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Abstract 

Two polycarboxylate ether copolymers were assessed as superplasticizers (SPs) for 

hydrated lime pastes modified with two reactive compounds, nanosilica (NS) and 

ceramic metakaolin (MK). Characterization of the molecular structure of the SPs by 

Size Exclusion Chromatography, XRD, FTIR and MALDI-TOF (Matrix Assisted Laser 

Desorption Ionization Time-of-Flight) mass spectrometry was performed. The 

structures of the polymers were seen to be star- and worm-like shapes. A close 

relationship was found between the molecular architecture and the flowability of the 

pastes, being the star-shaped plasticizer the most efficient. Zeta potential assessment 

allowed us to elucidate a steric hindrance as the main action mechanism for these 

polymers. The large specific surface area of nanosilica led to a large SPs consumption 

as compared with metakaolin with lower surface area. However, SPs in MK-lime 

samples were attached favourably on the C-S-H and aluminate hydrates, so that the 

dispersing action was greater with respect to NS-lime suspensions. 
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1. Introduction 

The use of plasticizing admixtures in order to improve the handling of cement-based 

media has been extensively reported [1,2]. High-range water reducers or 

superplasticizers (SPs) act reducing the water demand and enhancing the flowability of 

the fresh mortars, yielding workable materials [3]. SPs present different chemical 

compositions, such as lignosulfonates, sulfonated melamine-based polymers or 

polycarboxylate-based compounds (PCE) [4]. The latter are belonging to the last 

generation of SPs and consist of a main linear backbone (polymethacrylic acid) with 

carboxylate groups, some of them grafted with side chains with ether functionalities 

(polyethylene oxide units) [5]. The length of both backbone and side chains can be 

variable, thus giving rise to a different effectiveness. In general, PCEs have been 

reported to show a comb-shaped, worm-shaped or even star-shaped molecular 

architecture structure, always as a function of their ratio between the main backbone and 

the side chain length [6]. In high alkaline pH systems (such as cement- or lime-based 

binders), carboxylic groups of these SPs are expected to be deprotonated as carboxylate 

groups. The extent of the plasticizing action as well as the dispersion maintaining ability 

is strongly ascribed to structural factors, such as the length of the backbone and of the 

lateral chains [7]. At the same time, an increase in the molecular weight is expected to 

enhance the adsorption of the PCE on the binding particles as well as its performance 

[8,9]. 

Besides these aspects, the interaction of PCEs with the binding phases can induce 

several changes in the nucleation and growth of crystals, since PCEs can form 

complexes with Ca2+ ions, modifying the crystallization of Ca-rich compounds [10]. In 

addition, the dispersive effect inhibits the hydration kinetics leading to changes in the 
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microstructure of the mortars. All these issues are related to the adsorption and 

compatibility between the admixture and the binder [9]. 

So far little attention has been devoted to the study of the performance of PCEs in lime-

bearing pastes and mortars [11-13]. Lime-based dispersions can be used to obtain 

hydraulic mortars, which can be prepared either by the use of a natural hydraulic lime or 

by the incorporation of materials with pozzolanic activity, like metakaolin or nanosilica 

[14-16]. These two last compounds have shown the enhancement of several properties 

of air-lime based pastes and mortars: compressive strength, setting time and reduced 

microcracking, as a result of their filler effect and their reaction with Ca(OH)2 yielding 

C-S-H phases (for NS and MK additions) [14,17] or aluminate-based compounds such 

as C2ASH8 and C4AH13 (just for MK additions) [18]. The widespread use of hydrated 

lime and pozzolan-hydrated lime pastes for paints, consolidant products, soil treatments 

and the obtaining of repair mortars and grouts, especially for architectural monuments 

of the Cultural Heritage, supports the interest of these materials. In the case of grouts, 

one of the most relevant features is to achieve a suitable flowability that allows the 

grout to fill voids providing a good continuity of the masonry system [19]. In order to 

design suitable hydrated lime pastes and mortars, the use of compatible and effective 

SPs seems to be imperative. 

Therefore, to gain a better understanding on the behaviour of PCEs in lime-bearing 

pastes and mortars, the goal of this work is the assessment of the interaction between 

two different PCE admixtures and both plain hydrated lime and hydrated lime pastes 

modified upon the addition of pozzolans: nanosilica or metakaolin. The adsorption 

behaviour, the effectiveness of the polymeric admixtures in the increase of fluidity of 

these systems and the dispersion maintaining ability over the time will be evaluated and 

related to the polymer characteristics. 
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2. Materials and methods 

2.1. Materials 

Both pozzolanic and pozzolan-free pastes were prepared by using a dry slaked lime 

(class CL 90-S according to European standard [20], supplied by CALINSA, Spain). 

The first pozzolan used was a colloidal silica suspension, nanosilica (NS; pH = 9.68, 

with a solid/liquid ratio of 0.28) as supplied by ULMEN Europa S.L. (Spain), with a 

specific surface area of 500 m2 g-1 and an average particle size of 50 nm, as shown in 

the TEM micrograph of Fig. 1. This NS was selected because it was a superplasticizer-

free suspension. The second pozzolan was metakaolin (MK), supplied by METAVER, 

with a specific surface area of 20 m2 g-1 and an average particle size of 4.5 µm, as 

depicted in the TEM images in Fig. 1. This is made of a calcined kaolinite so that this 

fact guarantees a high reactivity. Different weight percentages (0, 6, 10 and 20 wt. % 

with respect to the weight of lime) of the pozzolans were added to obtain pastes in 

which the flowability and other properties were assessed. 

Two different commercially available PCE-based superplasticizers were added in 

percentages of 0, 0.25, 0.50, 0.75, 1.00, 1.25 and 1.50% with respect to the weight of 

lime. These copolymers were obtained by grafting side chains of poly(ethyleneoxide) in 

a main backbone of polymethacrylate [21,22]. Both copolymers were of similar and 

relatively low molecular weight in order to study the influence of the molecular 

architecture of the polymers on the performance of the tested admixtures. 

Given that the assayed additives were expected to have a strong influence on the fluidity 

of the fresh pastes, the water/lime ratio that provided a good workability in the control 

sample, was then chosen as a fixed ratio for all the remaining samples. 

 

2.2. Methods 
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2.2.1. Pastes preparation 

Lime, pozzolan (MK) and dry PCE admixture, when necessary, were blended for 5 min 

using a solid admixtures mixer BL-8-CA (Lleal S.A.). Water (and, when required, the 

other pozzolan as a nanosilica suspension) was then added and mixed for 90 s at low 

speed, in a Proeti ETI 26.0072 mixer.  

 

2.2.2. Experimental measurements 

The characterization and structural elucidation of SPs were carried out by elemental 

analysis, conductometric titration, X-ray diffraction, Fourier transform infrared-

attenuated total reflectance (FTIR-ATR) spectroscopy, refractive index size exclusion 

chromatography (RI-SEC) and MALDI-TOF (Matrix Assisted Laser Desorption 

Ionization Time-of-Flight) mass spectrometry. 

Elemental analysis (weight percentages of C, H and N) was performed with a LECO 

CHN-900 analyzer. The carboxylate groups population present in each PCE was 

determined by conductometric titration. The conductivity measurements were carried 

out by means of an Orion 4-Star benchtop pH/conductivimeter (Thermo Scientific) 

using a 0.1 M NaOH solution. The anionic charge density supplied by carboxylate sites 

of assayed SPs was expressed in terms of meq per g of polymer. 

A Bruker D8 Advance diffractometer was used for XRD analysis, under conditions of a 

step size of 0.02° and 1s time/step, from 2° to 80° (2θ) with a CuKα1 radiation. FTIR 

spectra were recorded with a Nicolet-Avatar 360 FTIR spectrometer equipped with 

Golden Gate ATR accessory and temperature control (20-200ºC). Spectra were 

collected over a range 4000–600 cm−1 with a resolution of 4 cm−1. Each spectrum was 

the result of averaging 100 scans. 
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The molecular weight distribution of SPs was determined using size exclusion 

chromatography (SEC) coupled to refractive index (RI) detector (Optilab-TRex, Wyatt). 

Polymer solutions (5 g L-1) were filtered through a 0.45 μm filter and injected to a series 

of three Waters columns (Waters, Milford, MA), Ultrahydrogel 2000, 250, and 120 with 

exclusion limits of 7.106, 8.104, and 5.103 g mol-1, respectively. A 0.1M NaCl aqueous 

solution was used as eluent. A calibration with conventional standards of polyethylene 

oxide (PEO) and polyethylene glycol (PEG) covering a wide molecular weight range 

from 615 to 318,000 g mol-1 was employed. 

MALDI-TOF mass spectra were recorded by using UltrafleXtreme III MALDI-TOF 

system (Bruker-Daltonics) operated in positive-linear mode (m/z range of 100–7000 

Da). The matrix used was composed of 10 μg μL-1 of α-cyano-4-hydroxycinnamic acid 

(HCCA) in 50% (v/v) acetonitrile (ACN). A sample/matrix solution (1μL, ratio 1:1 v/v) 

was deposited onto the MALDI sample probe. 

To determine the consistency of the suspensions either viscosimetry or mini-slump flow 

test can be used. The latter was selected to assess the flowability of the pastes. A 

truncated metallic cone was filled with the sample; then, the metallic cone was removed 

and the cone-shaped sample was vertically lifted (15 strokes of the flow table) so that 

the gravity allowed the sample to slump down and a quantitative measure of the slump 

was recorded [23,24]. In order to assess the dispersion maintaining ability over the time, 

this test was additionally carried out after 0, 30, 60, 90, 120 and 150 min after the 

preparation of the suspensions. The setting time of the pastes was calculated according 

to the norm [25]. 

All sorption experiments for assayed SPs in both individual compound pastes (1 g per 

25 mL of water) and in lime-pozzolan systems (5 g of lime and pozzolanic additive at 6, 

10 and 20 wt.% with respect to lime in 25 mL of water) were conducted in batch 
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reactors. The mixtures were stirred for 1 hour in order to reach equilibration and, 

subsequently, were centrifuged at 8000g for 15 min and the supernatant was collected 

and filtered through 0.45 μm PTFE filters for the measurement of the remaining 

polymer. The amount of SPs adsorbed onto the particles was determined by difference 

between initially added and final remaining concentration of the superplasticizer found 

in the equilibrium solution, as quantified by ultraviolet-visible spectrophotometry. The 

Freundlich model (q =K·C1/n) were used to fit the adsorption data, where, q represents 

the amount of PCE sorbed by the solid phase (mg g–1), C is the concentration of PCE in 

the solution (mg L−1) after equilibration, while K and 1/n are the Freundlich constants. 

The interaction between the superplasticizer additive and the lime and/or pozzolans was 

studied by means of the measurement of the zeta potential in the solid/liquid interface 

[4,26,27]. To this aim, individual (25 g per 140 mL of water) or multicomponent 

suspensions (7 g of lime and 25 g of either NS or MK per 140 mL of water that were 

allowed to react for 30 min to ensure the pozzolanic reaction to take place) were 

prepared. When necessary, 1% w/v PCE solutions were used as titrants. An 

electroacoustic-based zeta potential analyser (ZetaProbe of Colloidal Dynamics), which 

allows to accurately measure the zeta potential of concentrated pastes, was used [28]. 

 

3. Results and discussion 

3.1. Characterization of the polycarboxylate ester copolymers 

The structural and compositional characteristics of the two superplasticizers were 

investigated. Size-exclusion chromatography data allowed us to obtain the weight-

average molecular weight (Mw), the number-average molecular weight (Mn) and the 

polydispersity index, i.e. the distribution of the molecular weight for each polymeric 

fraction (Table 1). According to the molecular mass distribution obtained from SEC 
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chromatograms, PCE1 showed an almost unimodal distribution around 5000 g mol-1, 

whereas PCE2 distribution depicted a clear bimodal pattern, with the most intense peak 

at ca. 2000 g mol-1 (Supplementary material Fig. S1).  

Although the PCE1 sample was more crystalline, XRD analysis of both 

superplasticizers offered similar diffraction peaks, showing in the two cases the 

presence of polyethylene glycol (PEG) (Supplementary material Fig. S2), which was the 

main component of the grafted side chains. Besides, the PCE1 showed the presence of a 

phase of PEG with high molecular weight that is absent in the diffractogram of PCE2.  

Acid-base titrations carried out in solutions of the two polymers showed the anionic 

charge densities of these superplasticizers, representing the amount of COO- 

functionalities per gram of polymer. This parameter indicates the degree of 

esterification of the backbone of the polymer chain: the higher the anionic charge 

density, the lower the ester content in the polymer. PCE2 presented a larger amount of 

COO- groups, as proved by its higher anionic charge density (Table 1). Functional 

groups in superplasticizers were further verified by FTIR-ATR experiments. The 

absorption bands at the spectral range between 1750 cm-1 and 1600 cm-1 

(Supplementary material Fig. S3) confirmed the presence of carbonyl groups (either 

from esterification of some carboxylic groups of the backbone - polymethacrylic acid - 

or by the carboxylic functions themselves remaining without grafting) [29,30], mainly 

in PCE2. The existence of C-O-C bonds in both plasticizers was testified by bands at 

the specific frequencies of stretching vibrations for ether groups, sited at 950-1150 cm-1 

wavenumber [29-31]. C-H stretching vibration absorption bonds appeared at 2880 cm-1 

(Supplementary material Fig. S3). 

Finally, the use of MALDI-TOF mass spectrometry gave important parameters 

regarding the architecture of the molecular structure of the two superplasticizers, as it is 
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an analytical technique with capability to provide information about molecular mass, 

end group and branching of the polymers [32]. MALDI-TOF is able to provide a mass 

spectrum reflecting the oligomers distribution and their relative amounts. Polymers, 

such as those tested in this work, undergo degradation in MALDI-TOF resulting in 

fragment ion peaks in the mass spectrum. As it can be inferred from the spectra (Fig. 2), 

the wide range of signal intensities (mass-to-charge - m/z - ratios) for PCE1, as well as 

the position of the most intense signal, suggest that this superplasticizer has, 

respectively, side chains of greater length and higher Mw, in accordance with the XRD 

analysis observations (Supplementary material Fig. S1). 

The asymmetrical distribution (especially the low m/z tail) indicates the detection of 

broad population of oligomers arising from the cleavage of the polymer molecule 

(mainly ascribed to the side chains – PEG – fragmentation, which takes place at the 

oxygen-carbon bond in the repeated ethylene oxide units. This fragmentation of the 

PEG can be identified by the secondary peak series) [33]. This fact can be confirmed by 

the mass differences (width between each one of the oligomer peaks) in the mass 

distribution spectrum that matches the molecular weight of an ethylene oxide unit (44 g 

mol-1) (see the expanded distribution in the upper part of Fig. 2) [34]. However, the 

PCE2 polymer, with a narrower m/z distribution centred at lower m/z ratio (Fig. 2), 

seems to be made of shorter side chains (with identical width between the oligomer 

peaks) and this dispersing agent shows a lower Mw. In the spectrum of PCE2, there is 

no evidence of either low or high m/z tails. 

These findings confirmed the Mw data obtained by SEC and allowed us to set up two 

different molecular structures for these superplasticizers, showed in the scheme of Fig. 

3: PCE1, with lower anionic charge density but with larger Mw and longer side chain 

length, would resemble a star-shaped polymer, with a relatively short main backbone 
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(accounting for its low anionic charge density along this main chain) and with longer 

side chains; PCE2, with higher anionic charge density but lower Mw and shorter side 

chain length, would appear to be a worm-like polymer, with a main backbone 

proportionally longer (with more COO- functionalities) than its shorter side chains. 

 

 

 

3.2. Dispersion effectiveness 

In plain air lime-based mixtures, the presence of the tested SPs increased the flowability 

of the pastes (Fig. 4). PCE1 improved the flowability beyond the limits of the flow table 

test, yielding a slump larger than 300 mm for all the tested dosages. This copolymer 

turned out to be more effective than PCE2 in increasing the fluidity of the pastes, since 

even at the lowest dosage (0.25%), the slump reached the maximum value. 

The study of the dispersing behaviour was also carried out in the presence of the 

pozzolanic additives. When nanosilica was added, the flowability of PCE-free lime 

pastes underwent a reduction (Fig. 5). This fact can be explained owing to the small 

particle size of NS, which increases the water demand to achieve a similar consistency. 

The higher the amount of NS in air lime media, the lower the flowability of the pastes. 

In these pastes, the PCE1 dispersing agent was also more effective as plasticizer, 

yielding, for similar dosages, larger values of slump. 

In the presence of metakaolin, the slump reduction in PCE-free pastes was not as strong 

as in the case of nanosilica (Fig. 5). The slump of the PCE-free lime-MK pastes was 

slightly lower (pastes with 6 and 10 wt.% of MK) or even similar (pastes with 20 wt.% 

of MK) to that observed for plain lime pastes (Fig. 5). The higher slump values of MK-

bearing samples when compared with NS-bearing dispersions could be explained taking 
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into account the differences in the particle average size (because the larger particle size 

of the MK led to a lower water demand) and a certain lubricant effect, that allowed the 

particles to reduce their friction forces, thus increasing the fluidity [35]. In this line, the 

low water demand of samples with MK has been previously reported [36]. Also in these 

MK-lime pastes PCE1 copolymer showed the best plasticizing effect as compared with 

PCE2. 

One of the most important characteristics of the performance of superplasticizers is their 

dispersion maintaining ability over the time. This parameter can be evaluated by 

assessing the slump loss over the time. Fig. 6 shows the experimental fluidity loss 

during the first 150 min after the mixing for plain lime pastes (Fig. 6a), lime with 20 

wt.% NS and lime with 20 wt.% MK pastes (Fig. 6b), modified upon the addition of 

0.5% of superplasticizer. In all these systems, PCE1 showed the largest dispersing 

ability over the time. Plain lime and MK-lime suspensions with PCE1 offered a large 

fluidity even after 150 min. Conversely, NS-bearing pastes showed a low fluidity and 

presented no strong changes over the time. 

Setting time in pozzolan-lime pastes can be considered as a good indicator of the speed 

of the pozzolanic reaction and further hydration of the compounds. In this work, the 

setting time measurements provided experimental data about the effect of the SPs on the 

hardening process of the pastes. Plain air lime samples harden through carbonation of 

the Ca(OH)2 to yield CaCO3, whereas in pozzolan-lime mixtures the pozzolanic reaction 

with the subsequent formation of C-S-H (NS and MK) and aluminate hydrates (just 

MK) is the main responsible for the stiffening of the pastes. From the experimental 

results, it was observed that, in general, irrespective of the media and of the 

superplasticizer, the higher the dosage of superplasticizer the stronger the delay in the 

setting time. Fig. 7a shows the behaviour of plain lime pastes: above 0.50%, the delay in 



 12

setting time dramatically increased for PCE1. For PCE2, the setting time delay 

increased in a more uniform way as a function of the copolymer dosage. From these 

data, it can be concluded that mixtures with large SP dosages can lead to non-applicable 

samples for grouts owing to the severe delay in the setting time. The dispersing action 

of these admixtures would explain the setting time delay: the presence of the copolymer 

hinders the irreversible agglomeration of the formed particles, which should take place 

to harden the lime paste [37]. The stronger plasticizing effect of the PCE1 led to a more 

pronounced delay. With respect to those samples with a pozzolanic addition, in general, 

the presence of NS induced a delay that could be attributed to the slower pozzolanic 

reaction of this admixture as compared with MK (Fig. 7b). In line with these results, it 

had been reported that high dosages of dispersing agents can show, as a drawback, a 

marked delay in the setting time for cement-based materials [29,38]. As a matter of fact, 

samples with additives and SPs added in dosages above 0.50 wt. % produced setting 

time delays ever so long as to make them unpractical to register: for this reason, Fig. 7b 

only shows setting times for samples containing SPs doses up to 0.50 wt.%. 

 

3.3. Action mechanism: adsorption and zeta potential assessment 

Adsorption performance of both superplasticizers in different pastes and zeta potential 

measurements were carried out in order to assess the dispersing effectiveness and to 

ascertain possible changes on the surface charge of the lime, NS or MK ceramic 

particles and formed compounds. 

 

3.3.1. Plain nanosilica dispersions 

With respect to assays carried out onto plain nanosilica, it was observed that both 

copolymers were fixed: average percentages of 10% of PCE1 and 37% of PCE2 were 
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adsorbed, at a 0.5 to 6 g L-1 equilibrium concentration range of each of the assayed SPs. 

The zeta potential evolution of a NS suspension titrated with individual solutions of 

both polymers is depicted in Fig. 8. In this suspension of NS, with alkaline pH (9.71) 

the surface charge is expected to be negative, owing to the deprotonation of the silanol –

SiOH groups at this pH. According to the model of the structure of electric double 

layers (EDL) around colloidal particles reported elsewhere [39], the zeta potential is 

measured in the shear plane of the outer Helmholtz layer. In the present system, that 

shear plane may be expected to be made of hydroxyl anions counteracting the positive 

charge of cations adsorbed onto the negatively charged surface of the nanosilica 

particles, following the scheme showed in Fig. 9. As a result, the zeta potential of the 

NS should be negative, as experimentally confirmed (- 50 mV). In spite of the fact that 

both SPs are expected to be negatively charged at the alkaline pH of the experimental 

system due to the carboxylate functions located at their backbones, both copolymers 

were adsorbed onto the negatively charged NS. A substitution process, in which some 

of the OH- anions were released and some of the polymer units were adsorbed onto the 

NS, can be invoked as an explanation for this adsorption (Fig. 9). Similar phenomena 

have been reported for the adsorption of polycarboxylate ethers onto different surfaces, 

including calcium carbonate and silica fume [6,40]. In the current work, the adsorption 

of the copolymers onto NS would be mainly driven by the increase in entropy caused by 

the release of OH- anions during the substitution mechanism. In order to give an 

explanation to the zeta potential evolution towards less negative values, the molecular 

architecture of the polymers has to be considered: the adsorption of the polymers 

produced a broadening of the outer Helmholtz layer and, accordingly, induced a weaker 

potential of the double layer that resulted in a less negative zeta potential (Fig. 9), which 

was measured at the displaced shear plane (slipping plane between the movable and the 
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stationary phase) [39,41]. The longer the side chains of the polymer, the more marked 

the displacement of the shear plane (Fig. 9) and the larger the effect observed on the 

zeta potential: PCE1, with longer side chains, shifted the zeta potential from -50 to -33 

mV, while PCE2, with shorter side chains, modified the zeta potential just up to -47 

mV. Besides, the different molecular structure of the copolymers accounted for the 

different amounts adsorbed: PCE1, with longer side chains and low anionic charge 

density in the backbone (star-shaped polymer), was less adsorbed, whereas the worm-

like PCE2, with shorter side chains and more carboxylate groups in the backbone, was 

adsorbed to a larger extent. The backbone of star-like polymers can be assumed to 

adsorb perpendicularly to the surface of the particles, as depicted in Fig. 9, showing a 

high degree of steric hindrance caused by the spatial distribution of the grafted chains, 

resulting in a low surface loading. On the contrary, polymers with shorter side chains 

tend to undergo a flat adsorption of the backbone (parallel to the particle surface), 

yielding a larger amount of adsorbed polymer, as it was observed for PCE2 and showed 

in Fig. 9. 

 

3.3.2. Plain metakaolin dispersions 

In the case of a suspension of metakaolin in water, adsorption assays showed that PCE1 

was not adsorbed onto the MK ceramic particles. Conversely, the percentage of 

adsorbed PCE2 onto MK was greater (average percentage of 52%) than that adsorbed 

onto NS under identical experimental conditions. An acidic pH (5.6) was measured for 

this MK aqueous dispersion and appears to be critical to explain the adsorption 

behaviour. MK can be described as a 1:1 TO clay (tetrahedral silica layer and octahedral 

alumina sheet), with permanent negative charges in the faces (minor isomorphic 

substitution in the T faces). In addition, pH-dependent ionizable groups (silanol and 
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mainly aluminol (Al-OH) groups) can be found in both the broken edges and the 

exposed hydroxyl-terminated planes [42]. At the experimental pH (5.6) of the MK 

dispersion (below the point of the zero net proton charge, PZNPC, which for MK can be 

estimated at a pH of ca. 6-6.5), the more reactive aluminol groups can be partially 

protonated to form Al-OH2
+, thus yielding edges positively charged [43]. A cloud of 

compensating counterions forms the electric double layer around these surfaces. 

Interaction between positive edges and negative basal faces is thus possible, giving rise 

to the heterocoagulation of the MK in a card-house shape, as observed in TEM 

examination of this MK dispersion (Fig. 1) [44]. 

However, as the edges surface area turns out to be lower in comparison with the basal 

planes area, the overall zeta potential was negative (- 22 mV) for this suspension (Fig. 

10). The fact that PCE1 was not absorbed onto MK, can be due to its low population of 

carboxylate functions in its short main backbone at the acidic pH of the dispersion: a 

relevant part of the COO- functions was protonated, thus reducing the anionic charge 

density of the copolymer, hindering its adsorption interaction either by electrostatic 

interaction or by substitution process. Besides, the backbone charge was further 

sterically shielded by the long side chains, thus contributing to the adsorption hindrance. 

The experimental finding of the negligible adsorption of this PCE1 is also helpful to 

dismiss the formation of hydrogen bonds as a way of explanation of the adsorption of 

polycarboxylates onto this material. On the other hand, the higher anionic charge 

density (larger number of COO- functions) of the PCE2 molecule allowed it to show a 

significant negative charge in its backbone, even at the acidic pH of the experimental 

dispersion. Its previously described flat adsorption favoured a stronger interaction with 

the substrates: the polymer units could be attached either to the counterions of the outer 

Helmholtz layer of the basal faces (through a substitution process) or to the positively 
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charged edges (by means of electrostatic attraction, mainly driven by enthalpic 

contribution). The displacement of the zeta potential of the MK towards more negative 

values when PCE2 was added is in agreement with the kinetically fostered later 

possibility. 

 

 

3.3.3. Plain hydrated lime pastes 

In the hydrated lime-bearing pastes, experimental data analysis from the adsorption tests 

of the copolymers adjusted preferentially to a Freundlich model. Experimental data 

linearized according to the corresponding algorithm, allowed us to derive the Freundlich 

equation, from which the adsorbed amount of either copolymer could be plotted. In 

general, the larger the concentration of the SP assayed, the greater the extent of the 

adsorption. Adsorption tests showed that PCE2 was adsorbed in a 3- to 4-fold when 

compared with PCE1, in plain air lime samples (Fig. 11). 

The adsorption interaction for the polycarboxylate-based superplasticizers may be 

explained by considering the positive zeta potential values showed by air lime 

suspensions, as depicted in Fig. 12. Portlandite dispersions, owing to the high pH 

(experimental value of 12.6) and to the presence of Ca2+ cations, yielded positive zeta 

potential ranging from +10 to +20 mV. The carboxylic functions located in the 

backbone of the tested copolymers appeared deprotonated and negatively charged at 

that alkaline pH, so that the electrostatic attraction would explain the adsorption of 

polycarboxylates. The asymptotic trends of the zeta potential in Fig. 12 would indicate 

that the systems reached the saturation level. There was not any difference between 

PCE1 and PCE2 regarding the zeta potential evolution in plain lime media: as explained 

above, the displacement of the shear plane and the subsequent zeta potential reduction 
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caused by PCE1 could have been compensated for its lower anionic charge density, thus 

yielding similar values to those measured for PCE2. 

 

3.3.4. Hydrated lime pastes with pozzolanic additives 

When the reactive NS or MK was present, the pozzolanic reaction gave rise to the 

formation of C-S-H and, in the case of MK, also to aluminate-based compounds [18]. 

Despite the reaction between a compound with positive zeta potential (portlandite) and 

other with negative zeta potential (NS or MK), the resulting products offered strongly 

positive values of zeta potential. This fact can be evidenced by the zeta potential 

evolution of air lime pastes in which increasing amounts of the pozzolanic additive were 

added (Fig. 13): the pozzolanic reaction compounds showed positive values of the zeta 

potential since the alkaline pH caused deprotonation of their silanol and aluminol 

groups and the accumulation of multivalent counterions (mainly Ca2+) in the electric 

double layer gave rise to an overcharging that resulted in an apparent charge reversal 

(positive zeta potential) [45]. This zeta potential evolution was also an indicator of the 

pozzolanic reaction that took place between lime and any of the pozzolanic additives. 

Fig. 13 shows that, even though the zeta potential reached similar values (ca. + 50 mV), 

the reactivity of the two pozzolans was different: MK, showing a zeta potential curve 

with a positive slope, appeared to react faster and in a more uniform way than NS. NS 

showed a turning point after the addition of 30 mL of NS dispersion and presented a 

curve that suggests an asymptotic zeta potential slightly above + 50 mV and a 

subsequent limited extent of the reaction. In this line, setting time measurements 

(previously discussed in section 3.2) also indicated that, in general, the presence of NS 

induced a delay that could be attributed to the slower reaction. 
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When negatively charged polycarboxylates were incorporated into these lime-NS or 

lime-MK pastes, they were able to be adsorbed onto these highly positive layers of 

calcium counterions of the hydrates, thus justifying the improvement in the adsorption 

amounts as compared with the plain lime media (Fig. 11). However, the effect of the 

copolymers adsorption on the zeta potential was clearly different (Fig. 14). The sharpest 

zeta potential reduction was measured for lime-MK pastes, achieving asymptotic values 

around + 10 mV. However, lime-NS pastes showed a more mitigated decrease but 

without reaching the asymptotic region. Specific surface area, chemical differences and 

kinetics of the pozzolanic reaction in those systems accounted for the differences in zeta 

potential and in the dispersing effectiveness.  

Both copolymers showed better plasticizing effect when added to lime-MK pastes 

(section 3.2), in spite of their lower adsorption measured through the adsorption 

isotherms (Fig. 11). As showed in Fig. 5, higher doses of superplasticizers were 

required in lime-NS than in lime-MK pastes to achieve a similar flowability. This high 

consumption of polycarboxylates can be explained taking into account the high specific 

surface area (ca. 500 m2 g-1, caused by the low particle size of the nanosilica, ca. 50 nm) 

(Fig. 1). This large surface area provided an outstanding amount of adsorption sites for 

the copolymers, as proved by the high percentages of superplasticizers adsorbed on 

plain NS dispersions and on lime-NS media. In this sense, great adsorption of 

polycarboxylates onto silica-based materials, like silica fume, had already been reported 

[1,40]. However, these adsorption sites provided by NS were not “active” sites in 

connection with the C-S-H dispersion: the higher the percentage of polymer adsorbed 

onto NS, the lower the percentage of polymer adsorbed onto C-S-H compounds. 

Therefore, the overall zeta potential, which can be preferentially ascribed to the EDL 

around C-S-H, was modified to a rather limited extent (from +60 mV to a positive value 
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ranging from 40-49 mV) (Fig. 14). The zeta potential shift towards more negative 

values was caused by: (i) the compensation of the positive charge of the external layer 

of Ca2+ ions by the negatively charged polycarboxylate units; and (ii) the simultaneous 

displacement of the shear plane of the outer Helmholtz layer owing to the side chains of 

the copolymers. The former factor was more important for PCE2 whilst the later one 

was predominant in the case of PCE1. Conversely, MK did not present such a large 

number of adsorption sites: for example, plain MK systems showed no affinity for 

PCE1, as previously discussed. This fact is ascribed to the lower specific surface area 

(ca. 20 m2g-1) and a higher average particle size (4.5 µm) of MK as compared with NS. 

Instead of being adsorbed onto MK, the superplasticizer molecules would be mainly 

attached to the C-S-H and aluminate hydrates compounds formed during hydration. 

Therefore, the tested SPs, despite their lower adsorption onto these MK-lime pastes, 

showed a large degree of plasticizing effectiveness. At the same time, the effect of the 

attached polycarboxylates onto EDL was, consequently, sharper, as proved by the clear 

reduction of the zeta potential (Fig. 14). The asymptotic zeta potential curve suggests 

that the EDL of the hydrated compounds is near the saturation value. The 

experimentally proved faster reactivity of the MK in lime media also contributed to 

reduce the number of “inactive” sites, given that MK reacted rapidly with Ca(OH)2. In 

this line, marked zeta potential drops were reported for MK dispersions after 

polycarboxylates adsorption [2]. 

The SPs attachment onto NS would retard the pozzolanic reaction between NS and 

Ca(OH)2. This fact was experimentally proved by means of the setting time 

measurements: in lime-NS pastes, the increasing amounts of superplasticizers caused 

stronger delays in the setting time as compared with lime-MK samples (Fig. 7). 
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The different molecular architecture of the two tested copolymers played a key role in 

order to explain their dispersing performance. Taking into account that both are 

copolymers of relatively low molecular weight, in the tested media star-shaped 

polycarboxylates with short backbone and low anionic charge density but with long side 

chains have been proved to be more effective. In spite of the low adsorbed amounts of 

PCE1, its dispersing action was higher and allows to design flowable lime mortars and 

grouts with lower dosage of plasticizing agent. Regarding the zeta potential of the lime-

MK pastes with SPs, within the range of absence of electrostatic colloidal stability (+20 

to -20 mV) (Fig. 14), and the experimental efficiency of these SPs tested in this work, it 

can be concluded that the steric hindrance was then the main factor explaining the effect 

of these superplasticizers. 

 

4. Conclusions 

The polymer with the shortest backbone and lowest anionic charge density but with the 

longest side chains (star-shaped molecule) has been found to provide the largest 

plasticizing effect in the assayed lime pastes. At the same time, the consumption of this 

superplasticizer was the lowest, as proved by the low amount adsorbed. This polymer 

showed the best dispersion maintaining ability over the time and high doses of it led to 

the strongest delays in the setting time. 

Conversely, the worm-like copolymer, with a longer backbone and larger population of 

carboxylate groups but with shorter grafted lateral chains, showed a high rate of 

consumption (large amount adsorbed) but the worst dispersing performance. 

In the tested hydrated lime pastes, the presence of nanosilica, with large specific surface 

area (500 m2g-1), provided a high number of “inactive” adsorption sites for the 
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polycarboxylates units, thus reducing the amount of polymer attached to C-S-H phases 

and the dispersing effectiveness. 

The incorporation of metakaolin, with a lower surface area (20 m2g-1), caused a 

decrease in the overall polymer adsorption but yielded a more effective dispersion 

performance due to the fact that the polymer units preferentially anchored onto C-S-H 

and aluminate hydrates. 

Among the tested mixes, the combination of the PCE1 (star-shaped polymer) with 

metakaolin as pozzolanic agent provided the best flowability in order to its use as grout. 

Restoration mortars could be designed by using adequate ratios of lime, pozzolanic 

addition and superplasticizer according to the experimental results. 

The main mechanism that explained the action of these copolymers was seen to be 

mainly steric hindrance, through side chains of the polymers. 
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Table 1. Characterization parameters of the superplasticizers assayed. 
 

Polycarboxylate 
C, H 

analysis 
(%) 

Number Average 
Molecular Weight, 

Mn (g mol-1) 

Weight Average 
Molecular Weight, 

Mw (g mol-1) 

Polydispersity 
index 
(PDI) 

Anionic 
charge density 

(meq g-1) 

PCE1 47.6; 7.6 4,300 8,000 1.95 0.92 ± 0.07 

PCE2 21.4; 4.4 2,900 5,700 1.94 1.30 ± 0.06 
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Figure 1. TEM micrographs of: a) and b) NS spherical particles; c) and d) MK particles 
with hexagonal layers and card-house agglomerations. 
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Figure 2. MALDI-TOF MS spectra of the two superplasticizers analysed. 
 

PCE1

PCE2

 
Figure 3. Schematic representation of the molecular architecture proposed for both 
PCEs. The main backbone shows the negative charges of the COO- groups. 
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Figure 4. Flowability of the plain lime pastes vs. increasing amount of polycarboxylate 
ranging from 0% to 1.50% with respect to lime. 
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Figure 5. Flowability of the NS- (left) or MK-loaded (right) hydrated lime pastes at 
different percentages of pozzolanic additions vs. increasing amount of the tested 
superplasticizers (dosages from 0% to 1.50% with respect to lime). 
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Figure 6. Dispersion maintaining ability over time of pastes with 0.5 wt. % of SPs 
admixtures: plain lime (a) and lime modified upon the addition of nanosilica or 
metakaolin (b). 
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Figure 7. Setting time of: (a) plain lime pastes vs. increasing amounts of 
superplasticizers; (b) NS- or MK-bearing pastes vs. increasing amounts of 
superplasticizers (dosages ranging from 0 to 0.50 wt.% with respect to lime) (in these 
samples dosages above 0.50% of SPs induced such strong delays in the setting time that 
were not fully registered and, consequently, are not shown). 
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Figure 8. Zeta potential values of plain nanosilica suspensions titrated with 
superplasticizers assayed. 
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Figure 9. Electric double layer of the particles of nanosilica in a colloidal suspension (left). Adsorption model of PCE1 onto NS particles 
showing a strong displacement of the shear plane of the EDL (center). Flat adsorption with a higher surface loading of worm-like PCE2 onto NS 
particles, resulting in a less pronounced displacement of the shear plane. 
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Figure 10. Zeta potential values of a plain metakaolin suspension titrated with PCE2. 
 
 

 
 
Figure 11. Adsorption isotherms of the superplasticizers assayed onto plain lime, lime-
NS and lime-MK pastes (20 wt. % of pozzolanic additive) fitted acording to Freunlich 
model. 
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Figure 12. Zeta potential values of plain lime pastes titrated with the two 
superplasticizers assayed. 
 

 
 
Figure 13. Zeta potential of air lime pastes versus increasing amounts of NS or MK. 
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Figure 14. Zeta potential of lime-NS and lime-MK pastes titrated with the 
superplasticizers assayed. 
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Figure S1. Size exclusion chromatography results: differential weight fraction of the 
two superplasticizers analysed. 
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Figure S2. XRD analysis of the superplasticizers tested identifying the main diffraction 
peaks of the grafted side chains of the polyethylene glycol. 
 
 

 
Figure S3. FTIR spectra of  the superplasticizers assayed. 


