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Abstract 39 

The effect of individual and combined addition of both nanosilica (NS) and 40 

polycarboxylate-ether plasticizer (PCE) admixtures on aerial lime mortars was studied. 41 

The sole incorporation of NS increased the water demand, as proved by the mini-spread 42 

flow test. An interaction between NS and hydrated lime particles was observed in fresh 43 

mixtures by means of particle size distribution studies, zeta potential measurements and 44 

optical microscopy, giving rise to agglomerates. On the other hand, the addition of PCE 45 

to a lime mortar increased the flowability and accelerated the setting process. PCE was 46 

shown to act in lime media as a deflocculating agent, reducing the particle size of the 47 

agglomerates through a steric hindrance mechanism. Mechanical strengths were 48 

improved in the presence of either NS or PCE, the optimum being attained in the 49 

combined presence of both admixtures that involved relevant microstructural 50 

modifications, as proved by pore size distributions and SEM observations.   51 

 52 

 53 
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1. Introduction 54 

 55 

The bibliography abounds with examples of the use of admixtures in cement-based 56 

materials [1-5]. Various mineral additions have been reported with the aim of improving 57 

the technical characteristics of the final product and/or addressing environmental issues 58 

[3-5]. The addition of nanosilica (NS) has attracted increasing interest because of the 59 

filling effect, which improves the particle size distribution, thus reducing porosity, and 60 

the pozzolanic reaction between NS and calcium hydroxide (CH) yielding calcium 61 

silicate hydrates (C-S-H). These actions result in enhanced mechanical strength [6-8]. 62 

The filling of the interparticle space leads to a denser packing and reduces the water 63 

demand, as there is no need to fill the space with water. In this case, the use of a 64 

superplasticizer is required in order to guarantee workability [9]. Furthermore, the 65 

strong tendency of NS to agglomerate also may make it necessary to use a dispersing 66 

additive in order to overcome this problem and to ensure enough reactive surface for the 67 

filling effect and C-S-H formation [7,10,11]. Dispersing additives are the so-called 68 

plasticizers or superplasticizers, which have a water reducing action on cement 69 

materials. When superplasticizers are added, workability at a constant water/cement 70 

ratio is improved. Alternatively, the same workability as that of plain cement paste can 71 

be reached with an outstanding reduction in water content. In the latter case, cement 72 

materials with higher mechanical strengths can be obtained. The adsorption of the 73 

plasticizer molecules on the solid particles, either by modifying the surface charge (zeta 74 

potential) of the particles, thus increasing the electrostatic repulsion, or by steric 75 

hindrance, causes a dispersing action, which has been claimed to be responsible for the 76 

increase in fluidity of the cement paste [12]. The interaction between the 77 

superplasticizer and the particles of the binder could be affected by the presence of 78 
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mineral additions (such as NS, silica fume or fly ash), which means that the 79 

compatibility between them needs to be studied [13]. 80 

 81 

The interest in using lime-based mortars has lately undergone an increase, especially for 82 

different applications, such as for rendering mortars or restoring historical monuments 83 

[14-19]. Only recently, the performance of aerial lime mortars modified with 84 

admixtures has attracted researchers’ attention, and the role of water repellents, water 85 

retainers, viscosity enhancers and also traditional organic admixtures has been reported 86 

in these binding materials [20-27]. The action of superplasticizers on lime mortars has 87 

scarcely been considered. Seabra et al. [21] reported the effect on fresh state properties 88 

of a sulphonated melamine polymer-based plasticizer, finding a reduction in the water 89 

demand and predicting an improvement in mechanical strength. Arizzi and Cultrone 90 

[25] have reported improvements on mortar properties upon the addition of a 91 

polycarboxylate-based plasticizer blended together with other admixtures in metakaolin-92 

aerial lime mortars. The isolated role of a polycarboxylate ether (PCE) superplasticizer 93 

in pure lime mortars, its action mechanism and its effect on mechanical strengths at 94 

medium and long-term remain to be established, and they are addressed in this paper. It 95 

would also be expected that NS, exhibiting certain pozzolanic behaviour in a similar 96 

way to that which takes place when metakaolin is added [19, 25, 28-29], could react in 97 

alkaline media with slaked lime particles, giving rise to the formation of calcium silicate 98 

hydrates and, therefore, leading to a compressive strength increase. However, the extent 99 

of such an interaction, the filling effect of NS as a function of its particle size, and the 100 

compatibility between NS and PCE in a lime matrix, need to be clarified. This paper 101 

therefore aims to assess the performance of aerial lime mortars modified by the 102 

individual or combined addition of two different admixtures: nanosilica and a 103 
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superplasticizer based on polycarboxylate ethers. The fresh and hardened state 104 

properties in the long term of lime mortars modified by the addition of these admixtures 105 

were thoroughly evaluated.  106 

 107 

2. Materials and methods 108 

 109 

2.1. Materials 110 

 111 

Mortars were prepared by mixing a dry slaked lime (class CL 90-S according to Spanish 112 

standard [30], supplied by CALINSA, Spain) acting as binder, and a pure limestone 113 

aggregate, a calcitic sand, which showed a continuous grading from 0.063 to 1.5 mm. 114 

Chemical, mineralogical and grain size distribution of the raw materials were reported 115 

elsewhere [20]. The nanosilica was a colloidal silica suspension (pH = 9.68, with a 116 

solid/liquid ratio of 0.28) as supplied by ULMEN Europa S.L. (Spain). The 117 

superplasticizer was of polycarboxylate ether type, PCE, Melflux 2651F (BASF). 118 

 119 

Two different batches of samples were prepared as a function of the binder/aggregate 120 

proportion, 1:2 and 1:1 by volume (group of samples denoted as A and B, respectively) 121 

(Table 1). These volume ratios were chosen in accordance with previous data that 122 

showed the best mechanical strengths and durability performance in aerial and hydraulic 123 

lime mortars [14,16,31]. With the aim of avoiding any imprecise measurement, these 124 

two volume proportions were converted into weight, resulting in 1:6.7 and 1:3 weight 125 

proportions, respectively. Different fresh mortar mixtures were prepared with different 126 

amounts of nanosilica and superplasticizer (Table 1). For each type of sample, A or B, 127 
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one was composed only of lime and aggregate, and was taken as a reference mortar 128 

(samples AC and BC, respectively). 129 

 130 

Given that the assayed admixtures were expected to have a strong influence on the 131 

consistency of the mortar, each one of the specific dry mixture proportions was prepared 132 

in duplicate, altering the water/binder ratio. Samples were denoted with F when the 133 

water/lime ratio was fixed to the ratio achieved for good workability in the control 134 

samples (1.54 W/B ratio for A mortars and 1.12 W/B for B mortars). In the other case, 135 

the samples were nominated with a W, when the water/lime ratio was adjusted to obtain 136 

normal consistency and acceptable workability by means of the mini-spread flow test 137 

[20,32]. The aim of preparing these two batches of samples as a function of the mixing 138 

water was to identify, as far as possible, the effect of each admixture on the water 139 

demand (samples F), while, simultaneously also testing workable and, thus, applicable 140 

mortars (samples W).  141 

 142 

2.2. Methods 143 

 144 

2.2.1. Mortars preparation 145 

 146 

Lime, aggregate and dry PCE admixture, when necessary, were blended for 5 min using 147 

a solid admixtures mixer BL-8-CA (Lleal S.A.). Water (and, if required, nanosilica 148 

suspension) was then added and mixed for 90 s at low speed, in a Proeti ETI 26.0072 149 

mixer. For the determination of fresh state properties, mortars settled for 10 min before 150 

being tested, to let the additive take effect. Straight afterwards, fresh state measurements 151 

were carried out as described below. 152 
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 153 

For hardened state properties, mortars were moulded in prismatic 40x40x160 mm casts, 154 

compacted in a specific automatic compactor for 60 s and stored indoors at 60% RH and 155 

20ºC, and demolded 5 days later [33]. The majority of the samples was tested after 7, 28 156 

and 91 curing days, this last time being a curing period long enough to allow 157 

comparisons between aerial lime mortars [14]. Some samples were also tested after 182 158 

and even 365 curing days. Statistical significance of the results obtained was ensured 159 

because three specimens were tested at each time for each one of the samples, and the 160 

reported results are an average of the obtained results. When deemed necessary, results 161 

are presented with error bars corresponding to 1 standard deviation. 162 

 163 

2.2.2. Fresh state properties 164 

 165 

For the fresh state, several properties were studied. Experimental methods were 166 

conducted as follows. 167 

 168 

Consistency of the fresh mortar samples was measured through the mini-spread flow 169 

test, by measuring the slump after the standardized procedure [32]. Furthermore, 170 

viscosity measurements were carried out in lime pastes by means of a HAAKE 171 

Viscotester VT 550, with a programme of rotation speeds increasing from 0 to 500 s
−1

 172 

during 90 s. Two batches of samples were tested: the first one was obtained by mixing  173 

20 g of lime and increasing amounts of PCE (from 0 to a maximum of 4 wt.% with 174 

respect to lime weight). The second one was prepared by also adding 6 wt.% NS with 175 

respect to lime weight. Then, water was added up to 100 mL of suspension. 176 

 177 
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The water retention capacity was calculated by weighing absorbent materials placed on 178 

the fresh sample before and after 5 min of contact under pressure [34]. 179 

 180 

The open time of the fresh mortars was obtained from a specific device provided with a 181 

bradawl, which pushed the fresh sample until the strength exerted to introduce it into the 182 

sample was larger than 15 N [35]. In order to confirm the obtained open time results, 183 

workable lime pastes (when necessary, modified by the addition of one of the studied 184 

admixtures) were also prepared and their setting time measured according to the well-185 

known norm for cements, with Vicat equipment [36]. 186 

 187 

Specific mixtures of lime, water, and admixture were prepared to assess the zeta 188 

potential and the particle size distribution, with a view to elucidating the mechanism 189 

through which the admixtures acted. 190 

 191 

The determination of zeta potential of solid-liquid interface has been reported to be a 192 

valuable method in order to study the action mechanism of admixtures, because the 193 

adsorption of some admixtures (such as PCE and other plasticizers) on the solid surface 194 

of binder modifies the surface charge of the particles [12,37,38]. With the aim of 195 

studying the zeta potential and in accordance with previous studies [24,37,38], solutions 196 

of 2 g of dry hydrated lime in 50 mL of water were prepared. Increasing amounts of the 197 

PCE were added, thus obtaining different solutions (from 0 to 4 wt.% with respect to 198 

lime weight). Six percent of NS was added to one batch of the samples, while the other 199 

contained only lime and PCE. Finally, in order to study possible adsorption of PCE onto 200 

NS, free-lime suspensions of colloidal NS, in the same amount as the previous batch of 201 

samples, with increasing additions of PCE, were studied. After 5 min of stirring, the 202 
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mixtures were separated by centrifuge, and the supernatants were analysed using a Zeta 203 

Potential Analyzer ZETA PLUS (Brookhaven Instruments Corporation, New York, 204 

U.S.A). The average of ten measurements was regarded as the zeta potential of the lime 205 

particles. 206 

Furthermore, with a view to studying the behaviour of lime particles in suspensions 207 

with the tested admixtures, 20 g of lime was added to 100 mL of water. As in the zeta 208 

potential studies, increasing amounts of the PCE were added, thus obtaining different 209 

solutions (from 0 to 4 wt.% with respect to lime weight). Six percent of NS was added 210 

to one batch of the samples, while the other contained only lime and PCE. The particle 211 

size distribution (PSD) of these samples was determined using a Malvern Mastersizer 212 

(Malvern Instruments, Ltd., U.K.). Moreover, the PSD of free-lime suspensions of 213 

colloidal NS was also studied upon addition of increasing percentages of PCE. The PSD 214 

of a plain PCE solution was also measured. Optical microscopy (Olympus CH40, with  215 

Color view- soft imaging systems camera) was also used in order to observe the particle 216 

size in the above-mentioned suspensions. 217 

 218 

2.2.3. Hardened state properties 219 

 220 

For the mineralogical characterization of the hardened mortars, samples were ground in 221 

an agate mortar to powder and measurements were carried out by powder X-ray 222 

diffraction (in a Bruker D8Advance diffractometer - Karlsruhe, Germany-, with a 223 

CuK1 radiation and 0.02º 2 increment and 1 s·step
-1

, from 2º to 90º 2) and by Fourier 224 

Transform Infrared-Attenuated Total Reflectance (FTIR-ATR) spectroscopy, in a 225 

Nicolet-Avatar 360 equipment. The resolution was 4 cm
−1

 and the spectra were the 226 

result of averaging 100 scans. All measurements were carried out at 20 ± 1 °C. A 227 
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Hitachi S-4800 scanning electron microscope (SEM) (Hitachi, Japan), coupled to an 228 

EDS detector, was used to study the morphology and microstructure of the samples. 229 

Before SEM-EDS analysis, samples were coated with a gold film.   230 

 231 

Pore size distribution tests were performed by mercury intrusion porosimetry (MIP), 232 

using a Micromeritics AutoPore IV 9500 with a pressure range between 0.0015 and 207 233 

MPa. Pressure, pore diameter and intrusion volume were automatically registered. 234 

 235 

The three-point flexural tests were carried out in the mortar specimens using a 236 

Frank/Controls 81565 compression machine at low rates of loading (10 N·s
-1

). Flexural 237 

strength determination was done on the Ibertest IB 32-112V01. Compression strength 238 

tests were executed on the two fragments of each specimen resulted from the flexural 239 

tests. This was done on a Proeti ETI 26.0052, and the rate of loading was 50 N s
-1

. 240 

 241 

3. Results and discussion 242 

 243 

3.1. Fresh state properties 244 

 245 

3.1.1. Rheological behaviour. Assessment of the interaction between the 246 

admixtures and lime particles: effects on the particle size distribution. 247 

 248 

Table 2 summarizes the fresh state experimental results. On the consistency (mini 249 

spread-flow test), the presence of NS systematically demands a larger amount of mixing 250 

water. For a fixed amount of water (samples F), a progressive decrease of flowability is 251 

observed as the percentage of NS increases. The slump flow diameter varied from 180 252 



 11 

mm in the control AC sample to 165 mm in sample AF11, containing 6 wt.% NS. A 253 

much more pronounced effect was observed for B samples, most of which were 254 

prepared with a higher ratio of NS (3 and 6 wt.%) added on a larger proportion of lime, 255 

thus resulting in a higher NS net amount. As an example, sample BF3, containing 6 256 

wt.% NS, made the slump diameter decrease from 173 mm (BC control sample) to 141 257 

mm. 258 

 259 

In cement mortars, a higher water demand has been reported when the specific surface 260 

area supplied by the NS rises [7,39]. But, as stated in the introduction, when there is 261 

improved packing, the larger amount of free water could lubricate solid particles, thus 262 

allowing the fresh paste to flow easily. The latter effect was not observed in the assayed 263 

samples: on the contrary, the presence of NS caused a flowability drop. Another 264 

mechanism could be put forward which ruins the particle packing. The formation of 265 

agglomerates (a reported problem when using nanosized particles) could explain this 266 

bad packing [7]. Furthermore, the reported formation of C-S-H-gel increases the water 267 

consumption and, as a consequence, the water demand. Particle size distribution 268 

measurements and optical microscopy observations, as discussed below, will show the 269 

formation of agglomerates upon the addition of NS and simultaneous consumption of 270 

the smallest lime particles, thus preventing them, to a certain extent, from filling the 271 

intergranular space and increasing the water demand.  272 

 273 

Measurements of the PSD were conducted with the aim of clarifying all the above-274 

mentioned facts. In Fig. 1 (a), a plain NS suspension showed a unimodal distribution, 275 

with a sharp peak at 0.30 m particle diameter. Pure lime suspension PSD resulted in a 276 

distribution with peaks at 0.30, 10 (the main particle diameter in volume percentage) 277 
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and 50 m. A shoulder at ca. 200 m was also observed (Fig. 1(b)). However, when NS 278 

and lime were mixed, PSD graph depicted a quatrimodal distribution but with inverted 279 

intensity of the central peaks. In fact, there was a reduction in the peak at 0.30 m, a 280 

marked drop in the particles with 10 m of diameter, and a pronounced increase of the 281 

third peak, which also underwent a shift towards larger diameters (from 50 to 60 m). 282 

The shoulder at larger particle diameter also appeared at larger diameters (ca. 300 m) 283 

(Fig. 1(b), NS-lime PSD curve). The formation of new larger particles evidenced the 284 

interaction between NS and lime particles. Owing to their highly reactive, large surface, 285 

NS particles can act as condensation centres, reacting with some lime particles and 286 

leading to C-S-H formation [6,11]. This would explain the consumption of the lime 287 

particles with 0.30 and 10 m of diameter and the appearance of larger particles (60 and 288 

300 m) and, therefore, the increase in water demand upon NS addition. 289 

 290 

Optical microscopy observations helped us to confirm these data: Fig. 2 (a) depicts a 291 

plain lime suspension, with a network of 10 m-sized portlandite particles and some 292 

agglomerates ranging from 50 to 100 m of diameter (dark spots on the micrograph). In 293 

addition, at higher magnification, a noticeable population of small portlandite particles 294 

(0.3 m) could also be observed (Fig. 2 (b) shows some areas containing several small 295 

particles marked with white circles). All these observations are in good agreement with 296 

PSD measurements. The incorporation of NS resulted in the formation of denser and 297 

larger structure, with the consumption of the smallest particles of lime (Fig. 2(c)). 298 

 299 

Flowability of the fresh mortars was clearly improved upon addition of PCE. Sample 300 

AF9, with 0.5 wt.% PCE, underwent a 44% of increase in the slump diameter (Table 2). 301 

When workability was adjusted, this effect was denoted by a decrease in mixing water 302 
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requirements (from 1.54 water/binder ration in AC to 1.27 water/binder ratio in 303 

AW10)(Table 1). This effect was even noticeable in samples BF5, BF6 and BF8 in spite 304 

of the NS being present up to 6 wt.%, in which the presence of PCE rendered slump 305 

values beyond the limits of the mini spread-flow test. All these results were confirmed 306 

by means of the viscosity measurements carried out in fresh pastes (Fig. 3). The 307 

reduction in the slump diameter when NS was added can be related to the viscosity 308 

increase (ordinate axis, 0 wt.% PCE). Upon addition of PCE, viscosity decreased and 309 

reached a minimum (ranging from 0.5 to 1 wt.% PCE). It seems that a saturation dosage 310 

was then achieved in a lime matrix, and higher contents of PCE did not significantly 311 

modify the sample’s viscosity. Similar response to superplasticizer addition, with the 312 

finding of a saturation dosage, was reported in a cement matrix by Fernàndez-Altable 313 

and Casanova [40]. 314 

 315 

From these data, it turns out to be evident that PCE acted in lime mortars as a water 316 

reducing agent that improves the fluidity of the fresh samples, just in the same way as it 317 

did in cement-based matrices [41-45], but its action mechanism in lime matrices needs 318 

to be elucidated. PCE compounds have been reported to adsorb on the surface of the 319 

main mineral phases of a fresh cement paste: C3S, C-S-H and ettringite. This fact has 320 

been reported to be responsible for the observed increase in suspension fluidity, thanks 321 

to the steric hindrance caused by PCE molecules [44]. Zeta potential studies have 322 

extensively been used for investigating superplasticizer adsorption in cement 323 

suspensions. Zeta potential is defined as the electrical potential developed at the solid-324 

liquid interface and represents the potential difference between the surface of the 325 

charged particles and the external plane of Helmholtz (according to a widely used 326 

electric double layer model) [46]. The higher this potential is with the same polarity, the 327 
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stronger the electrostatic repulsion between particles. Conversely, if the zeta potential 328 

value of a suspension is close to the iso-electric point (within the range of -15 to +15 329 

mV), particles tend to flocculate [44,46]. Adsorption-desorption phenomena of ions 330 

onto/from the particle’s surface modify the electrical double layer and can change the 331 

zeta potential values and the suspension stability. The interest in knowing the zeta 332 

potential behaviour of a lime paste when PCE and NS were incorporated can thus be 333 

inferred. These data, together with the particle size distribution of fresh lime pastes, are 334 

helpful with a view to explaining the dispersing mechanism observed for PCE, the 335 

admixtures’ adsorption behaviour and the interactions when the three components were 336 

present: NS, PCE and lime. 337 

 338 

In Fig. 4, the zeta potential of a pure lime solution was close to +50 mV, in good 339 

agreement with previously published data [24]. Calcium ions have been proved to be 340 

potential determining ions for charged surfaces [47]. Therefore, in the Ca
2+

 rich lime 341 

suspension, the adsorption of calcium ions onto the lime particles justifies the large 342 

positive value of zeta potential. Conversely, the pure NS suspension, with a measured 343 

pH value of 9.68, showed a zeta potential value close to -50 mV, a similar value to that 344 

reported by Sakthivel et al. [46] and Shih et al. [6]. This large negative charge, caused 345 

by the deprotonation of silanol groups [48], provoked a marked inter-particle repulsion, 346 

preventing NS from agglomeration. 347 

 348 

The simultaneous presence of lime particles and NS (a 6 wt.% NS with respect to lime) 349 

gave rise to a slight zeta potential drop (down to +30 mV) as a result of the attachment 350 

between particles with opposite zeta potential, partially cancelling out the positive 351 

value. This lime-NS interaction had necessarily to lead to the formation of larger 352 
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particles, as proved by means of the particle size distribution (PSD) of the suspensions, 353 

previously discussed (Fig. 1(b)).  354 

 355 

The gradual incorporation of PCE caused a decrease in the zeta potential values of both 356 

pure lime and NS-lime solutions, proving the interaction between PCE and lime 357 

particles. PCE is a negatively charged polyelectrolyte in the alkaline media of both 358 

suspensions, so its adsorption onto particles with positive zeta potential led to a zeta 359 

potential reduction, and even to a charge inversion. Regarding the C-S-H particles that 360 

could be formed in NS-lime solution, their interaction with PCE is also plausible and it 361 

has been widely researched by Zingg et al. [44]. In spite of all, it must be noticed that 362 

the NS percentage with respect to the lime content was limited, as is the amount of C-S-363 

H formed. However, the interaction between PCE and NS remains uncertain. Despite 364 

the fact that the presence of PCE in pure NS suspension altered the zeta potential values 365 

(towards less negative values), the PSD of pure NS (Fig. 1(a)), pure PCE (Fig. 1 (c)) 366 

and mixed NS-PCE suspensions (Fig. 1 (d)) suggested the absence of interaction. In 367 

Fig. 1(a), pure NS showed 0.30 m of particle diameter while 20 m was the particle 368 

diameter for a pure suspension of PCE (Fig. 1(c)). Mixtures of both components showed 369 

no different peaks, but presented regular variation of the peaks’ intensity: the larger the 370 

amount of PCE added, the more pronounced the peak at 20 m attributed to this 371 

component and the lower the intensity of the NS peak (Fig. 1(d)). The observed changes 372 

in the zeta potential values of the NS if PCE was added can be due to the lower charge 373 

density of PCE molecules with respect to NS: it has been reported that many PCEs 374 

exhibit low or even nearly zero anionic charge densities [49]. By direct titration, our 375 

PCE showed 1225 ± 23 meq of anionic sites per gram of polymer. According to 376 

previously published data of PCE superplasticizers, the assayed PCE could be classed as 377 
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relatively low charge anionic density PCE [44,50]. Therefore, the electrophoretic 378 

migration of charged particles was different for NS and for PCE, resulting in a different 379 

zeta potential value. 380 

 381 

When PCE was added, the zeta potential of pure lime and NS-lime suspensions shifted 382 

towards values within the limits of -15 to 15 mV (Fig. 4), so particles should tend to 383 

flocculate. However, the above-mentioned results of consistency (measured through the 384 

flow table test) proved the effectiveness of the plasticizing/dispersing action of the PCE 385 

in lime mortars with and without added NS. Furthermore, the PSD of these suspensions 386 

also confirmed the dispersing role. In Fig. 1 (e), depicting pure lime suspensions, it can 387 

be observed how the larger particles of lime -diameter around 200 m - disappeared 388 

upon the addition of PCE. Moreover, the PSD were shifted towards lower diameter 389 

particles as PCE concentration increased, dramatically reducing the population of 50 390 

m-particles. Although to a lesser extent, NS-lime suspensions (Fig. 1 (f)) behaved 391 

similarly, increasing the population of 60 m-particles at the expense of the large 392 

agglomerates of particles of diameter greater than 350 m. The dispersing role of the 393 

PCE was also proved by means of optical microscopy. Fig. 2 (d) clearly shows the 394 

disappearance of large agglomerates in comparison with the micrographs of pure lime 395 

and NS-lime suspensions (Fig. 2 (a) and (c)). 396 

 397 

Therefore, these findings point to the fact that PCE acted as a dispersing agent in lime 398 

suspensions (in lime mortars too) mainly through a steric hindrance mechanism rather 399 

than an electrostatic repulsion one. Fresh lime mortars are thus sterically stabilized in 400 

the presence of PCE, explaining the observed reduction in mixing water requirements 401 

and the increased plasticity of the mixture. This mechanism is in line with previous 402 
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works in cement materials [13,44,49,51], which report steric forces as the essential 403 

mechanism for the PCE fluidizing effect. 404 

 405 

3.1.2. Water retention and setting time 406 

 407 

On the other hand, the presence of either NS or PCE caused little change, if any,  in the 408 

water retention capacity of the assayed lime mortars (Table 2). Only slight variations of 409 

the retained water could be found in A samples, with 1:2 lime:aggregate ratio. The 410 

small variability, in the most cases falling within experimental error, could not be 411 

ascribed to any admixture. In B samples, with 1:1 lime:aggregate ratio, the degree of 412 

variability turned out to be negligible. 413 

 414 

However, setting time changes arose as a consequence of the addition of the tested 415 

admixtures with respect to control mortars (Table 2). A great dispersion of the 416 

experimental results must be noted. To a certain extent, this variability can be explained 417 

by taking into account the different proportions of added mixing water and the pore 418 

structure of the mortar. It must be considered that the setting of lime mortars is a 419 

stepwise procedure. There is a first step in which mixing water evaporates, giving rise 420 

to a progressive hardening of the material. In the second step, the uptake of CO2 starts; 421 

it dissolves together with portlandite particles, so that carbonation takes place [52,53]. 422 

As the presence of admixtures modified the mixing water requirements, an increased 423 

amount of mixing water (for example, in samples AW6, AW8, BW2 or BW4) as well as 424 

a fixed water amount larger than the one necessary for suitable workability (as in 425 

samples AF9, BF5, BF6 and BF8) could explain the observed delay in setting time. 426 

Similarly, differences between samples A and B arose from the different water demand 427 
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(see Table 1, to achieve a normal consistency control AC sample requires a water/binder 428 

ratio of 1.54 but 20% of mixing water with respect to dry raw materials, while BC 429 

sample shows a water/binder ratio of 1.12 and 28% of mixing water) and from the 430 

resulting porosity. As a general trend, the setting time in samples A turned out to be 431 

longer than that of samples B. 432 

 433 

Low percentages of NS resulted in a setting time increase. High percentages (6%) of NS 434 

gave rise to diverse results: a strong reduction in the setting time was observed for 435 

samples AF11 and AW12, while a delay in the hardening of the sample must be noticed 436 

for BF6 and BF8 samples. The presence of PCE in these last samples, with an excess of 437 

mixing water, influences the results obtained. It is evident that setting time depends on 438 

several factors, such as the water demand, the binder:aggregate ratio, the pore structure 439 

that has an influence on the water evaporation and the possible retention of water and 440 

subsequent hardening process as a result of the C-S-H-gel formation. It was not possible 441 

to isolate the effect of each individual factor on the results obtained. 442 

 443 

Samples BW7 and BW9 showed a slight reduction in the setting time, ranging from 6 to 444 

11% with respect to the BC control sample. A noteworthy reduction of the setting time 445 

was seen, with respect to the AC control sample, for AW10, AF11 and AW12 samples 446 

by 86%, 44% and 51%, respectively. These samples are characterized by the presence 447 

of PCE and a suitable mixing water amount to yield a satisfactory workable mortar (all 448 

of them are samples W except sample AF11 that showed adequate workability 449 

notwithstanding). This remarkable finding is of great relevance and it is beneficial for 450 

the practical application of lime mortars. One of the most well-known drawbacks of 451 

lime mortars is their long setting times, which make their usage difficult [14,17,54]. 452 
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This obstacle is clearly removed by the addition of PCE in mortars with 1:2 453 

binder:aggregate ratio, opening a new research front for the use of plasticizing agents in 454 

lime mortar industry. In order to confirm these results, a more accurate measurement of 455 

the setting time was carried out in workable lime pastes by means of the Vicat needle 456 

assay according to a standardized norm [36]. Workability of the pastes was adjusted 457 

within strict limits of the mini-spread flow (175 mm ± 1 mm). For a plain lime paste, 458 

the initial setting time was 284 min, and the final setting time was 494 min. The 459 

addition of 6 wt.% NS definitely delayed the setting process (initial setting time: 900 460 

min; final setting time: 970 min). However, the addition of PCE shortened the setting 461 

time (227 min for initial setting time and 277 min for final setting time, which was thus 462 

reduced by as much as 44%), therefore confirming the results discussed above in 463 

mortars as well as the usefulness of plasticizing agents for lime mortars.  464 

 465 

3.2. Hardened state properties 466 

 467 

3.2.1. Influence of the nanosilica addition 468 

 469 

Fig. 5 and Fig. 6 show the evaluation of compressive strength in the mortars. The higher 470 

the binder:aggregate ratio, the larger the compressive strength. For example, 471 

compressive strength after 91 curing days increased from 2.9 Nmm
-2

 in AF11 mortar 472 

(1:2) (Fig. 5) to 4.2 Nmm
-2

 in BF3 mortar (1:1) (Fig. 6) both with 6 wt.% NS. Given 473 

that, as previously discussed, carbonation has a significant influence on the hardening 474 

process, the mechanical strengths increase with the content of lime binder (1:1), in good 475 

agreement with previously published data [14,16,25,55].  476 

 477 
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Additionally, the observed increase in the mechanical strengths of the NS-bearing 478 

mortars was also due to the C-S-H formation. As a matter of fact, it was proved that NS 479 

particles modified lime mortar, through the reaction between CH particles and reactive 480 

SiO2 forming calcium silicate hydrates (C-S-H) and increasing the average chain length 481 

in their internal structure. The broad IR band at around 1100 cm
-1

 is associated with Si-482 

O-Si asymmetric stretching vibrations. A shift of the former band to higher 483 

wavenumber (cm
-1

) was observed in our samples when NS percentage increases (Fig. 484 

7), which means a higher degree of polymerization due to the formation of C-S-H phase 485 

[11,56]. 486 

 487 

A broad reflection found at around 30º (2θ) in the XRD patterns was ascribed to C-S-H 488 

phases (Fig. 8). On the other hand, SEM micrographs show different C-S-H structures, 489 

made up of honeycomb, fibres and flakes or thin foil shapes (Fig. 9) [25,57]. 490 

 491 

The increase in NS resulted in greater mechanical strength. For example, in B mortars 492 

(1:1), an 83% increase was observed from BF1 sample (with 3 wt.% NS, 2.3 Nmm
-2

) to 493 

BF3 sample (with 6 wt.% NS, 4.2 Nmm
-2

) both after 91 curing days (Fig. 6). This 494 

behaviour can be explained by taking into account two main factors. First, and 495 

predominantly, the formation of C-S-H phases, responsible for the observed mechanical 496 

strength improvement, in a similar way that occurs in cement mortars [55]. Secondly, in 497 

some cases, a noticeable filling effect was detected, so that NS blocked the pores, thus 498 

resulting in a reduction in the mean pore size. This fact can be observed in the pore size 499 

distribution, Fig. 10 (a), after 91 curing days, for control mortar BC, and BF1 and BF3 500 

samples. The progressive increase in NS (3 wt.% and 6 wt.%, respectively, for BF1 and 501 

BF3), shifted the mean pore size towards lower diameters (0.80 m for BC, 0.55 m for 502 
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BF1 and 0.43 m for BF3). At the same time, the filling effect for the small pores can 503 

also be tested when a significant amount of NS is present (BF3 sample). This change in 504 

the pore size distribution contributed to the compressive strength rise measured.  505 

 506 

3.2.2. Influence of the PCE addition 507 

 508 

Regarding the role of the PCE, its isolated influence on the compressive strength can be 509 

seen in results of samples AF9 and AW10 with respect to the control AC sample (Fig. 510 

5). The addition of PCE in sample AW10 caused a marked strength increase. This 511 

strength rise was especially significant from 182 curing days onwards for compressive 512 

strength results (a 58% of increase with respect to control mortar at 182 curing days, 513 

and, after one year of curing, compressive strength was twice as much as the control 514 

value, increasing from 3.1 Nmm
-2

 up to 6.3 Nmm
-2

). Flexural strength values showed an 515 

early noticeable increase, i.e. after only 28 curing days. The mechanical strength 516 

enhancements in AF9 sample were also noticeable but always to a lesser extent than in 517 

the AW10 sample. It must be considered that the water demand in AW10 sample was 518 

adjusted to obtain a workable mortar, whilst AF9 sample was prepared with an excess 519 

of mixing water and its subsequent evaporation gave rise to larger pores than in the 520 

AW10 sample. By way of example, Fig. 10 (b) depicts MIP results for these samples 521 

after 182 curing days, showing a larger number of pores greater than 1 m for the AF9 522 

sample than for the AW10 sample. This excess of mixing water and the corresponding 523 

increase in porosity explain the lower compressive strength values found in the AF9 524 

sample with respect to those found in the AW10 sample. After one curing year, the 525 

compressive strength in AF9 increased, with respect to control mortar, by almost 50% 526 

(from 3.1 up to 4.6 Nmm
-2

). An increase in flexural strength was also found, always to a 527 
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lesser extent than in the AW10 sample, and which was only significant after 91 curing 528 

days (Fig. 5). 529 

 530 

In any case, the addition of PCE resulted in a mechanical strength improvement of the 531 

lime mortars. As discussed above in the fresh state, PCE, acting as a dispersing agent, 532 

reduced the water demand, yielding a good workability, and also avoided the formation 533 

of agglomerates (Table 2). These facts led to a more compact mortar with a strong 534 

reduction of the macropores between 1 and 10 m, a reduction of mean pore size and of 535 

the total porosity – as proved by the reduction in the cumulative intruded mercury and 536 

in the area under the MIP curve– by comparison with the control mortar (Fig. 10(b)). 537 

SEM observations allowed us to verify a large degree of compactness of the mortar 538 

matrix in this case: the microstructure of the lime mortar after carbonation changed 539 

greatly in the presence of the PCE (Fig. 11). The carbonated lime showed large 540 

aggregates, which are based on rounded tightly agglomerated crystals of 541 

submicrometer-size [58]. The presence of PCE had a major influence on the crystal 542 

nucleation and growth process, which promoted the aggregation of calcite crystals. The 543 

textural characteristics showed reduced porosity, and, on the other hand, the growing of 544 

calcite crystals resulted in a more homogeneous and continuous matrix, allowing the 545 

aggregate particles to be embedded. All these microstructural modifications explain the 546 

mechanical strength increase. 547 

 548 

3.2.3. Influence of the combined action of NS and PCE 549 

 550 

The observed improvements in mechanical strengths were even more outstanding upon 551 

simultaneous addition of both PCE and NS, as can be observed in Fig. 6 for BF6, BW7, 552 
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BF8 and BW9, all of them including 6% wt. NS and variable amounts of PCE. 553 

Mechanical strength increases in both compressive and flexural tests were measured 554 

with respect to BC control mortar, being significant from 28 curing days onwards. For 555 

the BW9 sample, even after 7 days of curing the flexural and compressive strength 556 

improvements were significant, reaching values as high as 12.7 Nmm
-2

, which is more 557 

than four-fold the compressive strength value of the control BC sample (3 Nmm
-2

) after 558 

182 curing days. The need for and the advantage of the addition of a suitable amount of 559 

NS in this combined action of both admixtures in order to improve the mechanical 560 

performance of the aerial lime mortar can be easily inferred from the different strength 561 

values of BF5 (with only 2 wt.% NS) and BF6 (with 6 wt.% NS), both having 0.5% of 562 

PCE in their composition. For the former sample, compressive and flexural strengths 563 

were even lower than those of the control mortar, while a significant strength increase 564 

was found for the BF6 sample. 565 

 566 

When appropriate dosages of the admixtures were added, the combined action of both 567 

PCE and NS admixtures had a synergistic effect, thus enhancing the strength. Fig. 10 (c) 568 

depicts MIP results for these samples after 91 and 182 curing days. The results were 569 

very similar and reproducible irrespective of the curing period. A clear, systematic 570 

reduction of the mean pore size can be seen: 0.80 m for the control mortar, BC sample; 571 

0.55 m for BF8 sample with an excess of mixing water; 0.43 m for BW7 sample and, 572 

finally, 0.22 m for BW9 sample. This strong reduction in the mean pore diameter was 573 

accompanied by a parallel reduction in porosity, demonstrated by a reduction in the area 574 

under the curve. Both facts suggest a densification of the matrix, which can be 575 

correlated with the observed mechanical strength improvements. These changes in the 576 

pore size distribution and porosity were the combined result of the aforementioned 577 
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reduction in pore size owing to the presence of PCE, together with the filling effect of 578 

NS and the C-S-H formation. SEM micrographs confirmed the observation of a denser 579 

matrix for the BW9 sample (Fig. 12 (a) and (d)). In this case, C-S-H structures prevailed 580 

over the calcite crystallization obtained in the presence of PCE. Fig. 12 (b) depicts 581 

honeycomb-shaped C-S-H, together with some spare rods. In Fig. 12 (c) some areas of 582 

C-S-H included within its structure some agglomerates of rounded calcite crystals like 583 

those described for PCE-lime mortars. This microstructure of reduced porosity was 584 

responsible for the huge increase in compressive strength (107% for the BW7 sample 585 

(0.5 wt.% PCE) with respect to the BC sample after one curing year and 323% for the 586 

BW9 sample (1 wt.% PCE)) as shown in Fig. 6. 587 

 588 

4. Conclusions 589 

 590 

The role of nanosilica and a superplasticizer based on polycarboxylate ether when 591 

incorporated as admixtures to aerial lime-based mortars has been ascertained. The 592 

presence of NS was found to increase the water demand of a lime mortar. In the fresh 593 

mixture, NS reacted with small portlandite particles, giving rise to the formation of 594 

large agglomerates, as proved by optical microscopy, PSD and zeta potential 595 

measurements.  596 

 597 

Conversely, the flowability of lime mortars was enhanced by the PCE addition 598 

according to the mini-spread flow test. However, viscosity measurements showed a 599 

saturation dose of PCE (at ca. 1 wt.% with respect to lime weight) beyond which there 600 

is no increase in fluidity. An interaction between hydrated lime particles (positively 601 

charged) and PCE (a negatively charged polyelectrolyte) was proved: the gradual 602 
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incorporation of PCE into lime suspensions caused a decrease in the zeta potential value 603 

down to values close to zero. Despite the fact that the zeta potential values suggested 604 

that lime-PCE suspension should tend to flocculate, PSD and optical microscopy 605 

confirmed the dispersing action and deflocculation caused by the PCE. A steric 606 

hindrance was proposed as the main action mechanism of PCE in lime media. In 607 

mortars in which both NS and PCE were simultaneously present, the plasticizing action 608 

of PCE could also be observed. The experimental results indicated the absence of any 609 

interaction between PCE and NS particles.  610 

 611 

Setting time measurements in lime mortars showed that the presence of NS caused 612 

variability in the hardening process: in some cases, unlike cement mortars, NS delayed 613 

it. However, the PCE addition resulted, as a general trend, in a strong setting time 614 

reduction. This finding is of great relevance in order to overcome one of the main 615 

disadvantages of the use of aerial lime mortars, which is related to their long setting. 616 

 617 

Mechanical strengths of the aerial lime mortars were improved by the addition of 618 

significant amounts of NS (≥ 3 wt.%). This was due to the formation of C-S-H and a 619 

filling effect of the NS, enhancing the densification of the binding matrix, as shown by 620 

MIP tests. C-S-H gel was detected by FTIR and different C-S-H structures (honeycomb, 621 

rods pattern and flakes) were observed by means of SEM. 622 

 623 

The isolated action of PCE produced a noticeable increase in the mechanical strength of 624 

the mortars as a consequence of a reduction in the water demand, which resulted in a 625 

smaller mean pore size and a larger degree of compactness of the binding matrix. PCE 626 
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presence also dramatically changed the microstructure of the carbonated mortar, which 627 

showed large agglomerates of rounded, submicrometer-sized calcite crystals. 628 

 629 

The highest mechanical performance of the tested lime mortars was obtained under the 630 

combined action of both NS, added in appropriate amount, and PCE admixtures. The 631 

mechanical improvement was related to a pronounced reduction in the mean pore size 632 

and in the porosity. After a 182-day period of curing, a sample containing both 633 

admixtures quadrupled the compressive strength value of the control mortar, reaching 634 

12.7 Nmm
-2

, which is among the greatest values so far reported for aerial lime mortars 635 

[14,25,31,59], taking into account that only 6 wt.% NS was added, the only admixture 636 

with certain pozzolanic activity. 637 

 638 

This work opens up the possibility of exploring improvements in the use of aerial lime 639 

mortars, by varying the ratio of admixtures, by adding other pozzolanic admixtures or 640 

NS in larger amounts and, possibly, by incorporating superplasticizers of different 641 

composition and nature. 642 
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Table 1. Mix proportions of the studied samples of lime mortars 

 

SAMPLE Lime:Sand 

ratio 

 (by volume) 

Lime:Sand 

ratio  

(by weight) 

NS
a
 

(wt. %) 

PCE
a
 

(wt. %) 

Fixed water 

(W/B
b
 ratio) 

Adjusted 

workability 

 (W/B
b
 ratio) 

AC 

(control) 

1:2 1:6.7 - -  1.54 

AF1 1:2 1:6.7 0.5 - 1.54  

AW2 1:2 1:6.7 0.5 -  1.54 

AF3 1:2 1:6.7 1 - 1.54  

AW4 1:2 1:6.7 1 -  1.54 

AF5 1:2 1:6.7 2 - 1.54  

AW6 1:2 1:6.7 2 -  1.69 

AF7 1:2 1:6.7 3 - 1.54  

AW8 1:2 1:6.7 3 -  1.69 

AF9 1:2 1:6.7 - 0.5 1.54  

AW10 1:2 1:6.7 - 0.5  1.27 

AF11 1:2 1:6.7 6 - 1.54  

AW12 1:2 1:6.7 6 -  1.69 

BC 

(control) 

1:1 1:3 - -  1.12  

BF1 1:1 1:3 3 - 1.12  

BW2 1:1 1:3 3 -  1.20 

BF3 1:1 1:3 6 - 1.12  

BW4 1:1 1:3 6 -  1.32 

BF5 1:1 1:3 2 0.5 1.12  

BF6 1:1 1:3 6 0.5 1.12  

BW7 1:1 1:3 6 0.5  0.94 

BF8 1:1 1:3 6 1 1.12  

BW9 1:1 1:3 6 1  0.80 
 
a
 Values are expressed in wt. % of NS or PCE with respect to the weight of lime 

b
 W/B: Water/binder ratio, i.e. water/aerial lime ratio 

Table 1
Click here to download Table(s): Table 1 Mix proportions.doc

http://ees.elsevier.com/cemcon/download.aspx?id=149913&guid=d315981a-91b0-4749-ad64-57c7e8a4d322&scheme=1


 

Table 2. Consistency, water retention and open time of the studied mortars. 

 

SAMPLE Slump (mm)
a
 Water retention (%) Open time (hours) 

AC 

(control) 

180 97.8 30.2 

AF1 179 96.9 56.9 

AW2 179 96.9 56.9 

AF3 177 96.4 141 

AW4 177 96.4 141 

AF5 168 94.6 105 

AW6 179 94.2 56 

AF7 164 94.9 72.7 

AW8 172 95.9 72.6 

AF9 260 92.7 49.5 

AW10 171 98.3 4.1 

AF11 165 94.5 16.8 

AW12 176 92.7 14.7 

BC 

(control) 

173 97.5 4.1 

BF1 165 98.7 6.7 

BW2 176 97.8 57.1 

BF3 141 97.4 8.4 

BW4 178 96.0 18.6 

BF5 Excess
b
 98.6 145.7 

BF6 Excess
b
 95.0 23.4 

BW7 177 97.5 3.7 

BF8 Excess
b
 95.6 27.4 

BW9 177 98.9 3.8 
 
a
 Consistency was assessed by means of the mini-spread flow test, which measured the 

slump in the flow table 
b
 The flowability of these samples was so large that they flowed beyond the limits of the 

table 

Table 2
Click here to download Table(s): Table 2 Consistency, water retention and open time revised version.doc

http://ees.elsevier.com/cemcon/download.aspx?id=149917&guid=1404affe-bcad-4953-9e26-c96a09635162&scheme=1
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Figure 1. Particle size distributions of different suspensions: a) plain NS; b) pure lime 

and NS-lime (6 wt. %NS); c) plain PCE; d) combined plot of a) and c) plus a graph 

depicting PSD of a NS-PCE mixture, showing two peaks that perfectly match those of 

individual suspensions of PCE and NS, indicating the absence of interaction between 

NS and PCE; e) NS-free lime suspensions, with increasing amounts of PCE (wt. % by 

weight of lime); f) NS-lime suspensions (6 wt. %NS), in the presence of increasing 

amounts of PCE (wt. % by weight of lime). 
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Figure 2



 

 

Figure 2. Optical microscopy photographs of lime suspensions: a) Pure lime 

suspension: white arrows show large agglomerates, depicted as darkened areas, ranging 

from 50 to 100 m. A large population of 10-m sized particles of portlandite can also 

be observed (black spots). b) Pure lime suspension at higher magnification. Besides of 

the particles of 10 m, a significant amount of small particles of 0.3 m was detected 

and areas which abound in these small particles are indicated by white circles. c) NS-

lime suspension, showing a denser structure, with large agglomerates of particles. The 

smallest 0.3 m-sized particles have almost disappeared. d) Lime-PCE suspension 

micrograph, showing small particles and the absence of large agglomerates as a result of 

the dispersing action of the PCE. 
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Figure 3. Viscosity measurements vs. PCE content for two lime suspensions: with 6 wt. 

% NS (blue line, diamonds) and NS-free lime suspension (red line, squares). Error bars 

are included for each one of the measurements. 
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Figure 4. Zeta potential values of different solutions vs. increasing amounts of PCE. 

NS-free lime solution: blue line (diamonds). NS-lime (6 wt. % NS): red line (squares). 

Colloidal NS suspension: green line (triangles). Error bars are included for each one of 

the measurements. 
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Figure 5. Compressive and flexural strength results vs. curing time for A samples, 1:2 

binder:aggregate ratio. 
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Figure 6. Compressive and flexural strength results vs. curing time for B samples, 1:1 

binder:aggregate ratio. 
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Figure 7. FTIR spectra of mortar samples modified by NS addition: AF3 (1 wt. % NS), AW6 (2 wt. 

% NS) and AW8 (3 wt. % NS). The shift (marked by an arrow, from 1030 to 1037 cm
-1

) of the 

asymmetric stretching vibrations of the Si-O-Si group – related to CSH – indicates a higher degree 

of polymerization as a function of increasing amounts of NS. The other identified absorption bands 

correspond to carbonate groups of the calcite. An inset enlarging the region from ca. 900 to 1200 

cm
-1

 is also shown, together with the spectrum of pure NS. 
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Figure 8. XRD patterns corresponding to samples AW6 (black, bottom) and AW8 

(blue, top) after 182 curing days.   
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a)  

b)  

 

c)  

 

Figure 9. SEM micrographs of BF3 sample (6 wt. % NS): a) CSH area showing a 

honeycomb-like structure; b) CSH in a combined flakes and rods pattern; c) CSH in a 

thin foils-shaped form. 

Figure 9
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Figure 10. Pore size distribution from MIP data for: a) samples with different 

percentages of NS with respect to control mortar: BC (0 wt. %NS), BF1 (3 wt. %NS) 

and BF3 (6 wt. %NS), after 91 curing days; b) samples with PCE with respect to control 

mortar: AC (0 wt. %PCE), AF9 (0.5 wt. %PCE) and AW10 (0.5 wt. %PCE), after 182 

curing days; c) samples with combined presence of both NS and PCE admixtures after 

91 and 182 curing days, compared with control mortar: control sample BC (0 wt. % NS, 

0 wt. % PCE); BW7 (6 wt. %NS, 0.5 wt. %PCE); BF8 (6 wt. %NS, 1 wt. %PCE); BW9 

(6 wt. %NS, 1 wt. %PCE). 

 



    

    

    
 

 

Figure 11. Comparative SEM micrographs after 91 curing days between AC control 

sample (on the left side) and AW10 sample with 0.5% of plasticizer (on the right side) 

at different magnification. Samples with PCE showed compact and large agglomerates 

of rounded calcite crystals and reduced porosity. 
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Figure 12. SEM micrographs obtained from BW9 sample after 91 curing days, showing 

the noticeable densification of the matrix and reduced mean pore size (a). 

Microstructure appears dominated by CSH structures: honeycomb forms, some rods and 

a network (b).In (c), other area of BW9 sample showing similar CSH structures and 

including some areas of rounded calcite crystals agglomeration owing to the PCE 

presence (on the right side of the picture). (d) Detail of BW9 sample, allowing the 

observation of a dense matrix and low pore size diameter. 

 

 

Figure 12




