher water retention measured in aged lime putties 
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[13]. However, the addition of sucrose is likely to entail further mechanisms compared to 

those just mentioned. The decrease in water retention can be linked to i) the modified shape 

and size of portlandite crystals grown in presence of sucrose (see chapters 5 and 6), which 

might hinder the binding of pore water with lime particles, and ii) the action of sucrose of 

removing water from the lime surface, preventing the formation of lime-water bonds and as 

a result impairing the inherently high water retentivity of lime putty [323]. Moreover, the 

increased flowability and decreased viscosity observed in the sucrose-modified putties 

suggest that sucrose acts as a water-reducing agent, in a similar way to superplasticisers 

such as lignosulfonates [175]. It has been previously observed that, although a high water 

retention is often regarded as an advantageous property (as it is usually accompanied by a 

good workability and limited bleeding phenomena), it is also correlated to a higher risk of 

crack formation upon drying shrinkage [324]. The empirical observations of our samples 

throughout the curing period are consistent with this observation: the control specimens 

showed a much higher susceptibility to cracking and splitting than sucrose-modified 

samples. The pictures in Figure C6 show that at 70 days most of the control prism 

specimens had sign of damage, cracks and splitting across the whole section, while only 

few S1 samples showed cracking and splitting, and none of the S2 samples showed 

damage or cracking. 

7.4.2 Carbonation Rate 

Overall, the results of the microstructural analyses suggest that a carbonation crust has 

developed on the surface of the control paste specimens at 35 days of curing and that such 

crust acts as a passivation layer against further carbonation, by limiting atmospheric CO2 

from entering the pores. The self-limiting character of carbonation is well known 

[56,65,195,211] and, while it may represent a drawback for the setting of lime mortars, it is 

instead desirable when the Ca(OH)2 is part of a reinforced concrete, where carbonation has 

to be limited in order to preserve the concrete from excessive acidification and corrosion of 

rebars [56,325]. The formation of a passivation layer in the control paste might have been 

promoted by the coarse microstructure observed at the SEM (Figure 7-4b) at 28 days, which 

allow for a localised fast carbonation at the surface. 
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On the contrary, no evidence of the formation of a passivating layer of CaCO3 was found in 

the sucrose-modified pastes. Our results are in agreement with the recent findings of Kang 

et al. [228], who observed a homogeneous and slow carbonation process across the whole 

section of sucrose-modified lime mortars, in contrast with the rapid and localised 

carbonation process observed in plain lime mortars. The homogeneous distribution of the 

carbonation reaction across the section of sucrose-modified lime paste specimen is likely 

due to the different microstructure and pore size distribution, features that are known to 

affect the evaporation rate and, in turn, the carbonation kinetics in lime mortars [22]. Such 

differences can be observed in the SEM images, where S1 and S2 pastes show particle 

coarsening (Figure 7-4i,k), while in the control the micro texture becomes gradually more 

compact towards the surface (Figure 7-4g), where carbonation takes place. The textural 

differences can be related to the different shape and size of portlandite crystals, affected by 

the presence of sucrose, and to the homogeneous texture of the sucrose-modified pastes 

conferred by a quasi-monodisperse population of lime particles slaked in sucrose solution, 

as opposed to the trimodal distribution of plain lime pastes (see previous chapters 4 and 5). 

Our results further show that the addition of sucrose leads to different effects depending on 

the addition method. In particular, carbonation is more advanced in the S1 paste (where 

sucrose is added in solution before slaking) with respect to the control, whereas it is slightly 

less advanced than the control in the S2 paste (where solid sucrose was added after 

slaking). Remarkably, these trends are only revealed by measurements of calcite and 

portlandite content (XRD) while the phenolphthalein tests show a homogeneously pink-

stained surface in both S1 and S2 pastes, suggesting that carbonation takes place 

homogenously across the whole section, as previously mentioned. The differences in 

carbonation progress between S1 and S2 can be explained by the different stage at which 

sucrose is added to the lime, which leads to different degradation patterns of the sucrose 

molecules (chapters 5 and 6). In fact, when it is added in the slaking water before slaking, 

sucrose undergoes thermal treatment and alkaline degradation during slaking (due to the 

high temperature reached during the slaking and the high pH of the solution, respectively), 

which promotes the degradation of the molecule into several by-products. In the latter case, 
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where sucrose is added after the slaking, the molecules are not subject to thermal 

degradation. The difference in sucrose concentration due to the effects of thermal 

degradation is consistent with our LC-MS analyses of the supernatants (section 5.3.5), 

which show that the sucrose concentration is lower in the supernatant of the lime putty used 

to produce the S1 paste with respect to the lime putty used in the S2 paste, consistent with 

a more advanced transformation of sucrose into thermal degradation by-products. 

Therefore, it can be suggested that the presence of sucrose or that of its thermal 

degradation by-products in the lime paste system result in different carbonation progress 

through two different mechanisms. The first is related to the fact that the different shape 

and size of portlandite crystals between S2 and S1 pastes (affected by the presence of 

sucrose in the former and by sucrose and its thermal degradation by-products in the latter 

as discussed in chapters 5 and 6) affect the carbonation reaction in various ways. The 

morphology of portlandite crystals of the lime putty used in the paste S1 are characterised 

by irregular crystal facets which result in a strong increase in specific surface area (section 

5.3.2). Such increase, in turn, is likely to promote carbonation as a higher surface area is 

available for reaction with the CO2. The correlation between specific surface area and 

carbonation rate of lime putty is not well-established, but it has been previously proposed 

in studies investigating the effects of long-term maturation of lime putty [83,87]. The specific 

surface area of the paste S2 is not as high as in the S1, however it is still significantly higher 

than that of a plain lime putty (section 5.3.2). Therefore, it is reasonable that other variables 

play a role in determining the carbonation rate of the pastes. It can be speculated that the 

second mechanism is related to the adsorption of different species on the carbonating lime 

particles, i.e. sucrose molecules in the paste S2, which hinder the reaction with CO2 and 

slow down carbonation [141] and, conversely, of the thermal degradation by-products of 

sucrose in the S1 paste, which promote the carbonation reaction through reaction paths 

that are yet to be determined but that can be linked with characteristics like molecular 

structure, formation of new functional groups, chemical affinity. 
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7.4.3 Mechanical Tests 

Our compression and flexural strength results are in good agreement with the values 

obtained from tests on lime mortars by Cizer et al. [22]. Overall, the results show that a 

strength increase occurs in sucrose-modified lime mixtures, especially if sucrose is added 

as a solid after lime slaking. The results are also in good agreement with the findings of 

Kang et al. [228], who ascribe the strength increase to a higher homogeneity in load-bearing 

capacity caused by a different carbonation rate, which is also in agreement with what is 

shown by our phenolphthalein tests, although the carbonation rate can be accelerated or 

slowed down depending on the sucrose addition method. 

It is worth noting that the presence of sucrose in a lime mortar might pose a risk of 

biodegradation as the organic compound is known to promote fungal growth and growth of 

other microorganisms and therefore possibly promoting several biodegradation pathways 

[326,327]. It should be then investigated which concentration of sucrose is adequate to 

avoid or limit biodeterioration of the lime mortar. 

7.5 Summary 

In this chapter the following research question has been addressed: 

1. How do the characteristics of sucrose-modified portlandite crystals affect the 

properties (setting time, fresh properties, mechanical behaviour) of lime pastes? 

The results shown suggest that sucrose affects the fresh properties of lime-based pastes. 

In particular, sucrose lowers the water retention, reduces viscosity and increases the 

flowability. The effects are more marked in S2 than S1, probably because of the higher 

concentration of sucrose molecules – responsible for the effects – due to the lack of thermal 

degradation that sucrose undergoes in S1, where the additive is introduced before slaking. 

Overall, it is possible to summarise these results by stating that sucrose acts as a water-

reducing agent. 

Sucrose prevents the formation of a passivating layer of CaCO3 at the surface, likely due to 

a different pore size distribution, however the causes for this observed effect need further 
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investigation. The addition mode of sucrose results in different carbonation rates of the 

pastes: S1 pastes carbonate faster than the control, whereas S2 pastes carbonate slower 

than the control. Such difference is likely caused by different portlandite crystals morphology 

and specific surface area, and/or by different species (sucrose in S2 paste; thermal 

degradation by-products in the S1 pastes) adsorbed onto Ca(OH)2 particles. 

Mechanical tests suggest that the S2 paste is more compact and stronger both in 

compression and in flexure than the control and the S1 paste. 
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Chapter 8 

 
 

8. Conclusions and Future Work 

8.1 Conclusions 

Lime has attracted extensive research interest because of its sustainability coupled with 

numerous advantages as a substitute of Portland cement in specific applications. However, 

due to its limitations especially related to the lengthy setting process, the material is still not 

widely used for construction and Portland cement continues to be preferred despite its 

carbon footprint. Several strategies have been investigated to overcome such limitations, 

but only few publications focus on how to optimize the slaking process, despite historical 

accounts showing that traditional technologies – addition of organic compounds and hot-

mixing – allow the production of lime-based binding systems with alleged improved quality. 

Therefore, gaining scientific knowledge on these slaking methods is relevant to enhance 

the performance of modern lime in construction. 

In this work, the microstructure and the performance of lime-based binding systems slaked 

in various conditions were investigated. Several analytical techniques were used to 

characterise the microstructure of the products and different test protocols were carried out 

to evaluate the performance of lime-based mixtures. From this research, the following 

conclusions can be drawn: 

1. Portlandite crystals formed by steam-slaking are different from those formed by 

water-slaking. The formers are characterised by smaller crystallite size, irregular 

shape and are grouped in assemblies with a micromorphology that resembles that 

of the unslaked quicklime. Water-slaked lime has mostly big, rod-like crystals while 

steam-slaked lime has mostly smaller granular particles. 
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2. Water retention of steam-slaked lime mortar is higher than water-slaked lime 

mortars. 

3. Carbonation rate of steam-slaked lime mortars is lower than water-slaked lime 

mortars.  

4. Lime slaking in sucrose solution produces changes in the morphology of portlandite 

crystals, which display a peculiar irregular shape and a significantly smaller 

crystallite size than those usually found in putties slaked with pure water. However, 

this effect was not as marked in the putty slaked in pure water with later addition of 

solid sucrose. The calcium concentration in the supernatant solution indicates that 

sucrose has high affinity for Ca ions and forms stable complexes over the time since 

Ca concentration remains similar at the time of slaking up to 18 months of ageing. 

5. The effect of pectin on portlandite morphology is not very marked, both in terms of 

crystal shape and crystallite size. 

6. The addition of CaLS to the lime pastes produced remarkable changes in the 

morphology of portlandite crystals, which systematically displayed a regular plate-

like shape with some crystals of size (up to few μm) higher than those seen in 

crystals of pure lime putty (up to 1 μm). 

7. No clear relationship could be established between the molecular weight of the 

additives and the effects on the characteristics of portlandite crystals. 

8. When added to a lime-based binding system, sucrose affects the fresh properties of 

the mix: it lowers water retention, reduces viscosity and increases the flowability, 

acting as a water-reducing agent. The effects are more marked when sucrose is 

added after slaking. 

9. During setting, the presence of sucrose prevents the formation of a passivating layer 

of CaCO3 at the surface. 

10. The presence of sucrose in lime pastes affects the carbonation rate in different ways 

depending on the addition mode: if lime is slaked in sucrose solution, the pastes 

carbonate faster, while if sucrose is added after slaking, the pastes carbonate slower 

than the control. 
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11. Mechanical tests indicate that lime pastes with additions of sucrose after slaking are 

more compact and stronger both in compression and in flexure than the control and 

sugar-lime pastes with lime slaked in sucrose solution. 

 

Overall, the work conducted in this thesis contributed to a better understanding of the 

characteristics of portlandite crystals in presence of organic additives and steam and of the 

effects on the properties of lime mortars and pastes, successfully filling the general research 

gap identified at the start of the research. 

It was demonstrated that different slaking processes affect the characteristics of portlandite 

crystals through different mechanisms depending on the characteristics of the water used 

ond of the additives. It was also demonstrated that the presence of steam and the addition 

of sucrose are both able to improve the characteristics and performance of lime-based 

building materials. 

The original aim of this research of finding a viable, affordable, and scalable way to optimise 

lime performance in construction by modifying the characteristics of portlandite crystals 

during the slaking process can be considered as partially fulfilled, with further work to 

conduct as described in the following section. 

 

8.2 Future work 

For further exploration of property enhancement of lime as a construction material, some 

open questions should be addressed: 

- Further research should investigate the effects of steam-slaking of lime on the 

performance and carbonation rate of mortars over a long period of time, as well 

as the porosity development in steam-slaked lime mortars which is likely one of the 

major factors affecting the carbonation rate. 
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- When testing organic additives, only one concentration (selected from previous 

works) of organic compound was tested. For future insight, various concentrations 

should be tested to select the optimal condition.  

- The durability of organic-modified lime-based mixtures should be investigated in 

order to understand if and which additives can promote or inhibit degradation 

processes. 

- Further chemical modelling or molecular analytical techniques (gas 

chromatography/ mass spectrometry, infrared spectroscopy) should be aimed at 

further characterising the composition of the pore solutions to contribute to shed light 

on the mechanism of interaction between the organic compounds and portlandite. 

- Further research should elucidate whether lignosulfonate addition, which induced 

significant changes to the microstructure of lime, also affects the carbonation 

kinetics and fresh and hardened properties of lime-based mixtures. 

 



195 
 

Appendices 

 

Appendix I – XRD-Crystallite Size Chapter 4 

Table I-1. Crystallite size and standard deviation of hydrated lime samples obtained with 

different slaking methods. 

Sample crystallite size (A) SD 

Control 293 32 

Drowned 290 30 

Hot water 424 100 

Steam 136 18 
 

Appendix II – SEM Images/Qualitative Image Analysis 

Below are shown images at various magnifications (typical view fields used are 2, 5, 10, 20 

µm) of the putties. Dimensions of crystals with clear boundaries are manually measured 

and values are reported in the tables. 

 

  

Figure II-1. Control putty aged 12 months. 
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Figure II-2. Control putty aged 18 months. 

 

   

Figure II-3. Fresh M1A. Left: medium magnification. Right: low magnification. 

 

  

Figure II-4. Aged M1A (6 months). Left: medium magnification. Right: low magnification. 
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Figure II-5. Aged M1A (18 months). 

 

 

   

Figure II-6. Aged M1B (6 months) at medium (left) and low (right) magnification. 

 

 

Figure II-7. Aged M1B (12 months). 
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Figure II-8. Aged M1B (18 months). 

 

   

Figure II-9. Fresh M2A at high (left), medium (center), and low (right) magnification. 

 

   

Figure II-10. Aged M2A (6 months) at medium (left) and low (right) magnification. 
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Figure II-11. Aged M2A (12 months). 

 

  

Figure II-12. Aged M2A (18 months). 

 

   

Figure II-13. Fresh M2B at high (left), medium (center) and high (right) magnification. 
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Figure II-14. Aged M2B (6 months) at medium (left) and low (right) magnification. 

 

  

Figure II-15. Aged M2B (12 months). 

 

   

Figure II-16. Aged M2B (18 months). 
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Figure II-17. Fresh M3A at low magnification. 

 

  

Figure II-18. Aged M3A (6 months) at high (left) and low (right) magnification. 

 

  

Figure II-19. Aged M3A (12 months). 



202 
 

 

  

Figure II-20. Aged M3A (18 months). 

 

   

Figure II-21. Fresh M3B at medium (left), and low (right) magnification. 

 

  

Figure II-22. Aged M3B (6 months) at medium (left) and low (right) magnification. 
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Figure II-23. Aged M3B (12 months). 

 

  

Figure II-24. Aged M3B (18 months). 
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Table II-1. Range of crystal size in the control sample – fresh. 

Measurement Length (µm) 

1 1.196 

2 0.675 

3 0.486 

4 0.442 

5 0.413 

6 0.396 

7 0.393 

8 0.379 

9 0.354 

10 0.331 

11 0.330 

12 0.322 

13 0.263 

14 0.133 

15 0.104 

16 0.102 

17 0.097 

18 0.079 

19 0.064 

20 0.063 

21 0.051 

22 0.051363 
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Table II-2. Range of crystal size in the control sample – aged 6 months. 

Measurement Length (µm) 

1 0.774 

2 0.729 

3 0.596 

4 0.378 

5 0.346 

6 0.279 

7 0.254 

8 0.095 

9 0.091 

10 0.091 

11 0.083 

12 0.08 

13 0.078 

14 0.074 

15 0.073 

16 0.068 

17 0.067 

18 0.063 
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Appendix III – Calculations Functional Groups 

Additive 
Conc % 
(g/100g) 

Molecular 
Weight 
(g/mol) 

Degree of 
Polymerisation 
(units/molecule) 

Number of functional 
groups per molecule 

mol 
additive/100g 

mol 
functional 
groups/100g 

glucose 5 180.16   5 OH 0.027753108 0.138765542 

fructose 5 180.16   5 OH 0.027753108 0.138765542 

sucrose 5 342.3   8 OH 0.01460707 0.116856559 

starch 5 2522240 14000 42000 OH 1.98236E-06 0.083259325 

amylopectin 5 360320000 2000000 6000000 OH 1.38766E-08 0.083259325 

inulin 5 5000 28 94 OH 0.001 0.094360568 

gal ac 0.5 212.15   6 
1COOH + 
5OH 0.002356823 0.014140938 

pectin 0.5 24821.55 117 351 
1COOH + 
5OH 2.01438E-05 0.007070469 

dmbs 1.5 254.26   1 SO3 0.005899473 0.005899473 

cals 1.5 18000 90 180 2OH+0.1SO3 8.33333E-05 0.015 

 

Appendix IV – Powder XRD/Rietveld QPA 

 

Sample Control 

Age fresh 

 

 

Sample Control 

Age 6 months 
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Sample Control 

Age 12 months 

 

 

Sample Control 

Age 18 months 
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Sample M1A 

Age fresh 

 

 

Sample M1A 

Age 6 months 
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Sample M1A 

Age 12 months 

 

 

Sample M1A 

Age 18 months 
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Sample M1B 

Age fresh 

 

 

Sample M1B 

Age 6 months 
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Sample M1B 

Age 12 months 

 

 

Sample M1B 

Age 18 months 



212 
 

 

 

 

Sample M2A 

Age fresh 

 

 

Sample M2A 

Age 6 months 
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Sample M2A 

Age 12 months 

 

 

Sample M2A 

Age 18 months 
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Sample M2B 

Age fresh 

 

 

Sample M2B 

Age 6 months 



215 
 

 

 

Sample M2B 

Age 12 months 

 

 

Sample M2B 

Age 18 months 
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Sample M3A 

Age fresh 

 

 

Sample M3A 

Age 6 months 
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Sample M3A 

Age 12 months 

 

 

Sample M3A 

Age 18 months 
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Sample M3B 

Age fresh 

 

 

Sample M3B 

Age 6 months 
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Sample M3B 

Age 12 months 

 

 

Sample M3B 

Age 18 months 



220 
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Appendix V – Isotherm Linear Plots 

Sample Suc-B 
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Sample Glu-B 
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Sample Sta-A 

 
 



224 
 

Sample Sta-B 
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Sample Fru-A 
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Sample Fru-B 
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Sample Inu-A 
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Sample Inu-B 

 
 



229 
 

Sample Gal-A 
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Sample Gal-B 
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Sample Pec-A 
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Sample Pec-B 
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Sample DMBS-A 
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Sample DMBS-B 
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Sample LS-A 
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Sample LS-B 
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Sample Amy-A 
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Sample Amy-B 

 
 



239 
 

Sample Suc-A 
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Appendix VI – Supplementary Information to Chapter 7 

 

 

Figure VI-1. S1 pastes at 35 days of ageing showing extensive particle agglomeration. 

 

 

Figure VI-2. Microstructure of S1 paste at 35 days of ageing. 
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Figure VI-3. S1 paste at 56 days of ageing showing extensive particle agglomeration. 

 

 

  

Figure VI-4. Control (left) and S2 (right) paste showing calcium carbonate nuclei on the 

surface of portlandite crystals at 35 days of ageing. 
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Figure VI-5. Microstructure of the control paste at 42 days of ageing, characterised by the 

presence of coarse portlandite crystals in the uncarbonated core of the specimen. 
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Figure VI-6. Lime paste samples at 70 days. Control samples are showing extensive crack 

formation and damage due to drying shrinkage. Few S1 samples are cracked or damaged. 

None of the S2 samples are damaged, and no cracks are observed. 
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