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Resumo 

Neste trabalho foi produzido carbonato de cálcio por precipitação: banho de óleo e 

ultra sons, onde vários parâmetros foram testados: temperatura, velocidade de agitação 

magnética, concentração dos reagentes, duração da reação e meio da reação. Algumas 

amostras ficaram em repouso durante um mês antes de algum precipitado ser removido, 

lavado e seco para a caracterização do pó sem este ter nenhum produto secundário ou 

solvente da reação. 

A técnica de “dip-coating” foi utilizada para produzir carbonato de cálcio com uma 

matriz orgânica (PVP – Polyvinylpyrrolidone) numa tentativa de produzir nacre artificial. 

Vários parâmetros foram testados: número de ciclos, temperatura, tempo de imersão e de 

secagem; presença/falta de uma etapa intermédia e velocidade de imersão. 

Dois polimorfos anidros do carbonato de cálcio foram produzidos por ambos os 

métodos: vaterite e calcite. 

Algumas amostras foram caracterizadas por DRX (Difração por raios-X), 

Espectroscopia Raman e foram analisadas por SEM (Microscópio Eletrónico de 

Varrimento). 

Espectrofotometria foi também utilizada para ver a diferença da 

absorvância/transmitância e refletância de algumas amostras de “dip-coating”. As 

amostras com uma matriz orgânica mostraram uma transmitância muito elevada na região 

do infra-vermelho e uma baixa transmitância na região do visível ao contrário das 

amostras com apenas camadas inorgânicas indicando a possibilidade da formação de um 

complexo orgânico/inorgânico.  

Palavras-chave: Carbonato de cálcio; síntese química; “dip-coating”, Nacre 
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Abstract 

Calcium carbonate was produced by precipitation: oil bath and ultra-sounds, being 

studied several parameters such as: temperature, magnetic stir speed, concentration of the 

reagents, duration of the reaction and the medium of the reaction. Samples rested for a 

month before some of the precipitated was removed, washed and dried to get the powder 

characterized without any secondary product or the solvent of the reaction. 

Dip-coating technique was also used to produce calcium carbonate with an organic 

matrix (PVP - Polyvinylpyrrolidone) in an attempt to produce artificial nacre. Several 

parameters were also modified: number of coating cycles, temperature, dip and dry time; 

presence/absence of an in-between step and dipping speed. 

Two anhydrous polymorphs of calcium carbonate were produced from both 

methods: vaterite and calcite. 

Some samples were characterized by XRD (X-ray Diffraction), Raman 

Spectroscopy and were analysed by SEM (Scanning Electron Microscopy). 

Spectrophotometry was also used to analyse the absorbance/transmittance and 

reflectance of some dip-coated samples. The samples with an organic matrix showed a 

very high transmittance in the infra-red region and a very low transmittance in the visible 

region unlike samples with just inorganic layers indicating the possibility of formation of 

an organic/inorganic complex. 

Keywords: Calcium carbonate, chemical synthesis, dip-coating, Nacre 
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Objective 

The objective of this work was to find a facile synthesis process to grow nacre. In nature 

nacre is formed by alternate sheets of CaCO3 with organic compound. To achieve this goal, the 

work performed in this thesis follows two approaches: first the synthesis of pure CaCO3 was 

tried and then a layer-by-layer process using an automated dip-coating was used to growth 

CaCO3 film directly into a glass substrate.  

To achieve the synthesis of pure CaCO3, several parameters of the reaction were modified 

in order to know about its polymorphs. The changed parameters of the reaction were: 

temperature, time, stirring speed, different concentration of reagents and influence of the 

medium (oil bath or ultra-sounds). The reactants were CaCl2(calcium chloride) and NaHCO3 

(sodium bicarbonate) and the solvent was ethylene glycol (C2H6O2). 

The dip-coating technique was utilized in an attempt to produce nacre alternating between 

an organic and inorganic solution were several parameters varied such as temperature, dip and 

dry time, with/without in-between cup, number of cycles, dipping speed.  

SEM (Scanning Electron Microscopy), XRD (X-ray Diffraction), Raman Spectroscopy 

and Spectrophotometry techniques supported the investigation performed. 
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1 Introduction 

1.1 Calcium carbonate 

Minerals have been produced for more than 3500 million years from different species of 

animals[1]. The biominerals are the inorganic phase formed in biological systems and 

widespread in nature. They have a hierarchical structure and special functions like the silica 

cell wall of the diatom, the calcitic spine of sea urchin, and the calcitic otolith of the marine 

algae. The process that leads to the formation of biominerals is called biomineralization. 

Calcium carbonate is one of the most important biominerals found in mammalian hard 

tissues[2]. Calcium carbonate have three anhydrous polymorphs: calcite, vaterite and aragonite 

(Figure 1) and 2 hydrated polymorphs: ikaite (CaCO3.6H2O) and monohydrocalcite 

(CaCO3.H2O). There are also some amorphous calcium carbonate (ACC) with different degrees 

of short range order and degree of hydration[3]–[7]. It is extremely difficult to know about the 

formation of these polymorphs because there are many parameters involved in 

biomineralization.[8] 

 

 

Figure 1 - Calcium carbonate crystals in nature, from left to right: Aragonite[9]; Vaterite[10]; 

Calcite[11] 

 

Many efforts have been made in order to understand the biomineralization mechanisms. 

The metastable amorphous calcium carbonate is the first to be formed because it has the lowest 

free energy barrier.[8] ACC will then transform into aragonite and vaterite and then to calcite 

the most thermodynamically stable polymorph under ambient conditions.[12] 
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Figure 2 - Different literature images exemplifying: amorphous calcium carbonate (ACC, a); ACC 

and vaterite nanoaggregates (b, c); and vaterite nanoaggregates (d, e). Pictures at the bottom 

correspond to: vaterite nanoaggregates and first calcite crystals (f); calcite crystals attached 

to vaterite spheres with the development of growth steps on the calcite surface (g); calcite growth 

steps and vaterite nanoparticulate subunits (h) and calcite crystals with vaterite casts (i).[13] 

Some findings of those researches were that with a higher CO2 pressure and a pH between 

8,5 and 10,5 favours the formation of vaterite but with lower CO2 pressure and a pH around 7 

and higher than 11 calcite is favored.[14][15][16][17]. Han et.al said that increasing Ca2+ ion 

concentration in a solution favours the appearance of calcite over vaterite.[18] To obtain 

aragonite the pH of the solution should be lower than 11, the temperature should be high and 

Magnesium present in the solution.[19] 

Vaterite is the most unstable CaCO3 polymorph and can be transformed into aragonite 

and calcite easily[20] and is the rarest polymorph in nature but it still can be found in: 

gallstones,[21] gastropods eggshells,[22] freshwater lackluster pearls,[23] in a member of the 

ascidians, the snail, carp otoliths and sea squirts. Vaterite formation is under strictly genetic 

control. Vaterite acts as a transient precursor or as functional component for structural 

purposes.[22] It has been stated that it is possible to transform calcite to vaterite too [23]. The 

lackluster pearls are made from vaterite crystals which change its mechanical and optical 

properties[24]. The good solubility of vaterite can make it a good material for applications in 

biomedical area.[25] 

 

1.2 Applications  

CaCO3 has many applications in several materials: rubber, paint, imitation leather, soap, 

inorganic filler for plastic and paper.[26] CaCO3 also has many potential applications in areas 

like pharmaceutical and medicine (drug-delivery) and ion exchange/absorption thanks to its 

proprieties such as biodegradability, bio-compatibility and pH sensitivity.[27][28][29] 
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CaCO3 as other nano particles can change/improve their properties at submicron scale 

like: mechanical and optical properties, increased surface area, better barrier effects in a 

polymer matrix and better chemical reactivity.[30] 

Submicron CaCO3 particles are required to improve the rheology and the opacity of paints 

and coatings and also as a lubricant additive.[26]  

With CaCO3 being produced by a low-cost method it could be applied not only in a few 

applications but also replacing silica and titania by a bio-degradable material.[26] 

 

1.3 Nacre 

The elaborate properties of nacre come from the intricate structure at many scale levels 

between an organic matrix and calcium carbonate fibers and tablets[31] which can be seen in 

Figure 3. 

 

Figure 3 - Scheme of layers of nacre in the outer layer of a pearl[32] ; Interior of a nautilus shell 

which contains the iridescent nacre[33]  

  

 

Nacre (Figure 3) and coral had attracted the attention of many orthopedists because they 

can replace some components used by them that exhibit toxicity, incompatibility and 

mechanical strength problems.  

The nacre has very good mechanical properties, in particular the hardness. This makes 

the nacre a good candidate to be applied in hardened synthetic ceramics. [34] 

Nacre is 3000 times stronger than its components individually thanks to the organic 

matrix that dissipates the tension and the crystals shapes and sizes. [35] 

Nacre has a very high elastic modulus compared to bulk CaCO3 aragonite phase. Several 

studies with nacre were conducted: like treat myopia of chicks[36], induce osteogenesis in 
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vitro[37] and in the vertebrae of sheep[38], induce cutaneous fibroblast growth in rats[39]. It 

gathered much attention by scientist whom try to reproduce the structure of nacre [40]. There 

is a group of researchers who could produce artificial nacre. [41] It is not easy to control the 

formation of a specific phase of CaCO3 artificially[42] but in nature, animals can produce 

aragonite inside the shell and calcite outside of it. There are some investigations about this 

selectivity of polymorphs, about the conditions of formation and the role of macromolecules 

and they suggest the existence of nanoclusters of ACC which are then transformed into the 

different polymorphs[43][44]. 

Many aspects in the role of organic matrix in the formation of the skeleton in corals are 

still enigmatic. Some experiences in vitro showed that the organic matrix have influence in the 

polymorph phase of the calcium carbonate.[45] They say that the Mediterranean zooxanthellate 

solitary coral, Balanophyllia europaea, can favor the precipitation of aragonite and stated that 

a transient amorphous calcium carbonate was stabilized by lipids is involvement. 

The organic matrix of: Acropora digitifera, Lophelia pertusa, and Montipora caliculata 

macromolecules can influence the precipitation of the calcium carbonate too.[46] 

Amino-acids are the building units of proteins and they have amino and carboxyl groups 

simultaneously. Amino-acids can regulate the nucleation, the growth, and the structures of the 

inorganic crystals.[47] 

One recent study also said that four acidic proteins from the genes of Stylophora pistillata 

can catalyse spontaneously the precipitation of calcium carbonate from sea water.[48] 

Valiyaveettil et al. isolated pelovaterin, a glycine-rich peptide from eggshells of a soft-

shell turtle. In vitro tests showed that pelovaterin induce the formation of vaterite, modify the 

crystal morphology and increases their growth rate[49] 

The organic/inorganic hybrid microstructure inspired people to create nacre like 

composites materials as: gas barriers, electric insulators, fire retardants buildings and furniture 

materials.[50] 
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2 Materials and Methods  

2.1 Synthesis 

 

The synthesis of CaCO3 by precipitation was performed using the following quantities of 

reagents: M(CaCl2.2H2O) =147 g/mol; M(NaHCO3) = 84 g/mol; M(C2H6O2) = 62.07 g/mol  in  

ethylene glycol leading to a mass of m(CaCl2.2H2O)= 147x5x10-3 = 735mg and m(NaHCO3)= 

840mg. A quantity of 5 mmol of dehydrated calcium chloride (CaCl2.2H2O), Sigma Aldrich 

were dissolved in 50 mL ethylene glycol (99%, Sigma Aldrich) by ultra sounds bath for 2 hours 

at 40°C. Then 10 mmol of sodium bicarbonate (NaHCO3) Ultra, Sigma Aldrich was dispersed 

in 50 mL of ethylene glycol by magnetic stirring overnight at 1100 rpm and at ambient 

temperature. Each flask was filled with 2.5 mL of ethylene glycol with (NaHCO3) and 2.5 mL 

of ethylene glycol with CaCl2.2H2O to obtain a molar concentration of (1:2) 

(CaCl2.2H2O:NaHCO3). To obtain a solution with a molar concentration of (1:4) instead of a 

2.5 ml solution of NaHCO3, it was added 5 ml of NaHCO3 to the final solution. All the 

parameters tested are indicated in Table A1. 1 of annex 1. 

The resulting dispersion was heated up for different times, from 5 minutes to 24 hours, 

different temperatures (40°C and 75°C), and for different methods (Ultra-sounds bath in the 

ultra-sounds machine (Sonorex, Bandelin) of Figure 5 at Lab 213, DCM, FCT-UNL and oil 

bath (baysilone oil M350 heated in a plate (Heildolph) that can be observed on Figure 4)) at 

Lab 213, DCM, FCT-UNL. 

 

Figure 4 - Heating plate, Heidolph 

 

 

 

Figure 5 - Ultra-sonic machine, 

(Sonorex, Bandelin) 

 

For observation at the microscope a small quantity of the liquid was placed in a glass 

surface and heated up to 70°C in oven during approximately 2 hours to dry.  
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After preparation, some solutions samples rested for 1 month. The CaCO3 nanoparticles 

were separated from the turbid product sol, by washing 4 times with a mixture of water and 

ethanol 200 µl (1:1) and by centrifugation at 9000 rpm during 20 minutes.  

The different solutions were used in a dip-coater where a glass substrate was attached to 

pneumatic arm of the equipment, the glass was dipped for different parameters: temperature, 

dip and dry times, number of cycles, alternating with different reagents. 

The main reagents were the same prepared for the synthesis of CaCO3 by solution. In 

same experiences an in-between cup of water/acetone/PVP-methanol solution was used. All the 

combinations are presented in the table: Table A1. 2  

The films produced by dip-coating were dried at ambient temperature during 2 days.  

 

2.2 Characterization 

The produced samples were characterized by observing its surface morphology in an 

inverted optical microscope (Leica DMi8, at Lab 213, DCM, FCT-UNL) and a representative 

selection of these samples were analysed also by a scanning electron microscope (SEM - 

Hitachi S2400 with Bruker light elements EDS, at MicroLab-Electron Microscopy Laboratory 

of Instituto Superior Técnico). For SEM analysis, the powder or glass coated samples were 

placed in the sample holder using a carbon ribbon and then covered with a very thin layer of 

gold. 

The compositional/structural analysis was performed by Raman microscopy (Labram 300 

Jobin Yvon spectrometer, equipped with a solid state laser operating at 532 nm, at Lab 217, 

Departamento de Conservação e Restauro, FCT UNL) and by X-ray diffraction (XRD - 

PANalytical X’Pert PRO equipped with an X’Celerator detector using CuKα radiation at 45 kV 

and 40 mA, in a Bragg–Brentano configuration. The analysis was performed over the angular 

2θ range 10°–80°, with a scanning step of 0.03° at CENIMAT-I3N, FCT-UNL. 

The UV-VIS-NIR spectroscopy was performed in a JASCO V-770 spectrophotometer, 

for wavelengths in the range of 350-2500 nm, with a step of 0.5 nm. 
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3 Results and discussion 

The main goal of this work was to obtain calcite (the most stable polymorph of calcium 

carbonate) by precipitation synthesis and also by dip-coating directly into a glass substrate. 

For the precipitation synthesis several parameters were tested as already mentioned in the 

material and methods section. In the following section, the obtained results are presented and 

discussed. 

 

3.1 Synthesis of CaCO3 by precipitation 

The synthesis of calcium carbonate polymorphs was attempted by varying different 

process parameters that may influence the growth and the crystal structure. 

The calcium carbonate is obtained from the reaction of the CaCl2 (calcium chloride) and 

NaHCO3 (sodium bicarbonate) precursors according to the main reaction expected:  

CaCl2+ 2NaHCO3→ Ca(HCO3)2(s)+2NaCl 

(Ethylene glycol) 

Ca(HCO3)2(s) → CaCO3(s) + CO2(g) + H2O(l) 

 

The above reaction leads to the formation of Ca(HCO3)2 (calcium bicarbonate) and NaCl 

(sodium chloride). Therefore, depending on consumption or not of the all carbonate in the 

source, the NaCl will be a product of reaction and present in all samples. Knowing that, and as 

the primary goal is to understand how the process parameters affect the formation of the 

different CaCO3 polymorphs, to help this analysis in the following study the NaCl was not 

removed.  

Due to a high number of samples produced and limited access to SEM facilities most of 

the results obtained are related to the observation of samples in an optical microscope, although 

it is known that the best type of characterization in order to precisely evaluate the formation of 

CaCO3 in any of their polymorphs (calcite, vaterite….) would be EDS and SEM, XRD and also 

Raman mapping. Nevertheless, as this work consisted in a preliminary study to mimic the 

natural formation of nacre, we were able to perform an overall screening of the possible 

synthesis conditions and found out routs to progress in further studies.  
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3.2 Influence of solution’s temperature, magnetic stirring speed 

and reaction time 

The tables of annex 2 show images obtained in the microscope for the different conditions 

studied. Table A2. 1 shows the images obtained along the time of reaction and two synthesis 

temperatures 40°C and 75°C for 400rpm stirring. Table A2. 2 shows the evolution of eleven 

samples when stirring varies to 800rpm. Table A2. 3 the images for synthesis performed 

without stirring and Table A2. 4 shows the influence of the ultra sounds bath in five samples. 

A small drop of solution was extracted from the solution recipient, placed in an observation 

glass and dried in an oven at 70°C prior observation in the microscope. All the images have the 

same scale to allow a better comparison between them. 

From the results some conclusions were taken. First, the time and magnetic stirring speed 

plays a great role on the formation of crystals, although we think that the bigger crystals are 

due to NaCl formed, the time in solution promotes the growth of crystals and the speed seems 

to decrease their size. Therefore, it was performed a new set of four samples without magnetic 

stirring and lower temperature. 

Low temperatures contribute to the formation of smaller crystals; the non-magnetic 

stirring allows the formation of larger crystals. This was also observed by other authors. Schuler 

and Tremel said that particles synthesized by microwave heating without magnetic stirring are 

significantly larger (up to 150 nm) and is mainly calcite; when they increased the temperature 

the medium size of the particles increased too.[26]  

Yu-Bin Hu et al. reported that at near-freezing temperature, precipitation of metastable 

forms of calcium carbonate from solution is favored (ikaite or vaterite).[51]  

 

3.3 Structural and morphologic analysis 

From the all samples produced and due to constrains on access of SEM, Raman and XRD, 

as mentioned already we try to understand the influence of magnetic stir speed by analysis of 

samples made with a synthesis time of 60min at 40°C. The influence of temperature was 

analyzed in samples made at 400rpm and 60min at 40°C and 75°C. The influence of reaction 

time was observed by comparing results of samples performed at 40°C, 400rpm and 5min, 30 

min, 60 min and 24h. 

3.3.1 Influence of magnetic stirring 

In Figure 6 is shown the SEM images and the optical microscopy images of samples 

produced at 400 and 800 rpm magnetic stirring at 60 min reaction and temperature 40°C. The 

Figure 7 a) shows the micro-Raman spectra and Figure 7 b) the XRD pattern of the same 

samples. 



10 

 

Figure 6 - Images of SEM and optical microscopy for samples synthetized during 60 minutes at 

40ºC at 400 rpm and 800rpm magnetic stir. a) Optical microscopy of crystals at 400 rpm. b) Optical 

microscopy of crystals at 800 rpm. c) SEM image of crystals at 400 rpm. d) SEM image of crystals 

at 800 rpm. 

In the optical microscope in Figure 6 a) it is possible to see the bigger crystals of NaCl 

(halite) and the small dark particles are vaterite agglomerates. In the Figure 6 b) it is possible 

to see longer halite crystals and a higher concentration of calcite crystals.  

The SEM images confirm the difference in the structure of CaCO3 when magnetic stir 

changes from 400rpm to 800rpm. Cubic particles are observed for 800rpm while elongated 

spherulitic particles formed by small crystallites are seen in SEM images when stirring is 

400rpm. These structures are typical for calcite and vaterite, respectively.[52][53]  

In order to confirm this structure Raman and XRD analysis were performed in the same 

samples and the results are shown in Figure 7 a) and b) respectively.                       
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Figure 7- a) – Micro Raman Spectra of samples prepared during 60 min and at 40°C with a 

different magnetic stir speed b) XRD pattern of samples synthetized at 40°C during 60min with a 

different rotation speed 

 

Figure 7 a) for 400rpm sample shows the characteristic peaks of vaterite[54]. The 

presence of symmetric stretching mode triplets with the highest peak at 1090 cm-1, followed by 

the peak at 1074 cm-1 and the lowest peak at 1081 cm-1; and the presence of in-plane bending 

mode with a 750 cm-1 peak and the lattice modes peaks at 106 cm-1, 263 cm-1 and 302 cm-1.  

Figure 7 a) for 800 rpm sample it is displayed the characteristic peaks of mixed calcite 

and vaterite in a crystalline/amorphous mixture[55]: a broad symmetric stretching mode peak 

at 1091 cm-1 from vaterite and an in-plane bending mode at 709 cm-1 slightly shifted to lower 

wavenumbers peak from calcite. The peak at 482 cm-1 present in both samples is possibly due 

to the solvent used, ethylene glycol, [56] that was not completely removed during sample 

drying. 

a) 

b) 
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The XRD diffractogram of the same samples are shown in Figure 7 b), the sample 

synthesized with 400rpm of magnetic stir has two highly intense peaks, one at 31.7° and another 

at 45.4° which are characteristic of NaCl crystal (halite)[57] (JCPDS card number: 05-0628), 

but the small peaks at 25°, and at 27° represent vaterite[58]. The sample synthetized at 800 rpm 

of magnetic stir shows the high characteristic peaks from halite at: 31.7° and the small peaks 

at: 27°; 45.4°; 56°; 66° and at 75° but also shows the calcite peaks[58] at: 29°, 36°, 39°, 47° 

and at 61°. 

With Scherrer equation it is possible to calculate the crystallite size: 

𝐷 =
𝐾𝜆

β cos(θ)
 

Where D is the mean size of crystallites; K is crystallite shape factor, in this case is 0.94 

for FWHM of spherical crystals; λ is the X-ray wavelength, in this case: 0.15418 nm; β is the 

full width at half the maximum (FWHM) in radians of the X-ray diffraction peak; θ is the 

Bragg’s angle. 

For the sample prepared at 400 rpm we have D = 28.11 nm; and for the sample prepared 

at 800 rpm we have D = 77.09 nm  

 

 

3.3.2 Influence of temperature in supersaturation conditions 

The influence of temperature was further detailed for samples synthesized during 60 min 

and magnetic stir of 400 rpm, and as shown previously corresponds to major CaCO3 vaterite 

structure. The Figure 8 shows the SEM images and the optical microscopy images of samples 

obtained with two different temperatures 40°C and 75°C. The Figure 9 a) shows the micro-

Raman spectra and Figure 9 b) the XRD pattern of the same samples.  
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Figure 8 - Images of SEM and optical microscopy for samples synthetized at 40°C and 75°C. a) 

Optical microscopy of crystals at 40ºC; b) Optical microscopy of crystals at 75ºC; c) SEM image of 

crystals at 40ºC; d) SEM image of crystals at 75ºC. 

 

  

a) 
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Figure 9 - Samples synthesized during 60 min at 400 rpm with different temperatures: a) Raman 

spectra; b) XRD pattern. 

 

 Figure 8 a) and c) are the same than Figure 6 a) and c). In Figure 8 b) it is possible to 

see that the NaCl crystals are smaller than in Figure 8 a) but have a more regular cubic shape. 

Figure 9 a) compares the Raman spectra of samples synthesized at 40°C and 75°C. The 

spectrum of sample obtained at 40°C was already presented and identified in Figure 7 a) 

(400rpm) being identified the respective peaks. Figure 9 b) also shows similar patterns for 

samples produced with different synthesis temperature. There we see again the main peak of 

halite at 31.7° and the very small peaks at 45°, 56° and 66°. The peaks at 25°, 27° and 32.8° are 

from vaterite. Despite the Raman spectra give us the information of vaterite in the sample, in 

the SEM image of 60 min 75°C 400 rpm we can see unexpectedly what seems to be ACC 

(amorphous calcium carbonate) [13] because ACC is thermodynamically unstable, and will 

spontaneously crystallize when suspended in an aqueous solution at ambient temperature.[13] 

The XRD data also reveal similar patterns for samples produced at both temperatures and 

the prevalent diffraction peak is that of halite (NaCl main phase). 

 

3.3.3 Influence of reaction time in supersaturation conditions 

The influence of time reaction in the morphology of samples can be observed in Figure 

10 by SEM images and the optical microscopy photographs of samples obtained at 400rpm and 

40°C. The Figure 11 a) shows the micro-Raman spectra and Figure 11b) the XRD pattern of 

the same samples.  

 

D = 28.11 nm 

b) 

D = 35.98 nm 
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Figure 10 - Images of SEM and optical microscopy for samples synthetized at different reaction 

times: a) SEM image of crystals at 5 minutes reaction time; b) Optical microscope image of crystals 

at 5 minutes reaction time; c) SEM image of crystals at 30 minutes reaction time; d) Optical 

microscope image of crystals at 30 minutes reaction time; e) SEM image of crystals at 60 minutes 

reaction time; f) Optical microscope image of crystals at 60 minutes reaction time; g) SEM image 

of crystals at 24 hours reaction time; h) Optical microscope image of crystals at 24 hours reaction 

time. 

 

In the Figure 10 b) it is possible to see halite crystals with a near cubic-shape and the 

small dark spots are vaterite aggregates. In Figure 10 d) the dark spots with square shape 

represent the halite crystals and small white spots are a mix between aragonite and vaterite. 

Figure 10 f) is the same as Figure 8 a). In Figure 10 h) there are not halite crystals present but 

it is possible to see the small dark spots from vaterite. 

Analysing the SEM images above we can see that the reaction time of the solution does 

not change much the type of polymorph, but the size does change with a longer reaction time. 

The Raman spectra and XRD patterns shows vaterite as predominate phase unchanged for the 

time reaction tested. With 30 minute reaction we could observe some aragonite crystals 

(identified by the needle-like crystals) and one aragonite peak located at 707 cm-1 also identified 

in the Raman spectra, beside the others already identified as being due to vaterite phase. Usually 

aragonite appears only at higher temperatures and in the presence of Magnesium and Mg 2+ 

ions [19]. At 24 hours reaction time the crystal size decrease abruptly becoming very similar to 

the asteriscus´s vaterite which is a constituent of the otolith, a calcium carbonate biomineral 

present in the fish inner ear [59] 

The XRD data shows a high intensity peak of halite (NaCl) at 31.7° in the 3 samples. 

Although with lower intensity in the 30 minutes’ sample the peaks of vaterite are present and 

located at 25°, 27°, 32.8° and 43.8°; it is possible to see also one calcite peak at 29.4° 

    

a) 
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Figure 11 - Samples synthesized at 400 rpm and 40°C at different reaction time: a) Micro Raman 

spectra; b) XRD pattern. 

 

3.3.4 Influence of CaCl2:NaHCO3 ratio 

Although the previous study was performed with the ratio of CaCl2*H20:NaHCO3 (1:2) 

given by the literature [26] we have tried also to vary the ratio of the precursors and find out its 

influence on the calcium carbonate polymorphs.  

 

In Figure 12 are shown the microscopy and SEM images of obtained samples for the different 

ratios tested keeping the reaction temperature at 40°C and magnetic stir at 400rpm. Figure 14 

shows the Raman Spectra and XRD pattern of the same samples.  

 

b) 

D = 28.57 nm 

 

D = 23.43 nm 

D = 30.4 nm 
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Figure 12 - Microscopy and SEM images of samples synthetized at 40°C during 30 minutes for 

magnetic stir of 400 rpm varying CaCl2*2H20:NaHCO3 ratios; a) SEM image of (1:1 ratio); b) 

Optical microscope image of (1:1 ratio); c) SEM image of (1:2 ratio); d) Optical microscope image 

of (1:2 ratio); e) SEM image of (1:4 ratio); f) Optical microscope image of (1:4 ratio); g) SEM image 

of (1:6 ratio); h) Optical microscope image of (1:6 ratio).  
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Figure 13 - Microscopy and SEM images of samples synthetized at 75°C during 30 minutes for 

magnetic stir at 400 rpm varying CaCl2*2H20:NaHCO3 ratios: a) SEM image of (1:4 ratio); b) 

Optical microscope image of (1:4 ratio); c) SEM image of (1:5 ratio); d) Optical microscope image 

of (1:5 ratio) 

Figure 12 d) has the biggest NaCl crystals compared to the other samples, increasing 

NaHCO3 concentration, the NaCl crystals become smaller.  

The SEM images of Figure 12 complemented by microscopy images show how the 

morphology of samples is influenced by the concentration of NaHCO3 as the one of CaCl2 is 

kept constant. A 1:1 ratio the morphology of samples look-like amorphous calcium carbonate 

(ACC) and this is confirmed in the Raman spectra of Figure 14 a). Increasing the NaHCO3 

amount into the solution (1:4) we get spheres of vaterite with some aragonite. Further increase 

of NaHCO3 in the solution (1:6 ratio of CaCl2:NaHCO3) we get enhanced size crystal with an 

unusual shape (a double-cone like shape). In the Raman spectra of Figure 14 it corresponds to 

a shift to lower wavenumber of vaterite peaks to unknown peaks position: 1030 cm-1, 1062 cm-

1 and 1084 cm-1. Those peaks are due to a greater increase of NaHCO3 (sodium bicarbonate) in 

the solution. The morphology shown in the SEM images of vaterite forming such a kind of a 

double spinning top toy shape that to our knowledge was never seen before. 

Increasing the temperature with a concentration of NaHCO3 of 1:4 and 1:5 we got a 

smooth like structure with plate-like shape characteristic of aragonite as can be seen in the SEM 

image of the sample (1:4) 30 min 75°C at 400 rpm. The corresponding Raman spectrum shows 

100m 
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one peak of aragonite at 700 cm-1 [54]; we can also see similar peaks on sample: 30 min 40°C 

400 rpm (1:6); at 1027 cm-1, 1062 cm-1.  

    

 

 

b) 

c) 

a) 

D = 24.4 nm 

D = 49 nm 

D = 23.9 nm 
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Figure 14 - a) Micro Raman spectra of 4 samples synthesized during 30 minutes at 40°C at 400 

RPM with different reagents (CaCl2*2H2O/(NaHCO3)2) ratios. b) Micro Raman spectra of 2 

samples synthesized during 30 minutes at 75°C at 400 rpm with different reagents 

(CaCl2*2H2O/(NaHCO3)2) ratios. c) XRD pattern of 4 samples synthesized during 30 minutes at 

40°C at 400 RPM with different reagents (CaCl2*2H2O/(NaHCO3)2) ratios. 

 

For the sample with ratio of 1:1 there are not characteristic peaks from calcium 

carbonate, so the crystallite size cannot be calculated. 

 

 

3.4 Purified calcium carbonate powders  

The previous study was performed on the samples just as it is synthetized, that is, without 

any further treatment. Therefore, most of the samples had a high quantity of NaCl which results 

from the reaction:  

CaCl2+ 2NaHCO3→Ca(HCO3)2(s)+2NaCl 

(Ethylene glycol) 

Ca(HCO3)2(s) → CaCO3(s) + CO2(g) + H2O(l) 

Even knowing that NaCl formed is always the same, as the CaCl2 is the limiting reactant 

of the above reaction, it can influence the formation of the CaCO3 polymorphs. Therefore, in 

some of the obtained samples the reactions’ products were washed several times in water and 

ethanol to eliminate NaCl.  

The obtained SEM and microscopy images are shown in Figure 15 for the different 

synthesis conditions used. The corresponding Raman and XRD spectra are shown in Figure 16 

a) and b) respectively  
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Figure 15 - SEM, microscopy and EDS images of samples washed after preparation: a) SEM 

image of crystals at 120 minutes 75ºC 400 rpm; b) Optical microscope image of crystals at 120 

minutes 75ºC 400 rpm; c) SEM image of crystals at 120 minutes 40ºC 400 rpm; d) Optical 

microscope image of crystals at 120 minutes 40ºC 400 rpm; e) SEM image of crystals at 120 

minutes 40ºC 800 rpm; f) Optical microscope image of crystals at 120 minutes 40ºC 800 rpm; g) 

SEM image of crystals at 60 minutes 75ºC 800 rpm; h) Optical microscope image of crystals at 60 

minutes 75ºC 800 rpm; i) EDS spectrum of the sample at 60 minutes 75ºC 800 rpm. 

 

Analyzing the SEM images in Figure 15 and Raman peaks, the obtained powder samples 

are all made of calcite. This is confirmed by the 1085, 711, 280 and 155 cm-1 Raman peaks 

characteristic of calcite [54]. XRD patterns also show the characteristic diffraction peaks of 

pure calcite at: 29.5°; 36°; 39.5°; 43°; 47.5° and 48.5°[58] The samples prepared rested for 1 

month, being extracted 1 mL of solution, washed and dried as stated in the procedure; and as 

expected vaterite turned into calcite as mentioned by Rodriguez-Blanco et-al[13]. The state for 

similar reagents and with lower reaction temperature in a Teflon reaction cell, that after 1 hour 

vaterite crystals begin to transform into calcite crystals and after 20 hours all the vaterite turned 

into calcite. They also showed that increasing the temperature vaterite turns into calcite faster. 

In our experiments, initial parameters do not seem to modify much the final result, just 

with increased rotation speed it is possible to note some small crystals aggregated to bigger 

ones. 

 

a) 
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Figure 16- a) Micro Raman spectra and b) XRD pattern of samples washed after synthesis: i. 120 

min 75° and 400rpm; ii. 120 min 40° and 400rpm; iii. 120 min 40° and 800rpm and; iv. 60 min, 

75° and 800rpm 

 

3.5 Synthesis of CaCO3 films by Dip-Coating 

The dip coating was tested with the goal of obtaining directly the calcite films onto a glass 

substrate. Many parameters of the dip coater can be changed and may influence the final 

properties of the films. In the following are shown the results obtained for the selected 

preparation conditions. 

 

3.5.1 Influence of the number of cycles and dip velocity 

The influence of dip-coating number of cycles for different conditions: velocity and time 

of dip (time duration in which the samples was immersed in the calcium carbonate solution) on 

the absorbance at 1500 nm wavelength are shown in Figure 17. As the absorbance is 

proportional to the film thickness, we can say that immerging the glass substrate at higher 

velocity leads to the formation of thicker films. This can be seen by comparing data of 500µm/s 

and 5mm/s and 3 min dip where the absorbance has a great enhancement for 10 cycles. Keeping 

the dip velocity ten times lower and increasing the dip time we do not see any remarkable 

influence, at least for 10 cycles. 

b) 

D = 66.6 nm 

D = 66.4 nm 

D = 72.7 nm 
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Figure 17 - Absorbance at 1500 nm versus number of cycles varying the dip time keeping constant 

T=40°C and 3 min Dry. 

 

The complete study of absorbance spectra for the different coating conditions are shown 

in Table A3. 1 of annex 3. 

 

3.5.2 Dip-coating with organic compounds (PVP)  

In order to mimic nacre and since it is formed with organic compounds, and based on the 

literature[60] we have tried different conditions for dip-coating with calcium carbonate and 

organic compounds, PVP. Two different approaches were tested: dip-cycles of glass being 

immersed sequentially in CaCl2 followed by NaHCO3 and at last PVP, being the cycle repeated 

different times and the absorbance spectra of samples acquired in the spectrophotometer. The 

absorbance at 500 nm was plotted as a function of number of cycles and shown in Figure 18. 

The absorbance was compared at 500 nm due to a higher difference in the absorption spectra, 

as can be seen in the Figure 19. The complete study on the influence of dip-coating parameters 

studied on the absorbance spectra and the corresponding microscopy images are in the Table 

A3. 1 of annex 3. 



26 

 

Figure 18 - Absorbance as a function of the number of cycles at 500 nm for different sequences; 

cycle of 2min dip in the PVP, and 3 min dry for a dip speed 5mm/s, ambient temperature of 27°C 

and 10 seconds of dip time in the inorganic reagents. 

 

 

Clearly is shown a linear increase of the absorbance at 500 nm with the number of cycles 

for both dip-conditions, however the films growth faster when first is formed the CaCO3 with 

the sequence of dip in CaCl2 and NaHCO3 and then immersed in PVP than when it is immersed 

in PVP in between. Although the PVP layer formed in a single dip is thinner it seems to be 

thicker enough to cover some CaCl2 firstly adsorbed in the glass surface and prevents its 

reaction with NaHCO3 in the subsequent dip. 

 

Other sequences were also tried and the absorption and reflectance spectra of samples 

produced with 10 dip-coating cycles are shown in Figure 19 a) and b) respectively. Besides the 

absorbance spectra of CaCl2/NaHCO3/PVP and CaCl2/PVP/NaHCO3/PVP corresponding to the 

Figure 19 was also tested CaCO3/PVP and CaCl2/sea water/PVP. The absorption spectra reveal 

that samples are absorbing in the visible range while in the infrared region (above 1000nm) are 

highly transparent-low absorption probably due to a modification in the structure of the samples 

that should be further investigated by SEM.  
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Figure 19 - a) Absorbance and b) reflectance as a function of the wavelength for different sequences of cups at 

10 cycles; cycle of 2min dip in the organic cup, and 3 min dry for a dip speed 5mm/s, ambient temperature of 

27°C and 10 seconds of dip time in the inorganic reagents. 

 

 

D=27 nm 
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Figure 20 - a) and b) SEM images of the dip coated samples respectively for 20 cycles, T amb(27°C), 

1 min dip, acetone and 10 cycles, 40°C, 3 min dip; c) Raman spectra of dip-coated samples at 5 

mm/s and 3 min dry time with different number of cycles, different temperature, different dip and 

with/without in-between cup, d) XRD pattern of sample dip- coated at ambient temperature and at 

5 mm/s with cup of acetone dipped during 2 secs in-between the inorganic cups 

 

The Raman spectra of two dip-coated samples we can see the characteristic peaks from 

vaterite [54] the v1 (symmetric stretching mode) triplets with the highest peak at 1090 cm-1, 

followed by the peak at 1075 cm-1 and the lowest intensity peak at 1081 cm-1; the v4 (in-plane 

bending mode) with a 751 cm-1 peak and the (lattice modes) peaks at 106 cm-1, 265 cm-1 and 

301 cm-1. In the (black lower graph) we can see that the peak at 482 cm-1 has a higher intensity 

than the peak in red upper graph comparatively with the v1 peaks, this means there is more 

concentration of ethylene glycol when acetone is in the solution. The characteristic peaks of 

XRD from vaterite at: 25°, 27°, 33°, 44° and 50° and the highest peak of calcite at 29°. 
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4 Conclusions and future perspectives 

 

One of the goals of this thesis was to obtain pure CaCO3 by chemical reaction.  Several 

parameters of the reaction were modified in order to understand their influence in the formation 

of CaCO3 polymorphs. The changed parameters of the reaction were: temperature, time, stirring 

speed, different concentration of reagents and influence of the medium (oil bath or ultra-

sounds). The reactants were CaCl2 (calcium chloride) and NaHCO3 (sodium bicarbonate) and 

the solvent was ethylene glycol (C2H6O2). 

From this study a generic conclusion based on the observation of samples in microscope 

was taken: the time and magnetic stirring speed plays a great role on the formation of crystals, 

the time in solution promotes de growth of crystals and the stirring speed seems to contribute 

to decrease the size of the formed crystals. Higher temperature contributed to the formation of 

higher crystals and the absence of magnetic stirring lead to the formation of larger crystals. 

A more detailed analysis based on the SEM, Raman, XRD e EDS analysis lead to the 

following conclusions:  

- The variation of magnetic stirring from 400rpm to 800rpm induces a change of CaCO3 in the 

form of vaterite to calcite.  

This was confirmed by the morphology of crystals formed, vaterite contains very small 

crystals that are aggregated to form elongated structures. Raman and XRD also confirm the 

existence of the vaterite finger-print peaks. A high intense doublet-peak at 1090 and 1074cm-1 

in Raman spectra, while by XRD the peaks of vaterite at 25º and 27º are present. The calcite 

was identified by its typical morphology in SEM images, the cubic shape of crystals with a 

wide dispersion of sizes, from nanometers to dozen of micrometers and confirmed in XRD 

pattern with the main intense peak at 29º related to (104) diffraction planes. 

- The temperature and reaction time has no influence on CaCO3 structure, although it seemed 

to enhance the growth of crystals. 

In fact, the SEM images show more compact structure formed by collate nanometric 

crystals when the synthesis temperature is 75ºC instead 40ºC. Raman spectra and XRD patterns 

are very similar for samples synthesized at these temperatures. While for the reaction time the 

quantity of vaterite crystals are significantly higher for the same quantity of solution sampled.  

- The variation of CaCl2*2H2O:NaHCO3 ratios for samples synthetized at 40°C and 75ºC for 

magnetic stir of 400rpm plays an important role on the CacO3 structure. 

Although the CaCO3 crystals are mainly formed by vaterite, the crystals aggregation 

strongly depends on the ratio used. Crystals formed with 1:1 ratio are nanometric with uniform 

aggregation forming very small needle-like structures involved by amorphous calcium 

carbonate. Spherical aggregation is the prevalent crystals structure for the samples synthesised 
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at 1:2 ratios, some aragonite is also formed at this ratio. For the ratio 1:4 the aggregation forms 

a double-cone like shape, very unusual, the same is obtained for 1:6 ratios, in these also 

amorphous calcium carbonate was observed. The enhancement of temperature to 75ºC for the 

1:4 and 1:5 ratios leads to the formation of aragonite plate-like structure. 

All the above conclusions were taken from the study performed without purification of samples 

and so the NaCl, as a product of reaction, is always present. 

The purification of crystals was performed by washing the obtained solutions in water 

and ethanol and then centrifugation, being obtained pure calcite. 

The second goal of this work was to explore dip-coating technique as an attempt to 

produce nacre alternating between an organic and inorganic solution. Several parameters varied 

such as temperature, dip and dry time, with/without in-between cup, number of cycles, dipping 

speed.  

We conclude that for the dipping speed studied 500µm/s and 5mm/s the absorbance is 

higher for later for the same number of cycles. When alternating the reaction of CaCl2 and 

NaHCO3 the growth of films increases, although it is more remarkable for the sequence 

CaCl2/NaHCO3/PVP than for CaCl2/PVP/NaHCO3/PVP. The obtained films are formed by a 

mixture of vaterite and calcite. 

From this work we can conclude that it is possible to produce calcium carbonate and its 

polymorphs in simple ways like the classical precipitation method and the new dip-coating 

method. The conditions of obtaining, by chemical reaction, vaterite, calcite or aragonite were 

identified. By dip-coating technique we got a mixture of the reactants of calcium carbonate with 

an organic solution of PVP and obtained an organic/inorganic complex nacre-like structure. 

Overall, a background study was performed that could be explore in further works. Other 

variations of the parameters in the solution and in the dip-coating can be explored like the 

further increase of the temperature and the addition of Mg in the solution to obtain aragonite 

and produce iridescent nacre instead of the lackluster compound obtained.[12] 

Functionalize the organic matrix with some functional groups like carboxyl (-COOH) or 

hydroxyl (-OH) to help the mineralization.[41][61] 
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Annex 1 

Table A1. 1: Solution parameters tested 

CaCl2.2H2O 

(mmol) +50mL 

ethylene glycol 

NaHCO3(mmol)+ 

50mL ethylene 

glycol 

Temperature © 
Reaction 

time (min) 

Rotation 

speed 

(rpm) 

Method 

5 10 40 

2 

  

Ultra-

sound 

bath 
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10 

30 

60 

CaCl2.2H2O 

(mmol) +50mL 

ethylene glycol 

NaHCO3(mmol)+ 

50mL ethylene 

glycol 

Temperature © 
Reaction 

time (min) 

Rotation 

Speed 

(rpm) 

Method 

5 10 

40 

5 

400 e 800 

Oil bath 

10 

30 

60 

120 

24 hours 

75 
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10 
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40 

30 400 

15 

20 

30 

5 
20 

75 
25 
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Table A1. 2: Dip-coating parameters used 

Speed Cycles Temperature Dip Dry  In-between cup 

500 um/s 3 22°C 1 min 3 min   

  5      

  10         

500um/s 3 40°C 1 min 3 min   

  5      

  10         

500um/s 3 40°C 3 min 3 min   

  5      

  10         

500um/s 3 40°C 5 min 3 min   

  5      

  10         

5mm/s 3 22°C 3 min 1 seg   

  5      

  10         

5mm/s 3 40°C 3 min 3 min   

  5      

  10         

5mm/s 3 40°C 3 min 1 seg   

  5      

  10         

5mm/s 10 22°C 3 min 3 min Water/2 sec 

  20         

5mm/s 10 22°C 10 min 3 min Water/2 sec 

5mm/s 5 22°C 1 min 3 min Acetone/2 sec 

  10      

  20         

5mm/s 5 22°C 10 seg 3 min Acetone/2 sec 

  10      

  20         

Ca/Na/PVP 

5mm/s 5 22°C 10 seg 3 min Methanol/PVP/2 min 

  10      

  15      

  20         

Ca/PVP/Na/PVP 

5mm/s 5 22°C 10 seg 3 min Methanol/PVP/2 min 

  10      

  15      

  20         

CaCO3/PVP 
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5mm/s 5 22°C 10 seg 3 min Methanol/PVP/2 min 

  10      

  15      

  20      

Ca/Sea Water/PVP 

5mm/s 5 22°C 10 seg 3 min Methanol/PVP/2 min 

  10      

  15      

  20         
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Annex 2 

Table A2. 1: Influence of time and temperature for a solution with magnetic stir at 400rpm. 

Time 400 rpm 

40°C 75°C 

5 min 

  

10 min 

  

30 min 

  

60 min 

  

100m 
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120min 

  

24h 

 

 

 

Table A2. 2: Influence of time and temperature for a solution with magnetic stir at 800rpm. 

 800rpm 

40°C 75°C 

5 min 

  

10 min 

  

100m 
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30 min 

  

60 min 

  

120 min 

  

24h 
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Table A2. 3: Influence of time and temperature for a solution without magnetic stir. 

 No magnetic stir 

10 min 30 min 

10°C 

 

  

60 min 120min 

  

 40°C Tamb (dried at 70°C) 

120 

min 

 

  

75°C  

100m 
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3 days resting-75°C 3 days resting-40°C 
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Table A2. 4: Influence of the ultra-sounds in the solution 

Ultra-sounds 40ºC 

2
 m

in
 

 

5
m

in
 

 

1
0

 m
in

 

 

3
0

 m
in

 

 

6
0

 m
in

 

 

  

 

100m 
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Annex 3 

Table A3. 1: Influence of dip parameters and dip cycles in the transmittance of samples 

with the respective images of films taken in the microscope.  

Influence of dip velocity 
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Influence of temperature 
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