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Abstract. Restoration of historical buildings contributes to the preservation 

of history and identity of the cities, but also, in the current climate crisis, an 

alternative solution to reduce the environmental impact of the construction 

sector, which is one of the main global contributors to green-house gas 

emissions and waste production. It can be also claimed that the most 

sustainable building is the one that has already been built. An important 

aspect to consider for the restoration of built heritage is the use of 

compatible materials, such as lime-based mortars, that should be preferred 

over cement. However, their slow setting and hardening (via carbonation), 

and, in some cases, poor durability prevent their full acceptance and 

widespread use. One course of action is to improve the quality of the binder 

via an innovative approach: inclusion of natural organic additives during the 

slaking process of CaO. This is expected to have a higher impact than their 

inclusion in the mortar’s mix design. In the present work the analysis of the 

growth of Ca(OH)2 crystals following their crystallization in the presence of 

micro- and nano-cellulose is studied, together with the morphological 

changes that these additives induce on portlandite crystals. Moreover, the 

study of the carbonation kinetics of the modified portlandite crystals gives 

insights on the effect that these additives have on the quality of the binder. 

The promising results highlight the potential of micro- and nano-cellulose 

as sustainable additives for lime-based binders. Furthermore, these additives 

can be obtained from industrial wastes, promoting a circular economy. 

1 Introduction 

In the context of built heritage preservation, lime-based mortars should be preferred to 

cement, for non-structural interventions, given their high compatibility with the original 

masonry [1,2] and their lower environmental impact [3,4]. It is well known that the 
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restoration of built heritage is crucial to preserve the historical identity of cities, but today 

restoration is also necessary to reduce the environmental impact of the construction industry. 

The building sector is responsible for around 37% of the global energy consumption and 27% 

of the global operational CO2 emissions [5]; this means that to reach carbon neutrality in 

2050, the emissions would need to decrease 98% from the 2020 reported levels [5]. It is 

imminent to take actions to decarbonize the construction industry, for example by limiting 

building new constructions and prolonging the lifetime of buildings through restoration. In 

Europe alone, more than 40% of the buildings are older than 50 years [6]. Therefore, their 

maintenance, restauration and repair are of great importance to prevent their decay, while 

promoting a culture of circular economy [7–9]. 

Aerial lime binders are obtained from limestone (CaCO3) that is calcined at c.a. 950°C to 

obtain CaO, also known as quicklime. This white, reactive powder is then hydrated, resulting 

in slaked or hydrated lime (Ca(OH)2, mineral portlandite). If water is added in excess to the 

CaO, the result will be a dispersion of Ca(OH)2 particles known as lime putty. They are used 

for aerial lime-based mortars. After mixing with aggregates, the excess of water will first 

evaporate from the mortar causing a plastic shrinkage, then the binder will harden via 

carbonation, forming again CaCO3 [10].  

Carbonation is a slow process, influenced by many factors such as: temperature, relative 

humidity, porosity of the mortar, and quality of the employed binder [11,12]. This last factor 

is determined by the textural and structural properties of the portlandite crystals, which in 

turn may impact their reactivity [12]. In general, it has been reported that full carbonation, 

and thus complete hardening of the mortar, may take many years to be completed [13]. This 

is not suitable for today’s construction and restoration requirements. The long waiting times 

needed for carbonation have provoked the replacement of lime-based mortars with gypsum 

or cement. These mortars are incompatible with the original masonry and will result in its 

damage [14,15]. Thus, it is necessary to improve the performance of lime-based mortars and 

the quality of the lime binders to promote their widespread use, particularly in the field of 

built heritage. 

The implementation of additives is one of the most fruitful ways to improve the 

performance of lime-based mortars. Additives are materials incorporated, in reduced 

quantities, into mortar mixtures to enhance their working properties and long-term 

performance [10,16]. However, the introduction of additives may be expensive and 

challenging to scale-up to an industrial level. Furthermore, these materials improve the 

properties of the mortar but do not necessarily increase the quality of the binder per se. Since 

ancient times, high quality binders have been obtained through the maturation of the lime-

putty [17,18]. Aged lime putty is characterized by a higher plasticity, workability, water 

retention, and faster carbonation rate [18]. These improvements are a consequence of the 

shape transformation of the prismatic Ca(OH)2 crystals during aging. It has been reported 

that with time, the basal {00.1} faces of portlandite are preferentially formed while the 

prismatic {10.0} and {11.0} faces tend to disappear [18]. This leads to the formation of 

corrosion features along the (10.0) and (11.0) planes, observed on aged lime-putty [17,18]. 

The result is the transformation from large prismatic crystals to small plate-like ones. This 

increases the surface area of the portlandite crystals, and thus increases reactivity, promoting 

faster carbonation [19]. However, the effects of aging on lime putty are observed after years, 

making this process unprofitable and time-consuming [17,18]. It would thus be desirable to 

achieve these improved textural features of portlandite particles in a faster and more efficient 

way. One way to do so could be using additives (crystallization inhibitors and/or habit 

modifiers). 

Recently, a novel approach for the use of additives has been explored [20–22]: their 

introduction during the hydration process of CaO rather than into the mortar mixture. This 

approach aims to directly modify the properties of the forming Ca(OH)2 crystals for overall 
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improvement of the quality of slaked lime, by mimicking some of the features obtained 

during lime-putty aging. In their work, Kang et al. [21], demonstrated that the addition of 

salt and sugar to the slaking water led to contrasting results. On the one hand, slaking in the 

presence of salt generates a brief dormant period in the quicklime reaction with water. The 

result is a slight reduction on the Ca(OH)2 particle size. On the other hand, the addition of 

sugar to the slaking water generates a considerable delay in the hydration of CaO, leading to 

smaller and less crystalline Ca(OH)2 particles. Sugar does not inhibit the hydration reaction 

but hinders the growth of the portlandite crystals after their nucleation [21]. A similar effect 

has been observed with the addition of nopal juice extract and citrus pectin to the slaking 

water. These two additives acted as nucleation inhibitors producing nanometric crystals [20]. 

The explanation of their effect is based on the non-classical nucleation theory, which states 

that the process of mineral crystallization develops trough intermediate metastable steps, 

until reaching the final thermodynamically stable phase [23]. There are different pathways 

that crystallization can follow [24], one of particular interest is the two-step nucleation 

commonly observed in biomineralization systems as well as in biomimetic processes, 

following crystallization in aqueous solution [23]. During this process, stable prenucleation 

clusters (PNCs) will be formed and, over increasing saturation values, they will agglomerate. 

These grouped PNCs will then form a dense liquid. As the saturation of the solution continues 

to increase, a nucleation event will take place, from which the formation of an amorphous 

phase will take place followed by its transformation into a crystalline phase. Within the non-

classical nucleation theory, additives can play different roles depending on their effect in the 

mineral precipitation. According to the classification proposed by Gebauer et al. [25,26], 

additives can be separated in at least nine types, one of which are nucleation inhibitors; these 

can act via stabilization or destabilization of PNCs [27]. Stabilization of the PNCs occurs 

when the additive’s molecules are adsorbed during the pre-nucleation stage preventing the 

aggregation of PNCs. As a result, this delays phase separation to form the dense liquid. On 

the other hand, the destabilization of PNCs leads to their constant dissociation therefore 

hindering the formation of a new phase [20]. For the case of nopal juice and pectin used as 

additives included during the hydration of CaO, the authors proposed that the nucleation-

inhibition effect occurs via the destabilization of PNCs in the case of nopal juice extract, and 

trough the stabilization of the PNCs when pectin was used [20]. Moreover, these additives 

act as habit modifier of the newly formed Ca(OH)2 crystals. The adsorption of the additives 

on the forming (00.1) surfaces of portlandite, hinders aggregation and growth along the z 

direction. The result is a larger population of plate-like particles, such as those observed in 

aged lime putty [20]. 

Evidence shows that carbohydrates play a relevant part on the crystallization of calcium 

minerals like Ca(OH)2 and CaCO3 [20,21,27,28]: However, to the knowledge of the authors, 

these effects have not been thoroughly studied for the case of micro- and nano-cellulose. 

Cellulose is the most abundant natural biopolymer. It is a polysaccharide made of long chains 

of D-glucose units linked by a glycosidic bond; nano- and micro-cellulose differ only on the 

length of the linked units and thus on their crystallinity. Recently the application of micro- 

and nano-cellulose materials has proven to be a sustainable, low cost and non-toxic 

alternative to synthetic ingredients for many applications. Nonetheless, the use of micro- and 

nano-cellulose as additive to lime-based mortars has revealed contrasting results. Particularly 

in terms of the mechanical properties of the mortars, it is not yet clear the effect that these 

additives may have [29–31]. Therefore, it is difficult to determine a strong correlation 

between the mechanical properties and the added fibrils. On the other hand, the presence of 

nano-cellulose has proven to promote a biomimetic mineralization of CaCO3 [32]. The 

authors found that spatial organization of the nano-cellulose fibres plays a fundamental role 

in determining the shape of calcite produced [32]. During the growth of calcium carbonate 
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crystals, the nano-cellulose acts as a scaffold for the deposition of Ca2+ ions thus controlling 

the growth of CaCO3 [30,32–34].  

In the present work the use of micro- and nano-cellulose is proposed as a sustainable 

additive for the hydration process of quicklime. Ultimately the aim is to improve the quality 

of the aerial lime. It is hypothesized that the cellulose fibrils will produce modifications to 

portlandite crystals morphology during their nucleation and growth process. The aim is to 

understand the interaction between micro- and nano-cellulose with Ca(OH)2 during the 

different stages of formation of this mineral, and comprehend the consequences that their 

addition has on the carbonation process of portlandite.  

2 Materials and Methods  

2.1 Raw materials  

To perform the Ca(OH)2 synthesis, a 100mM solution of NaOH (Scharlau) and a 250 mM 

solution of CaCl2 (Scharlau) were used. These solutions were prepared daily. Microfibrillated 

cellulose, Celova®, was provided by Weidmann (Switzerland). This material is characterized 

by a particle length between 8 and 10 µm. The material is provided in a high-water content 

dispersion, therefore, before use, it was oven dried for 36 h at 50°C. Nano-cellulose was 

synthetized via acid hydrolysis according to the methodology reported in the literature [35]. 

The precursor was 100% hydrophilic cotton. The hydrolysis process had a yield of 80%, 

resulting in a dispersion of nano-cellulose particles with an average size of 280 nm, measured 

by dynamic light scattering using a Zetasizer Nano instrument (Malvern Panalytical). The 

nano-cellulose was oven dried in the same conditions as the micro-cellulose.  

2.2 Homogeneous synthesis of Ca(OH)2 

The effect of the additives on the formation of Ca(OH)2 was evaluated using a computer-

controlled titration system. All experiments were done in a Titrando 905 titrator 

manufactured by Methrom (Switzerland) following the methodology reported in [20]. A 

solution of NaOH (100 mM) was used as analyte, the different concentrations of micro- and 

nano-cellulose (10, 100, 1000, and 5000 ppm) were included into the analyte. Control 

samples without any cellulose were performed as well. To ensure the proper dispersion of 

the fibres, the NaOH solution with cellulose was sonicated for 15 min prior to starting the 

experiment. The titrant used was a solution of CaCl2 (250 mM), added at a constant rate of 4 

µL/s for four hours in a N2 atmosphere. The reaction was monitored using a Ca2+ ion selective 

electrode (Combined Calcium ISE, Methrom), a pH glass electrode (Unitrode, Methrom) 

with a Pt1000 sensor for temperature monitoring, a conductivity probe (five-ring 

conductivity measuring cell, Methrom), and a transmittance probe at 610 nm (Optrode, 

Methrom). Once per day a calibration for the Ca2+ electrode was performed. For this a 

solution of NaCl (100 mM) was used as analyte and the reaction was performed using the 

same protocol previously described. All experiments were performed in triplicate to ensure 

reproducibility.  

The obtained products were filtered and oven dried for 10 minutes at 60°C. Once dried 

they were stored in Eppendorf tubes filled with N2 to prevent carbonation. Powder X-ray 

diffraction (XRD) on all the samples was performed using a Panalytical X'Pert Pro 

diffractometer equipped with Ni filter, working at 40 kV and 40 mA, Cu Kα radiation (λ = 

1.5405 Å), in a 2θ range of 20-40°. XRD patterns were analysed using HighScore Software 

(Malvern Panalytical). Morphological analysis using scanning electron microscope was done 
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with a Phenom XL G2 Desktop SEM (ThermoFisher™ Scientific) at 15 kV acceleration 

voltage and pressure of 10 Pa.  

2.3 Carbonation process 

To follow the process of carbonation of Ca(OH)2 over time, another set of samples was 

prepared following the same homogeneous reaction previously described. The reaction was 

done in a 100 mL solution of NaOH (100 mM) containing micro- or nano-cellulose (10 ppm, 

or 100 ppm) in a N2 atmosphere. A CaCl2 solution (250 mM, 60 mL) was added to the NaOH 

and left to react under constant stirring (500 rpm) and N2 atmosphere for 90 minutes. A 

control sample without additives was also made in the same manner. All the resulting 

precipitates were filtered, oven dried (60°C for 10 minutes) and stored in an open Eppendorf 

tube to promote the natural carbonation process at room temperature and relative humidity 

of 60%.  

The carbonation process was followed using macro-FTIR with a Nicolet™ iS20 

spectrometer module by ThermoFisher™ Scientific, equipped with a DTGS detector and a 

Smart itX™ diamond accessory for Attenuated Total Reflection (ATR) in the spectral range 

4000 - 400 cm-1, collecting 64 scans for each measurement with a 4 cm-1 spectral resolution 

(diameter of the crystal 2 mm). Spectra were collected at 0, 1, 5, 12, 15, and 20 days. 

Additionally, XRD analyses of samples carbonated for 20 days were performed. 

3 Results and Discussion 

3.1 Influence of cellulose on portlandite nucleation  

It is known from literature that polysaccharides act as nucleation inhibitors in the formation 

of calcium hydroxide [27]. Although the effect of micro- and nano-cellulose on the formation 

of Ca(OH)2 has not been tested yet, the evidence observed for other polysaccharides allows 

to hypothesize that cellulose would behave similarly. Therefore, the effect of these additives 

was tested following the time evolution of Ca(OH)2 formation in the presence of increasing 

concentrations of the additives. The results from the time evolution of the free Ca2+ ions in 

the titration reactions can be observed in Fig. 1. In all cases it was possible to observe that 

the slope of the Ca2+ evolution is less steep than the experimentally dosed Ca2+ (dashed line). 

This indicates that part of the available calcium ions in solution were consumed by the 

formation of PNCs [27] even in the control runs. These species are thermodynamically stable 

with no phase boundary [36] and in this case they form and coexist with the ions in solution. 

The latter contributes to the validation that the mineral precipitation of Ca(OH)2 follows a 

non-classical pathway.  

In Fig. 1 it is possible to observe that cellulose (micro and nano) acts as a nucleation 

inhibitor. This is evidenced by the delay of the nucleation event (marked by a drop in the free 

Ca2+ signal). In addition, it is possible to see that the inhibition effect is dependent on the 

concentration of micro- and nano-cellulose, except for nano cellulose at low concentration 

(10 ppm), where nucleation is promoted. As explained in the introduction, nucleation 

inhibition can occur by stabilization or destabilization of PNCs. An additive that causes 

nucleation inhibition via PNCs stabilization, would provoke a reduction in the slope of the 

free Ca2+ evolution over time with respect to the control. The results show that for most of 

the tested cases micro- and nano-cellulose stabilize the PNCs, thus resulting in a delay of the 

nucleation event. Only micro-cellulose at 100 ppm and nano-cellulose at 1000 ppm have a 

slope comparable to the control. For the other cases, the inhibition occurs via stabilization, 

indicating that a larger quantity of pre-nucleation clusters is present in the solution without 
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agglomerating. For nano-cellulose, a concentration dependence on the delay effect, specially 

at high concentrations (100 ppm or more), was expected, considering previous similar 

experiments with nopal juice and other additives [20,22,27]. Instead, when micro-cellulose 

was used, at high concentrations (1000 and 5000 ppm), the nucleation is apparently inhibited 

for the whole duration of the experiment. Moreover, there were no differences between 1000 

ppm and 5000 ppm of added micro-cellulose. It is also worth noticing that the slope of the 

curve is significantly shallower for these concentrations of micro-cellulose, indicating a 

strong stabilization of PNCs. Conversely, at low amounts (10 and 100 ppm) of micro-

cellulose, the nucleation occurs as expected from the literature regarding nopal juice, pectin, 

and other organic additives [20,22,27].  

The delay in the nucleation can have important implications on the morphology of the 

newly formed Ca(OH)2 crystals. A change in crystal habit has been reported in the presence 

of nucleation inhibition additives, where portlandite crystals tend to have a plate-like 

configuration rather than a prismatic one [20]. This is interesting since it resembles the effect 

that aging has on lime putty [17], without having to wait for a long period of time.  

  
a b 

Fig. 1. Representative evolution of the free Ca2+ ion evolution with time in the presence of varying 

amounts of (a) micro-cellulose and (b) nano-cellulose. The control sample in both cases is drawn in 

dark-brown and the purple dotted line corresponds to the evolution of the total added Ca2+ to the 

reactor. A sudden change in slope of free Ca2+ signal represents the nucleation event.   

The characterization of the reaction products was performed immediately after they were 

synthetized, to prevent as much as possible their premature carbonation. Since it has been 

demonstrated that the addition of natural organic additives promotes the formation of plate-

like particles [20,22], X-ray diffraction was performed to calculate their presence. The 

average abundance of plate-like particles of portlandite was measured using the intensity 

ratio between the 001 Bragg peak and the principal diffraction peak of portlandite (i.e., 101) 

[18]. The obtained values are reported in Table 1. In the case of micro-cellulose additives, 

this analysis was performed only on the sample at 10 ppm, since there were no diffraction 

signals detected for the other concentrations. The latter means that a crystalline mineral is 

not present; however, an amorphous material could have been formed.  The sample obtained 

from micro-cellulose dosed at 10 ppm, showed a slight reduction in the relative amount of 

plate like particles. Furthermore, the SEM micrographs (Fig. 2) did not reveal any 

considerable difference with respect to the control sample. Both the control sample and that 

prepared with 10 ppm of micro-cellulose presented small rhombohedral crystals (5-10 µm in 

size) evidencing the formation of calcite due to early carbonation associated with the 

unavoidable air exposure during sample preparation. Moreover, portlandite rod-like crystals 

were predominantly present over plate-like crystals in full agreement with the XRD results.  
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For the samples made with 100, 1000 and 5000 ppm micro-cellulose, the evidence 

obtained with SEM (Fig. 2) highlighted that there is no crystalline structure present. This was 

also evident from the lack of Bragg peaks in the diffractograms. Interestingly, the preliminary 

EDX analysis of the sample made with 1000 ppm micro-cellulose (Fig. 3) evidences a Ca 

rich material with no crystalline features (i.e., lack of crystal faces). The obtained results may 

suggest the presence of an amorphous mineral phase. However, at this stage it is not possible 

to discern between amorphous calcium hydroxide (ACH) or amorphous calcium carbonate 

(ACC). Nonetheless, the textural/structural features observed in the samples do not entirely 

resembles those of ACC [37–39]. Furthermore, the EDS analyses Fig. 3 showed Ca, C, and 

O, which could be attributed to CaCO3, but the presence of carbon and oxygen could also be 

due to the underlying cellulose. Therefore, further analyses, like FTIR and TGA, are required 

to confirm the nature of this amorphous material.  

The intensity of the 001 Bragg peak increases with nano-cellulose concentration. In the 

limiting case of 5000 ppm nano-cellulose, the 001 peak completely dominates over the main 

101 Bragg peak of portlandite This feature is typical of the increment in the amount of plate-

like particles, as it is highlighted in Table 1. As observed, all the samples formed in the 

presence of nano-cellulose have a higher amount of plate-like particles than the control 

sample, except for that at 100 ppm.  

The morphological analysis (Fig. 2) of the crystals showed that at low concentrations of 

nano-cellulose (10 ppm), the sample resembles the control. However, in this case the rod-

like portlandite crystals are smaller and co-exist with plate-like ones (circled in blue). 

Furthermore, a third structure was present, an aggregate made of many plate-shaped crystals 

(circled in red) that resembles a desert rose; this might be attributed to the potential presence 

of aragonite or vaterite [40,41]. At a nano-cellulose concentration of 100 ppm, portlandite 

crystals prevalently displayed a rod-like shape (i.e., elongated prisms). In this case it is 

possible to see a peculiar textural feature: a book-like opening in the (00.1) planes. This same 

rupture was also seen for 1000 ppm nano-cellulose, however for these latter samples the 

crystal separation is complete. This might help to explain the difference in plate-like 

abundance between these samples. The {00.1} faces of portlandite have a proclivity to break 

apart since these layers are held together by weak hydrogen bonds and Van del Waals forces 

[17]. It is possible that, if the nano-cellulose is partly attached to these faces, it will interrupt 

the proper bonding between these basal planes, weakening it and leading to the formation of 

two new surfaces. This is a positive aspect since an increment of the available surface area 

will also increase the reactivity of the mineral, which ultimately is the goal of cellulose 

addition. Finally, in the case of 5000 ppm concentration of nano-cellulose the largest amount 

of plate-like particles was calculated from XRD results. Two structures were observed in the 

SEM for this case (Fig. 2), the typical portlandite hexagonal plate-like particles (circled in 

purple), and a complex structure of thin-layered spherulitic-shape minerals, similar to that 

often observed in aragonite or vaterite [40,41]. 

Table 1. Average plate-like particles abundance calculated from XRD results. The samples with 100, 

1000, and 5000 ppm micro-cellulose are not reported since their diffractograms lack portlandite 

Bragg peaks. 

Sample Plate-like particle abundance [%] 

Control 6.8 

Micro-cellulose 10 ppm 5.8 

Nano-cellulose 10 ppm 7.0 

Nano-cellulose 100 ppm 5.6 

Nano-cellulose 1000 ppm 8.1 

Nano-cellulose 5000 ppm 26.9 
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Fig. 2. Representative SEM micrographs of the resulting Ca(OH)2 from titration experiments.   
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a b 

Fig. 3: SEM image and EDX point analysis of the sample obtained with 1000 ppm of micro-

cellulose.  

3.2 Influence of cellulose on portlandite carbonation process  

The process of carbonation was followed under atmospheric conditions for 20 days (Fig. 4). 

The intensity ratio between the peaks of CaCO3 at 1410 cm-1 and that of Ca(OH)2 at 3635 

cm-1 was calculated to analyse the progression of carbonation. Overall, higher intensity ratios 

were obtained for all the samples containing cellulose. At day 5, micro-cellulose addition 

promoted carbonation, speeding up the process. Then, the samples containing this additive 

follow an asymptotic behaviour as expected. The plateau is also observed for the nano-

cellulose samples from day 12 onwards. Interestingly the promoting effect of adding nano-

cellulose is slightly less marked than that of micro-cellulose. Meaning that possibly the 

amorphous material obtained in the presence of larger fibrils is more reactive than the plate-

like particles.  

The only particular case observed was that of nano-cellulose at 100 ppm. At day 12 the 

observed intensity of the carbonate band was larger than the general trend, followed by an 

apparent decrease in the carbonate content. The latter of course is not possible in this kind of 

materials, since CaCO3 decarbonation under environmental conditions does not occur. 

Therefore, the obtained measurement of this sample in day 12 can be explained due to a local 

heterogeneity of carbonate content inside the sample. If this measurement was ignored, the 

general carbonation trend would be followed. In addition, this sample and the control are the 

only ones that do not reach a plateau, evidencing that the carbonation process was still 

ongoing. 

The infrared measurements from day 0 and 20 and the diffractograms at day 20 for all 

samples are shown in Fig. 5. At day 0, the presence of Ca(OH)2 was identified by the peak 

at 3645 cm-1 indicative of the O-H stretching. The intensity of this peak decreased, as 

expected, during the carbonation process for all samples. However, after 20 days portlandite 

was still detected both on FTIR and XRD, evidencing that the carbonation was not fully 

completed.  Moreover, at day 0, the characteristic sharp calcite peak (2), at c.a. 875 cm-1, 

was almost undetectable and is present only as a small shoulder of the 890 cm-1 peak.    The 

latter does not correspond to the characteristic peaks of calcite or of portlandite crystals [42], 

however they could be associated with amorphous calcium carbonate (ACC), 

monohydrocalcite or a precursor in the process of carbonation [43,44]. Also at day 0, a peak 

at 3570 cm-1 was found in all samples, this could be correlated with water molecule vibrations 

from ACC [45,46]. This peak disappears for all the samples at 20 days.  
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Fig. 4: Intensity ratio of FTIR peaks located at 1409 and 3635 cm-1 (calcite and portlandite 

respectively) vs. time for the control sample and samples containing 10 ppm, and 100 ppm of micro- 

and nano-cellulose. 

Different calcium carbonate polymorphs can be recognized at day 20 of carbonation (Fig. 

5). The control sample showed a characteristic peak of vaterite (745 cm-1) [45], the presence 

of this polymorph was also confirmed by XRD. Also, this sample presented a broad and 

splitted peak in the region 1400 – 1550 cm-1; this is a characteristic trade of amorphous 

calcium carbonate (ACC) or poorly crystalline CaCO3 [45]; moreover, a small peak at 1080 

cm-1 was observed, confirming the presence of ACC. The observed presence of ACC and 

vaterite, together with the minimal contribution of calcite (Fig. 5b) in this sample is evidence 

of its incomplete carbonation.  

For those samples containing additives, in general the presence of calcium carbonates is 

associated with vaterite and/or calcite (identified by their distinctive bands at 745 cm-1 and 

712 cm-1, respectively); those peaks correspond to the O-C-O in-plane bending (4) of the 

carbonate group [32,42,45]. The XRD of the sample with micro-cellulose dosed at 10 ppm 

confirms the presence of calcite together with vaterite. This is also evident from the distorted 

shape of the peak centred at 1430 cm-1 [47]. In contrast, the sample prepared in the presence 

of 100 ppm micro-cellulose is the only one showing calcite and not vaterite, both on FTIR 

and XRD. The presence of calcite in those samples prepared with micro-cellulose seems to 

be concentration dependent, which would agree with the carbonation kinetics results (Fig. 

4). On the other hand, both samples made with nano-cellulose present calcite and vaterite 

(i.e., they show IR bands at 712 and 745 cm-1 respectively). Also, in both cases the 1400 – 

1550 cm-1 region presents the broad split-shape found in ACC and/or poorly crystalline 

CaCO3 [45,47]. However, the obtained maxima for this region are shifted with respect to 

those present in the reference samples, thus they could not be used as indicative. Moreover, 

the sample made with nano-cellulose also shows a small ACC band at 1080 cm-1.   

These results clearly indicate that the additives influence the formation of different 

calcium carbonate polymorphs during carbonation of portlandite crystals. Additionally, it is 

shown that micro-cellulose promotes a faster carbonation into calcite, which is the desired 

final mineral.  
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Fig. 5: a) Comparison of the FTIR spectra (from 1650 to 800 cm-1) for the control sample and 

samples containing 10, and 100 ppm micro- and nano-cellulose at day 0 and 20. Wavenumbers from 

3400 to 1600 cm-1 are ignored because do not contain any relevant information for this analysis. The 

region highlighted in green from 1200 – 950 cm-1 corresponds to the main peaks of cellulose. The 

diffractograms (b) were obtained at day 20 of carbonation. The principal phases observed are 

highlighted.   

4 Conclusions 

In the present work the role that micro- and nano-cellulose have on the precipitation and 

growth of Ca(OH)2 crystals and their carbonation was studied.  

The experimental results showed that the length of the cellulose fibres influences the 

effect that the additive has on the nucleation event and crystal growth process of Ca(OH)2. 

Nano-cellulose acts as a nucleation accelerator when dosed in small quantities (10 ppm). 

Conversely, at higher concentrations (100 ppm or more), this material acts as a nucleation 

inhibitor. The inhibition is directly correlated to the quantity of dosed additive. Moreover, 

nano-cellulose addition generally promotes the formation of a larger population of plate-like 

crystals. The carbonation speed of portlandite samples with nano-cellulose was faster than 

the control, but at 100 ppm, full carbonation was not reached. Both calcite and vaterite 

polymorphs were present in these samples, along with ACC. 

On the other hand, micro-cellulose resulted always in the delay of the nucleation, or even 

the apparent inhibition. However, the obtained products showed that for higher 

concentrations of additive, an amorphous material is obtained. This was evidenced by the 

lack of diffraction peaks and the calcium-rich material with no crystal shape observed with 

SEM-EDX. Further studies are required to determine exactly the nature of this amorphous 

phase. The carbonation process when micro-cellulose was used, proved to be the fastest and 

led to a predominant presence of calcite.  

The obtained results indicate that the morphological modifications to Ca(OH)2 induced 

by the additives have an impact on the reactivity of the resulting products. However, it is 

necessary to replicate these analyses on calcium hydroxide samples obtained through the 

hydration of CaO, to evaluate the real case scenario for lime-based mortars. 
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