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ABSTRACT 

This study refers to the application of in-situ electrochemical synthesis as an alternative method to 

improve the properties of porous materials against harmful external agents that deteriorate them. It 

is oriented to an understanding of the effects of crystallisation on the pore structure of different 

compounds commonly used in the restoration and conservation of porous materials (historical 

ceramics, building walls, sculptures, or biomedical applications). It analyses the microstructural, 

chemical details, and stability of the neo-formed phases that modify the pore network. The 

electrochemical synthesis was carried out at ambient temperature (20 C), over high porous 

sandstone for crystallising Ca carbonate, Mg carbonate, Ca phosphate, and Ca oxalate compounds. 

Based on the neo-formed minerals, a comparison was made depending on their specific properties 

defining how they affected the pore structure. The characterisation included polarised light optical 

microscopy, environmental and field-emission scanning electron microscopy, digital image analysis, 

cathodoluminescence (CL-ESEM),energy-dispersive X-ray spectroscopy, and X-ray 

microdiffraction. Aragonite, hydromagnesite, hydroxyapatite, and whewellite were identified as the 

majority phases depending on the treatment. Phase transformation, dehydration, and dissolution-re-

precipitation processes suggested different degrees of stability, including aragonite/calcite (CaCO3 

treatment) and hydromagnesite/magnesite (MgCO3 treatment) transformations and simultaneous 

crystallisation of brushite/hydroxyapatite ((Ca3(PO4)2 treatment). Electrocrystallisation induced 

changes in inter-granular porosity, the development of secondary porosity inherent to the minerals, 

and differences in pore cementation depending on its mineralogy. Among the treatments, Mg 

carbonate reduced porosity most effectively, followed in descending order by calcium carbonate and 

calcium phosphate, being the calcium oxalate the less effective. 

 

Keywords: in-situ electrochemical synthesis; porous materials, pore-structure modification; 

aragonite; calcite; hydromagnesite; hydroxyapatite; whewellite  
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1 Introduction 

 

One of the main points of interest in studies of restoration and protection of materials is to improve 

their durability by modifying their porous structure. The wide field of applications covers different 

types of materials such as architectural structures, sculptures, palaeontological samples, or historical 

ceramics [1 11]. Also, porosity control plays a key role in the biomedical sector for dental ceramic 

materials [12], regenerative medicine [13], and photocatalytic applications [14].  

In materials subjected to external agents, the weathering chemical processes inherent to the 

environment in which they are exposed [15] as well as aggressive anthropogenic agents may modify 

the structure of the material, leading to loss of cohesion. Water is one of the main deteriorating 

agents. An increase in its content may reduce the strength and rigidity of the material [16 19].  

Modifications of pore structure produce this deterioration process leading to material fracturing due 

to different agents including expansion/contraction, hot/cold, freeze/thaw cycles phenomena 

[15,20,21] pollutants [15,22 27] or biological activity [28,29]. Within the archaeological ceramic 

pieces, the problem becomes greater since the conditions in which they have been exposed during 

the burial time make them quite fragile materials [30]. Its handling is delicate, and the restoration 

process requires special conditions and suitable effective treatments. 

Until now, restoration and conservation efforts have focused on applying treatments with specific 

functions capable of improving the consolidation of the material or surface coatings that act against 

aggressive agents [31,32]. In this type of treatment, one of the main aspects to be evaluated is to 

improve both the hydric and mechanical behaviour. Currently, research is focused on developing 

new replacement materials or surface treatments capable of reducing accessible porosity to hinder 

and minimise the entry of water and soluble salts [33 35]. Within the protective treatments, there 

are series of inorganic mineral compounds whose application is suitable, being possible the 

modification of the pore structure [36]. Calcium carbonates [9] and phosphates [37 42] are the 

treatments most routinely used to consolidate building materials and works of art. Magnesium 
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carbonate is applied as consolidant and fire retardant [43], and calcium oxalate as patina protective 

in calcareous materials [44 46]. Although many treatments have been effective [47 52], they 

have not always achieved the expected results, being some of them of short duration or aesthetic 

changes inductors [53 57]. The application of nanomaterials has proven to be effective as long as 

the most compatible products are applied [58 63]. 

Electrochemistry has made significant progress in different applications, highlighting the synthesis 

of inorganic compounds with specific properties [64 68]. In the field of materials conservation, 

different techniques are currently being developed [69 71], many of which have to be carried out 

with specific devices [72]. Amongst the different variants, in situ electrochemical synthesis allows 

the modification of materials to improve their specific properties [73 76]. 

In the consolidation of deteriorated materials, promising results have been obtained from inorganic 

compounds of low solubility to reduce the accessible porosity [77,78]. However, evaluating the 

effect of the different treatments on porosity is still challenging. 

This research aims to contribute to an understanding of the effects of crystallisation by applying the 

in-situ electrochemical synthesis technique to different minerals commonly used in restoration 

treatments. Furthermore, it is intended to control the growth and modification of the pore structure, 

in a high purity sandstone. This synthesis technique is presented as an alternative method to 

improve the properties of porous materials against harmful external agents that may induce their 

deterioration.  

2. Methodology  

 

 2.1 Synthesis process 

In situ electrochemical synthesis was carried out to crystallise inorganic compounds of calcium 

carbonate, magnesium carbonate, calcium phosphate, and magnesium oxalate. This process 

consisted of establishing an electrical field to force ion mobilisation between opposite poles across 

percolating pores in a quartz arenite sandstone with high content of porous [77]. The high contrast 
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provided by the texture of this material facilitates the identification of the different compounds 

synthesised. 

The stone was quarried from an area just north of Copenhagen. This type of material was used to 

build Kronborg Castle at Elsinore, Denmark. 

Elecrocrystallisation was performed on a sandstone specimen (10×10×6 cm) coupled with a series 

of compartments for both the anode and the cathode, using titanium working electrodes. Each of the 

compartments consisted of three cells separated by cellulose membranes connected to a direct 

current (DC) source. Both at the anode and the cathode, two of the cells were filled with specific 

solutions according to each compound, while the intermediate cell was filled with a poultice. This 

poultice was kept humidified during the process with a solution of kaolin and ultrapure water 

(1.5:1.0 weight ratio), to facilitate the transport of electricity, and buffer the extreme pH values 

caused by electrolysis in the electrodes. Details of the synthesis device are described in [79]. 

Elecrocrystallisation was made in two steps, an initial one with a current direction from anode to 

cathode and a second in the opposite direction. A constant current of 12V was applied with an 

intensity close to 10mA. The precursors used for the crystallisation of the different compounds and 

the different phases that can result from the electrochemical reaction are summarised in Table 1.
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Table 1 Experimental conditions at 25°C and possible crystallised minerals 

Treatment Anode Cathode Stoichiometric 

Formula 

Compound Mineral 

Ca 
carbonate 

(NH4)2CO3 
0.5 M 
pH 8.9 

Ca(CH3CO2)2 
0.5 M 
pH 7.3 

CaCO3 nH2O 
CaCO3 
CaCO3·H2O 
CaCO3·6H2O 

Calcite, Aragonite, Vaterite 
Monohydrocalcite 
Ikaite 

Mg 
Carbonate 

(NH4)2CO3 
0.5M 
pH 8.9 

Mg(CH3CO2)2 
0.5M 
pH 7.3 

Mgy(CO3)z(OH)x 
nH2O 
 

Mg5(CO3)4(OH)2·4H2O 
MgCO3 
Mg5(CO3)4(OH)2·5H2O 

Hydromagnesite 
Magnesite 
Dypingite 

Ca 
Phosphate 

(NH4)3PO4 
 0.5M 
Na3PO4   0.2 M 
 
pH 7.5 

Ca(CH3CO2)2 
0.5M, 
pH 7.3 

Ca(3+1/2x)(PO4)2 
(OH)x nH2O 

Ca5(PO4)3(OH) 
Ca(PO3OH) 2H2O 
Ca(H2PO4)2·H2O 
Ca(H2PO4)2 
CaHPO4 H2O 
CaHPO4 
Ca8H2(PO4)6·5H2O 
Ca3(PO4)2 
CaxHy(PO4)2·nH2O 
Ca4(PO4)2O 

Hydroxylapatite 
DCPD Brushite 
Monocalcium phosphate Monohydrate 
Monocalcium phosphate anhydrous 
Dicalcium phosphate monohydrate 
Dicalcium phosphate anhydrous 
Octa-calcium phosphate 
α, α´β tricalcium phosphate 
Amorphous calcium phosphate 
Tetra-calcium phosphate 

Ca Oxalate 

(NH4)2C2O4 
0.2M + 
Na3PO4   0.2M 
pH 7.3 

Ca(CH3CO2)2 
0.5M 
pH 7.3 CaC2O4.nH2O 

CaC2O4·H2O 
CaC2O4·2H2O 
Ca(C2O4) 3H2O 

Whewelite 
Weddellite 
Coexite 
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2.2 Characterisation 

The assessment of the electro crystallisation process was carried out by comparing the 

electrochemically treated samples with an untreated reference specimen. Characterisation included 

petrographic and mineralogical studies with polarised light optical microscopy (PLOM), field 

emission scanning electron microscopy (FESEM), environmental scanning electron microscopy 

(ESEM), energy-dispersive X-ray spectroscopy (EDS), X-ray microdiffraction (micro-XRD), and 

cathodoluminescence spectroscopy (ESEM-CL). The digital image analysis (DIA) technique was 

used to evaluate the modifications in the pore structure using FESEM images taken with secondary 

electron (SE) and backscattered electron (BSE) detectors. 

The petrographic analysis by PLOM was performed from thin sections previously dyed with 

methylene blue to highlight porosity and polished down to 30µm, using an Olympus BX 35 

polarised light petrographic microscope fitted with Stream Essential software for image analysis. 

High resolution SEM studies were conducted on a FEG-SEM Teneo LoVac (FEI-Thermo Fisher 

Scientific operating at 10kV, 0.2-0.8nA, equipped with an EDS (EDAX) probe. The environmental 

scanning electron microscopy was performed in a FEI Inspect ESEM equipped with an EDS 

(oxford instruments analytical INCA) probe operating in low vacuum mode.  

The chemical analysis was carried out by energy dispersive X ray spectroscopy (EDS). It was used 

to calculate the Ca/O/C (calcium carbonate treatment), Mg/O/C (magnesium carbonate treatment), 

Ca/O/P (calcium phosphate treatment), and Ca/O/C (calcium oxalate treatment) ratios and 

comparing the values found to the data published by the Mineralogical Society of America [80] and 

the online mineralogy database[81]. The microscopic analysis was carried out in different 

orientations to guarantee better control of the textural and mineralogical properties before and after 

treatments. 

In situ identification of minority phases in specific regions of the sample was fulfilled using the X-

ray microdiffraction technique, which allows more information than conventional X-ray diffraction 

(total scan) [82,83]. X-ray microdiffraction analyses were recorded on a Philips X’Pert X-ray 
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diffractometer operating in a continuous mode, over a 2q range of 5° to 60° with a 0.016° step size 

and a 149.86s count time per step. Micro XRD data were analysed with the American Mineralogist 

Crystal Structure Database (AMCSD) [84] and the X´pert High Score Plus software endorsed by the 

ICDD (International Centre for Diffraction Data). 

Spectral cathodoluminescence-SEM (CL-SEM) technique was used to identify the different 

minerals including the eventual polymorphism, and to monitor phase transformation processes [85]. 

It was run on a Gatan MONO CL3 cathodoluminescence detector coupled to the FEI Inspect ESEM 

microscope. CL provided information about the chemical composition from intrinsic and extrinsic 

transitions which alter the local optical properties of the material [86]. These signals helped to 

identify internal defects or trace elements in the neoformed minerals. 

 

3. Results and discussion 

3.1 Mineralogical and textural analysis  

3.1.1 Untreated sandstone 

The textural and mineralogical properties of the untreated sandstone are depicted in Fig. 1. The 

overview in the PLOM image (Fig. 1a) revealed sub-angular to sub-round quartz grains. Inter-

granular pores (blue), some partially filled with kaolinite-like clay minerals (K) were identified. 

SEM images (Fig. 1b and 1c) showed the quartz-arenite texture and respective inter-granular pores, 

partially filled with kaolinite (K). The processed image (Fig. 1d) highlights the inter-granular 

porosity (green) and the clay-like minerals (red) present. In the surface roughness intensity profile 

(Fig. 1e), the dark tones represent pores and the light tones quartz grains. Grain and pore size are 

summarised in Tables 2 and 3. In the micro XRD pattern (Fig. 1f) the highest intensity peaks 

correspond to low-quartz (JCPDF 86-1630, a=b=4.914Å, c=5.406Å, hexagonal symmetry). A 

smaller percentage of kaolinite-like phyllosilicates (JCPDF 01-080-0886; a=5.1577Å; b=8.9417Å; 

c=7.3967Å; triclinic symmetry) was also confirmed. The corresponding ESEM-
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cathodoluminescence spectrum (Fig. 1f) at l=380nm, 460nm, and 636nm correspond to defects as 

reported by other authors (Table 4). 
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Table 2 Particle size (µm) of electrocrystallised and original sandstone minerals 

 

Mineral Dimension 

Mean 

Particle 

size (µm) 

Standard 

Deviation 

(µm) 

Original minerals in 
sandstone 

Quartz Length 101.0 32.0 
Width 66.1 27.8 

Kaolinite Length 4.1 1.2 
Width 2.8 0.9 

Electrocrystallised 
minerals   

Ca carbonate 
Aragonite Length 9.9 15.6 

Width 1.07 1.1 

Calcite Length 3.5 0.5 
Width 2.4 0.38 

Mg carbonate 
Hydromagnesite Length 20.7 20.0 

Width 1.9 1.5 

Magnesite Length 4.1 0.9 
Width 2.8 0.9 

Ca Phosphate Hydroxyapatite Length 21.2 11.6 
Width 0.4 0.1 

Ca Oxalate Whewellite Length 2.1 1.4 
 

3.1.2 Calcium carbonate electrocrystallisation  

The results of calcium carbonate electrocrystallisation are reproduced in Figs. 2 and 3. The 

overview in the PLOM image (Fig. 2a) revealed the presence of fibrous calcium carbonate crystals 

(cc) partially occupying the pores (blue) between quartz grains (Qz). SEM images (Figs. 2b and 2c) 

show different anhydrous calcium carbonate polymorphs, including aragonite (Ar), calcite (calc), 

and amorphous calcium carbonate (ACC). The aragonite plates prevailed along with small calcite 

crystals and occasionally, surfaces occupied by amorphous calcium carbonate denoting different 

degrees of crystallinity in the system, as well as crystallisation of the most stable of calcium 

carbonates, calcite. Aragonite crystallisation (Figs. 2c and 2d) showed radial growth on pore 

surfaces. The presence of aragonite, calcite, and kaolinite was confirmed by X-ray microdiffraction 

(Fig. 4a). Further to the roughness intensity profile (Fig. 2e), inter-granular space and 

intercrystalline porosity are identified. Such secondary porosity consists in the space between 

aragonite fibres. The processed image (Fig. 2d) shows that aragonite occupied 78% of the pore 

surface. Particle size and pore dimension measurements are listed in Tables 2 and 3. 
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Fig. 3 contains more detailed porosity images, with higher magnification of both inter-granular and 

secondary intercrystalline porosity. The SEM image (Fig. 3a) and as processed (Fig. 3b) showed 

that the pore surfaces were occupied by aragonite. Calcite, with much smaller crystals, occupied the 

aragonite intercrystalline spaces, obstructing the pores and preventing aragonite crystals from 

occupying the entire pore surface. The secondary honeycombed intercrystalline porosity visible in 

some areas was generated by variously oriented aragonite fibres (Fig. 3c). The enlarged image (Fig. 

3d) reveals calcium carbonate (Cc) intergrowth in areas characterised by hexagonal kaolinite (K) 

plates present in the original stone, along with local secondary porosity induced by neo-

mineralisation.  

The microdiffraction pattern confirmed the prevalence of aragonite (JCPDF 00-041-1475, a=4.96Å, 

b= 7.96Å, c=5.7439Å, space group: Pmcn, orthorhombic symmetry) and lower intensity signals 

indicative of calcite (JCPDF 00-005-0586, a=4.98 Å, b= 4.98 Å, c=17.06 Å, Space group: R-3c, 

rhombohedral symmetry), together with kaolinite (JCPDF 00-005-0143 a=5.14Å, b=8.93Å, 

c=7.37Å, anorthic symmetry) (Fig. 4a). The corresponding cathodoluminescence spectrum in the 

l=300nm to 380nm range suggested the presence of defects in aragonite and calcite crystals (Fig. 

4b), as reported in  other materials (Table 4). EDS chemical analysis (Fig. 4c) depicted in the form 

of the Ca/O/C ternary diagram showed that most of the neo-formed crystals were located in areas 

with a prevalence of anhydrous calcite polymorphs (calcite, aragonite, and vaterite), although 

monohydrocalcite-like (Group 1) hydrated phases were also locally present. A few analyses 

identified regions with excess calcium (Group 2), possibly in areas with more structural defects that 

tend to have a higher cation concentration. 

3.1.3 Magnesium carbonate electrocrystallisation  

The magnesium carbonate-treated sandstone is depicted in Fig. 5. In addition to quartz (Qz) and 

kaolinite (K), the PLOM image revealed fan-shaped crystals in the pore space (blue), identified with 

X-ray microdiffraction as hydromagnesite (HM) (Fig. 6), the most prominent crystallised 

precipitate. The SEM image (Fig. 5b) confirmed the presence of fibrous crystals occupying the 
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pores between quartz (Qz) grains. In addition to HM, hexagonal magnesite crystals (were attached 

to the fibre surfaces on the outer edges of the pores. Hydromagnesite dehydration induced local 

transformation to magnesite, the most stable of the magnesium carbonate polymorphs. The HM 

plates proved to be flexible, growing along the longer pore dimension (Fig. 5c) and occupying up to 

68% of the surface (Fig. 5d), processed image. The roughness intensity profile, drawn for a cross-

section perpendicular to the direction of the fibres (Fig. 5c) revealed the presence of inter-granular 

pores and inter-crystalline pores. Crystallisation details are visible in the enlarged images in Fig. 6. 

Fig. 6a shows the hydromagnesite fibres in quartz intergranular spaces, along with the local 

dissolution and reprecipitation that reduced the pore size (as observed in Fig. 6b). Particle size and 

pore dimension measurements are summarised in Tables 2 and 3. 

The X-ray microdiffraction pattern for a crystallised area confirmed the presence of hydromagnesite 

(JCPDF 00-025-0513, a=10.1Å, b= 8.9Å, c=8.3Å space group: P2_1/c, monoclinic symmetry) and 

magnesite (JCPDF 01-071-1534, a=4.6Å, b=4.6 Å, c=15.02Å, Space group: R-3c, rhombohedral 

symmetry) in sandstone. The corresponding cathodoluminescence spectrum in the l= 300nm to 

500nm range (Fig. 7b) suggested the presence of defects in the hydromagnesite and magnesite 

crystals as reported in other materials (Table 4). Differences in solubility of hydromagnesite 

concerning magnesite (hydromagnesite < magnesite) must be borne in mind when analysing 

dissolution of the former in its transformation to the latter [87]. In the dissolution-reprecipitation 

reaction, magnesite only grows when the system reaches equilibrium. The possible existence of 

mass transfer and the concomitant concentration gradient would favour the appearance of defects in 

the resulting precipitates [87]. 

EDS chemical analysis (Fig.7c) showed the experimental data to be located in the area where 

hydromagnesite and magnesite crystallised, as observed on the Mg/O/C ternary diagram.  

3.1.4 Calcium phosphate electrocrystallisation  

The PLOM image (Fig. 8a) revealed the presence of minerals from the apatite group, identified as 

brown grains, which appear to fill the pores. It is presented as microcrystalline calcium phosphate 
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and fibrous calcium phosphate clusters. The fibrous crystals stretching parallel to the longer pore 

dimension in the enlarged images (Fig.s 8b and 8c) grew epitaxially around the edge of the pore 

surface delimited by the quartz grains. They tended to fill the pore in line with the longer 

dimension. Hydroxyapatite was also observed to grow in the spaces previously filled by hexagonal 

kaolinite foils (Fig. 8b). According to the processed image data, hydroxyapatite occupied up to 89% 

of the pore surface (Fig. 8d). The X-ray microdiffraction findings confirmed the presence of 

hydroxyapatite as well as of other apatite group polymorphs with dicalcium phosphate dihydrate 

(DCPD, also known as brushite) (Fig. 10a). Particle size and pore dimension measurements are 

listed in Tables 2 and 3. 

Hydroxyapatite was observed to occupy the pore surface although not in all the pores (see SEM 

image in Fig. 9a) and respective processed image in Fig. 9b),. The presence of both inter-granular 

and intercrystalline porosity was confirmed by the roughness intensity profile (Fig. 9c) in a cross-

section of the pore parallel to its long dimension. Short fibrous crystals with a petal-like habit were 

also observed and identified as dicalcium phosphate dihydrate (DCPD). The fibres were assembled 

in ways that favoured the appearance of secondary porosity (Fig. 9d). 

The X-ray microdiffraction pattern (Fig. 10a) confirmed the presence of hydroxyapatite (JCPDF 01-

073-0293, a=9.4Å, b=9.4Å, c=6.8, Space group: P63/m, hexagonal symmetry) and brushite, DCPD 

(JCPDF 01-072-0713, a=5.812Å, b=15.180Å, c=5.180Å, Space group: Ia, monoclinic symmetry) 

and quartz. The corresponding ESEM cathodoluminescence spectrum (Fig. 10b) denoted changes in 

the l= 300nm to 500nm range, which corresponds to defects in the hydroxyapatite crystals and 

other apatite polymorphs as was reported in other materials (Table 4). EDS chemical analysis (Fig. 

10c) delivered values that lay in the area where hydroxyapatite (Ca5(PO4)3(OH) [80], Group 1) and 

other apatite group polymorphs crystallised, as observed on the P/O/C ternary diagram. 

Hydroxylapatite is cited in some cases as Ca10(PO4)6(OH)2 to indicate that the crystal unit cell is a 

dual structure [88]. Although hydroxyapatite was the predominant phase, evidence was observed of 

different degrees of hydration due to local differences in water content, as shown by the XRD 
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identification of DCPD. Some analyses also revealed areas with an excess of P ions (Group 2), 

possibly the result of higher proportions of structural defects that induced cationic disorder.  

 

 
Table 3 Pore size before and after electrocrystallisation 

 

Dimension 

Mean 

Pore size 

(µm) 

Standard 

Deviation 

(µm) 

Pore size in sandstone before 
electrocrystallisation 

Length 93 38 
Width 30 20 

Pore size  after 
electrocrystallisation 

Ca carbonate Length 59 36 
Width 31 28 

Mg carbonate Length 67 36 
Width 34 32 

Ca Phosphate Length 68 35 
Width 36 18 

Ca Oxalate Length 78 44 
Width 36 25 

 

3.1.5. Calcium oxalate electrocrystallisation  

The treatment with calcium oxalates induced partial mineralisation in some of the sandstone pores 

(Fig. 11a, PLOM image). The SEM image (Fig. 11b) depicts the local positioning of the calcium 

oxalates (C-Ox) crystals in a pore. C-Ox precipitated on the pore walls, occupying 9% of the 

surface (Fig. 11c) and giving rise to new porosity. Whewellite only fills in small pores. The small 

size of the minerals blocks the crystallisation advance in such a way that the pores appear partially 

filled (pore-clogging). These crystals were observed to dissolve, generating further porosity. The 

processed image (Fig. 11d) showed the position and orientation of the C-Ox crystals along the 

quartz grain edges, as well as the presence of intercrystalline porosity. Details of pore filling are 

shown in the roughness intensity profile (Fig. 11e) taken along the cross-section defined in Fig. 11c. 

Particle size and pore dimension measurements are listed in Tables 2 and 3. The enlarged images 

(Fig. 12a and b) depict whewellite dissolution after precipitation in the sandstone pores. Details 

such as locally present hexagonal kaolinite (K) plates can also be discerned in Fig. 12a.  
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The X-ray microdiffraction pattern (Fig. 13a) confirmed whewellite (Wh) to be the prevalent phase, 

as well as the presence of quartz (Qz) and kaolinite (K). The ESEM cathodoluminescence spectrum 

denoted changes in the signals for the sample treated with calcium oxalate (Fig. 13b).The bands in 

the l= 300nm to 500nm range suggested the presence of defects in the crystallised minerals as 

reported in other materials (Table 4). EDS chemical analysis delivered values that lay in the area 

where whewellite (Ca(C2O4)·(H2O)) crystallised, although depending on local water content, 

hydrated calcium oxalates (CaC2O4.nH2O) such as weddellite and caoxite (Table 1), below the 

XRD detection limit, may also crystallise, as observed on the Ca/O/C ternary diagram. 
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Table 4 Experimental cathodoluminescence- ESEM emission and references 

Treatment 
Experimental l 

(nm) 

Experimental l 

(eV) 

Reference l 

(nm) 
Assignation Mineral Reference 

Untreated 

sandstone 

380 3.26 380 Defect Quartz [89,90] 
 

460 2.69 460 Intrinsic Quartz [89] 
636.5 1.93 642  Non-Bridging Oxygen Hole ~NBOHC Quartz [89,91] 

Ca carbonate 

366 3.38 366 Intrinsic Calcite [92] 

358 3.46 358 
Intrinsic defects at grain boundaries 
and cracks and non-bridging oxygen 

hole centres 
Aragonite [93] 

360 3.44 358 Crystal defects Aragonite [94] 
375 3.30 375 Defect centers Calcite [95] 

378 3.28 378 Oxigen deficient centers-Non-Bridging 
Oxygen Hole ~NBOHC Calcite [92] 

Mg carbonate 

424.5 2.91 425 Intrinsic Magnesite [96] 
441 2.81  440 unspecified Magnesite [97,98] 

452, 465 2.74, 2.66 458, 465 unspecified Hydromagnesite [99] 

Ca Phosphate 

390 3.18 390 O -2 intrinsic defects Hydroxyapatite [100] 

400 3.1 400 Lattice defects Anhydrous apatite 
(Ca5(PO4)3 

[101,102] 

420 2.95 420 intrinsic Hydroxyapatite [103] 
433 2.85 431 structural defects Hydroxyapatite [104] 

Ca Oxalate 

414 2.99 410 Intrinsic Whewellite [105] 

434 2.81 434 
NBOHC 

oxygen deficiency centres 
Vacancies 

Whewellite [106] 

471 2.63 471 Defects Whewellite [106] 
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3.2 Comparison of treatments and their effects on pore structure 

As a result of electrocrystallisation with calcium carbonate (Fig. 14b), the pores filled up with 

calcium carbonate polymorphs, primarily aragonite (Ar). Calcium carbonate did not fill the pores 

entirely, although it did lower porosity from 19.5% in the untreated sandstone to 12.1%. Porosity 

was defined to include both inter-granular and a secondary, intercrystalline type porosity induced by 

neo-mineralisation. After electrocystallisation with magnesium carbonate (Fig.  14c), 

hydromagnesite (HM) was the predominant phase, reducing (inter-granular plus intercrystalline) 

porosity to 10.5 %  

Nonetheless, the surface around the edges of the quartz grains (green) was observed to be 

incompletely filled. With calcium phosphate treatment (Fig. 14d), hydroxyapatite (HAP) was 

observed to cover pore walls while leaving a substantial portion of the pores unfilled, with total 

porosity amounting to 13.8% after treatment. Fig. 14e) shows that as calcium oxalate (whewellite, 

C-Ox) filled only some of the pores, the total reduction in porosity was small, to just 18.4%.  

The statistical findings revealed a series of differences in terms of the effect of treatment 

mineralisation, as summarised in Fig. 15. In addition to inter-granular porosity (Fig. 14 and Fig. 

15a), differences in intercrystalline porosity increased total porosity. Magnesium carbonate 

electrocrystallisation reduced inter-granular and intercrystalline porosity more than any other 

treatments, followed in descending order by calcium carbonate, calcium phosphate, and calcium 

oxalate (Fig. 15a). The percentage of pores filled (Fig. 15b) was also highest with magnesium 

carbonate, at 55%, whereas calcium oxalate lowered the number by a mere 7.8%.  

Pore surface fill differed with the treatment applied (Fig. 15c). When electrocrystallisation was 

conducted with calcium phosphate 89% of the pore surface was mineralised. With calcium 

carbonate 78% of the surface was occupied, and with magnesium carbonate, 68%, whilst with 

calcium oxalate, only 9% of the surface was affected.  
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The treatments studied exhibited similarities and differences in terms of the modification of mean 

inter-granular pore size in the untreated sandstone (Fig. 15d). Calcium carbonate lowered size most 

significantly.  

A comparison of the size of the neo-formed crystals based on the SEM image findings (Fig. 15f and 

15g) revealed the mean lengths of the fibrous hydroxyapatite and hydromagnesite to be very 

similar, although particle size varied in the latter over a wider range, from a maximum 40µm to a 

minimum of 8µm. The mean size in the aragonite crystals was around 10µm, whilst at ~6µm, it was 

much smaller in calcium oxalate than in any of the other phases. The hydromagnesite crystals had 

much wider fibres than the hydroxyapatite crystals (~2 µm compared to 0.8 ~µm). Particle size data 

for the crystals are summarised in Table 2. 

Several factors were found to affect pore fill significantly. Crystal growth kinetics differ and 

depend, in addition to chemical composition, on other characteristics that must be borne in mind, 

including morphology, particle size, local pH, intrinsic porosity, and solubility.  

The conspicuous reduction in pore size in the sandstone treated with calcium carbonate might be 

related to the nucleation of its various polymorphs, with aragonite and occasionally calcite forming 

in areas initially containing amorphous carbonate. Calcite crystals were much smaller than 

aragonite and in some areas co-existed with aragonite crystals, although when calcite concentration 

was higher, cementation caused local pore obstruction that hindered aragonite crystal growth. 

Electrocrystallisation with magnesium carbonate and calcium phosphate effectively prompted 

substantial pore fill. As the hydroxyapatite crystals were much narrower (Fig. 15g), they could 

occupy smaller inter-granular spaces and adapt to different surfaces, filling 89% of the pores, 

compared to the 68% observed with hydromagnesite. Pore surface cover was intensified by the 

local presence of smaller, fibrous DCPD crystals. Although a greater pore surface was occupied 

with calcium phosphate, porosity (10.5%) was lower in the treatment with magnesium carbonate 

than with calcium phosphate (13.8%). Differences in the physical-chemical properties of the two 

phases affected crystallisation kinetics. As noted, being more soluble than hydroxyapatite, 
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hydromagnesite gave rise to dissolution and re-precipitation, both of which favour a reduction in 

porosity, whereas no such effect was observed in the nearly insoluble hydroxyapatite. In addition, 

the flexibility of the hydromagnesite fibres and the particle size distribution of its crystals 

contributed to greater diffusion across the pores. 

In electrocrystallisation with calcium oxalate, the short, neo-formed prismatic crystals grew on but 

failed to fill pore surfaces. The local clogging that ensued hindered further crystallisation due to the 

small size of the crystals, with only 9% of the pores ultimately filled. The narrowest pore surfaces 

were filled and gave place to bottlenecks among the interconnected pores. In this way, fluid 

migration decreased, such it has been described in distinct mineral precipitation and dissolution 

processes [23,107]. 

In the untreated sandstone, kaolinite-like phyllosilicates that filled the pores were observed to co-

exist with the neoformed minerals. Their arrangement in stacked hexagonal plates appeared to 

favour calcite (calcium carbonate treatment) and whewellite (calcium oxalate treatment) 

precipitation. Earlier studies showed that clay minerals might serve as templates for phase 

precipitation [108]. 

3.3 Mineral Properties  

The minerals crystallising in magnesium carbonate, calcium phosphate, and calcium oxalate 

systems consisted in hydrated phases: hydromagnesite, hydroxyapatite and whewellite. Evidence 

was found, however, of local phase change, with hydromagnesite-to-magnesite dehydration, 

simultaneous crystallisation of hydroxyapatite- and -dicalcium phosphate dehydrate, and variations 

in calcium carbonate crystallinity ranging from the amorphous state to aragonite and from the latter 

to calcite. 

Crystallisation kinetics depended in each mineral system on several intrinsic and extrinsic factors, 

including temperature and pH [109–112]. Local changes in fluid stoichiometry and saturation 

degree  where deposition takes place may likewise favour the precipitation of a given mineral [113]. 
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Dissolution-reprecipitation is associated with specific conditions such as particle size and shape 

[114] or declining pH values [112].  

According to the solubility values reported in earlier studies for the minerals analysed, magnesite is 

the most and hydroxyapatite the least soluble, in the following order: magnesite> 

whewellite>calcite>aragonite> hydromagnesite> hydroxyapatite [115,116]. 

Solubility itself depends on other factors, however [117], including pH and particle size, inversely 

in the latter case, with solubility rising at smaller sizes [109,114,116,118,119]. It is also impacted 

by metastable phase crystallisation and local stoichiometric changes [120,121]. Solubility studies 

[122] have shown that the presence of defects in the crystalline network induces dissolution or even 

loss of crystallinity. 

The presence of defects in the neoformed minerals attested to by the ESEM-cathodoluminescence 

findings (Table 4) would favour mineral reactivity, hastening phase transformation [123], or 

dissolution-reprecipitation [122]. The development of porosity due to relative differences in 

solubility, the formation of fractures, and/or the presence of grain boundaries may favour fluid 

access [124]. 

Further to earlier reports, the mass transfer may be associated with the dissolution-reprecipitation 

process [87]. Mass transfer can also be applied to electrocrystallisation and, may lead to local 

stoichiometric change and hence to defect generation.  

As such mass movements from one position to another and concomitant stoichiometric change 

would have taken place in all the treatments analysed here, the resulting concentration gradients 

would be expected to give rise to defects. 

Of all the phases crystallising in the various systems studied here, treatment with magnesium 

carbonate reduced porosity most effectively, followed in descending order by calcium carbonate, 

calcium phosphate, and calcium oxalate.  

The dissolution-reprecipitation observed in hydromagnesite-bearing pores was a determinant in 

lowering porosity. Although the magnesium carbonate precipitation rate is much slower than 
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recorded for calcium carbonate [125], crystal size has a significant effect on pore structure. Further 

to the present observations, particle size and with its reduction in porosity was greater in 

hydromagnesite than in any of the other neoformed minerals.  

In a similar vein, in electro-precipitation with calcium oxalates, whewellite particle size clogged the  

pores. However, its dissolution did not have a favourable effect on reducing porosity, filling only 

the smallest pores, as noted by previous authors. [126]. Establishing the origin of such differences 

would entail exploring the specific conditions that affect the presence or otherwise of certain phases 

in each system. 

Depending on the electrochemical treatment it can be identified different factors affecting 

crystallisation on the pore structure as discussed below: 

- Calcium carbonate treatment: The different polymorphs extant in the calcium carbonate system, 

including hydrated metastable phases and amorphous carbonate (Table 1), are indicative of 

variations in their stability [102,104]. In the present study, aragonite was the majority phase 

identified, along with local calcite crystallisation and less crystallised areas exhibiting amorphous 

calcium carbonate. Earlier studies showed that the presence of defects in the atomic network in 

aragonite favour the transformation of the mineral to calcite [127]. Metastable hydrated phases may 

have crystallised, however, depending on the local concentration of hydroxyl ions that lie below the 

detection limit of micro XRD. 

- Magnesium carbonate treatment: Differences in the polymorphs and hydrated phases, the most 

stable of which is hydromagnesite [128,129], including magnesium carbonate hydroxyhydrates, 

have been reported in the magnesium carbonate system (Table 1) [130]. With dehydration 

hydromagnesite converts to the most stable anhydrous phase, magnesite (MgCO3). Dehydration to 

magnesite has been observed to be a relatively slow process, however [128]. Furthermore, in 

magnesium carbonate hydrates both the H2O and hydroxyl ion content as well as temperature play a 

significant role in morphology [131].  
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- Calcium phosphate treatment: Calcium phosphate crystallisation may include intermediate phases 

which appear before the system stabilises fully [132] (Table 1). Eleven minerals have been reported 

in the calcium phosphate system, depending on the Ca/P molar ratio, which may vary from 0.5 to 

2.0. Their stability depends on the degree of hydration and temperature [133]. Hydroxyapatite was 

the major phase precipitating in this study, a finding consistent with its status as one of the most 

stable calcium phosphate polymorphs [134]. Depending on the hydroxyl ion or water molecule 

content, tri- and dicalcium phases or anhydrous calcium phosphate (β -, α and α´) may form, with 

crystallisation taking place at different temperatures and stability heavily dependent on ionic 

substitution [135]. Brushite was the phase identified here by X-ray microdiffraction, although the 

local presence of stoichiometric variations generating other metastable hydrated phases below the 

detection limit cannot be ruled out. The simultaneous presence of hydroxyapatite and brushite is 

quite common. Within the minerals of the apatite group, a variation in the c/a lattice parameters can 

give rise to different Ca phosphates, including those with hydroxyl-bearing varieties of apatite, 

many of them with the cryptocrystalline appearance as observed by PLOM [136]. 

The growth rate and specific morphological details of calcium phosphates denote their dependence 

on pH and other environmental conditions. Fibrous hydroxyapatite may form fairly quickly in 

media with a pH of around 9 or 10 [137], which is consistent with the present findings. 

Hydroxyapatite stability depends on the crystal plane (010 and 001). Further to recent studies, plane 

010 is more stable, a finding of particular importance in biomineralisation and bone repair research 

[134]. In a moist environment, crystallised calcium phosphate phases may be readily modified by 

local variations in the Ca/P ratio [138]. However, as noted earlier, hydroxyapatite solubility is also 

conditioned by factors such as pH, stoichiometry, and particle size [118,119]. Brushite was 

identified in other studies at pH<7, with a greatest stability found at pH<5 [139]. Research 

conducted on different calcium phosphates in which pH varied locally has shown crystallisation to 

be attendant upon a decline in pH [132]. In this study, the presence of DCPD was an indication that 

the pH declined locally during electro-crystallisation. Confinement in the sandstone pore structure 
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favoured the presence of that phase, as reported by other authors [140]. The pH value also affected 

crystal morphology, which ranged from petal-like in acidic environments (pH=4.5-6) to prism-like 

in more neutral (pH~7) media [141]. The brushite observed here exhibited a petal-like habit, 

suggesting a local decline in pH due to inside-pore confinement.  

- Calcium oxalate treatment: Different compounds with varying degrees of hydration have been 

reported in the calcium oxalate system. The most thermodynamically stable is calcium 

monohydrate, also denominated whewellite (CaC2O4·H2O), followed by metastable calcium 

dihydrate (weddellite, CaC2O4·2H2O) and calcium trihydrate (Table 1). Phase transformation 

depends on the degree of hydration, which may impact growth rate and dissolution [142,143]. 

Calcium monohydrate has a monoclinic symmetry, whereas calcium dihydrate is tetragonal, giving 

rise to several shapes. Calcium oxalate hydrate solubility and instability rise with the amount of 

water of crystallisation. Water molecule loss in calcium trihydrate generates calcium mono- or di-

hydrate [144]. The present findings suggest greater system stability with the precipitation of the 

most stable phase, whewellite. 

Another criterion to be borne in mind in this regard is the difference in specific physical-chemical 

properties between the neoformed minerals, for that parameter has been shown to be highly 

dependent on both particle size distribution and precipitation rate. Higher suspension density gives 

rise to improvements in pore size distribution [145]. The findings showed a very narrow range of 

hydroxyapatite crystal size.  

Similar to these findings, the prevalence of fibrous habit crystallisation in calcium carbonate, 

magnesium carbonate and calcium phosphate systems has been identified in other electro-chemical-

based treatments [110,111]. Since crystallisation in each treatment is directly related to diverse 

factors [80,118,127–129], pore structures may be modified in each system to afford the material at 

issue the specific properties desired 

 

4. Conclusions 
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As a consequence of the electrochemical synthesis, the following conclusions stand out: 

1 The in-situ electrochemical synthesis led to an understanding of the mechanisms involved in 

the mineralisation induced by the various treatments and their effect on sandstone pore 

structure. The methodology used in the present work could be applied in different building 

and ceramics materials where the modification of the pore structure is essential to obtain the 

desired properties for its potential use as consolidants or protective treatments.  

2 Elecrocrystallisation allowed forming stable mineral phases in each treatment.  Aragonite 

prevailed in the Ca carbonate, hydromagnesite in the Mg carbonate, hydroxyapatite in the Ca 

phosphate, and whewellite in the Ca oxalate system. In-situ phase transformation impacted 

the degree to which the minerals filled the pore areas and consequently modified pore 

structure.  

3 The degrees of structural stability identified in the neoformed phases displayed the presence 

of amorphous calcium carbonate, aragonite and calcite polymorphs in stone treated with Ca 

carbonate. Dehydration suggested changes in local pH conditions during electro-

crystallisation, confirming hydromagnesite-to-magnesite phase transformation in stone 

treated with Mg carbonate or brushite and hydroxyapatite crystallisation when the stone was 

treated with Ca phosphate. 

4 The pore system was affected both by the specific morphology and crystal size of each 

neoformed mineral. In the pore filling process, two different trends were observed in the 

treatments that resulted in fibrous crystals and the formation of short prismatic ones. In the 

former, fibrous crystals grown along the longest pore axis of elongated pores. This filling is 

associated with the electro-crystallisation of hydromagnesite, aragonite and hydroxyapatite. 

In the second case, short prismatic crystals of whewellite only covered the pore rim. There 

was also a tendency to develop intercrystalline porosity within the neoformed crystals. This 

kind of secondary porosity was formed between the grain boundaries of individual crystals, 
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unlike the intergranular porosity formed between quartz grains. Intercrystalline porosity was 

visible amongst prismatic aragonite crystals, hydromagnesite and hydroxyapatite fibres. 

 
5 Porosity was reduced more effectively by fibrous than by short prismatic crystals, whilst the 

broadest range of particle sizes was observed for hydromagnesite fibres. Elecrocrystallisation 

produced changes in inter-granular porosity, and differences in pore cementation depending 

on its mineralogy. Among the treatments, Mg carbonate reduced porosity most effectively, 

followed in descending order by calcium carbonate and calcium phosphate, being the calci-

um oxalate the less effective. The dissolution-reprecipitation observed in the Mg carbonate 

system determined its greater efficacy in reducing porosity than the other treatments. At the 

same time, dissolution, in conjunction with the small size of the whewellite crystals, prevent-

ed the advance of mineral fluids to the larger pores producing bottlenecks and pore-clogging. 

These factors would explain the scant reduction in porosity delivered by the calcium oxalate 

treatment. 

6 The crystallised phases exhibited intrinsic cathodoluminescence signals due to structural 

defects which may favour mineral reactivity, including dissolution and reprecipitation 

processes  
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Fig. 1. Untreated sandstone: a) sandstone texture showing intergranular porosity (blue), 
quartz (Qz) and kaolinite (K) (PLOM, parallel nicols image); b) original texture, inter-
granular porosity (dark grey) and partially clay mineral-filled pores (SEM/BSE image); c) 
low magnification SEM/BSE image showing the porosity between quartz grains; d) inter-
granular porosity details (processed image); e) roughness intensity profile of inter-granular 
porosity in the cross-section defined by the dotted line in Fig. 1c); f) XRD pattern; g) 
ESEM-cathodoluminescence spectrum. 

Fig. 2. calcium carbonate treatment: a) fibrous calcium carbonate crystallisation (Cc) in 
sandstone, inter-granular porosity (blue), quartz (Qz), kaolinite (K) and titanium oxides (Ti 
), (PLOM, parallel nicols image); b and c ) neo-formed aragonite (Ar) calcite (calc) crystals 
and amorphous carbonate (ACC) (SEM/SE image); d) aragonite growing in a pore between 
quartz and occasional calcite crystals (calc); d), inter-granular (green) and intercrystalline 
(red) porosity (processed image); e) roughness intensity profile of inter-granular and 
intercrystalline porosity in the cross-section defined by the dotted line in Fig. 2c. 

Fig. 3. a) Aragonite (Ar) and calcite (Calc) porosity and in-pore growth details: (SEM/BSE 
image); b) quartz (Qz), aragonite (Ar) and calcite (Calc) (processed image); c) honeycomb 
texture developed by aragonite inside a pore, indicating secondary intercrystalline porosity 
(SEM/SE image); d) calcium carbonate (Cc)  inter-growth in areas containing kaolinite (K) 
(SEM/BSE image). 

Fig. 4. a) X-ray microdiffraction pattern of mineralisation in calcium carbonate treatment; 
b) cathodoluminescence spectrum for the band in the l=300 nm to 400 nm region; c) EDS 
findings, positioning calcium carbonate polymorphs on the Ca/O/C ternary diagram  

Fig. 5. Magnesium carbonate treatment: a) hydromagnesite crystallisation (HM), inter-
granular porosity (blue), quartz (Qz) and kaolinite (K) (PLOM-parallel nicols); b) neo-
formed HM crystals and magnesite (M) (SEM/SE image); c) HM growth in pores in the 
quartz inter-granular space(SEM/BSE); d) processed image highlighting details of inter-
granular and intercrystalline porosity; e) roughness intensity profile describing inter-
granular and intercrystalline porosity in the cross-section defined by the dotted line in 
Fig. 5c.  

Fig. 6. Detailed views of: a) hydromagnesite (HM) filling the quartz (Qz) intergranular 
space; and b) magnesium carbonate dissolution and reprecipitation in pores (SEM/SE 
images). 

Fig. 7. a) X-ray microdiffraction pattern of mineralisation in magnesium carbonate 
treatment; b) cathodoluminescence spectrum for the band in the l=300 nm to 500 nm 
region; c) EDS chemical analyses, positioning magnesite and hydromagnesite on the 
Mg/O/C ternary diagram. 
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Fig. 8. Calcium phosphate treatment: a) calcium phosphate crystallisation (brown), inter-
granular porosity (blue), quartz (Qz) and kaolinite- (K) (PLOM-parallel nicols image ); b) 
showing hydroxyapatite plates (HAP) filling a pore (SEM/SE image ); c) HAP growth in 
pores in the quartz inter-granular space, and direction of HAP fibre growth (SEM/BSE); d) 
processed image highlighting details of inter-granular and intercrystalline porosity.  

Fig. 9. Porosity in sandstone treated with calcium phosphate, details: a) HAP crystals 
filling the space between quartz (Qz) grains (SEM/BSE); b) inter-granular porosity (green) 
and intercrystalline neo-porosity (red); c) roughness intensity profile showing the two types 
of porosity in the cross-section defined by the dotted line in Fig. 9a; d) petal-like dicalcium 
phosphate dihydrate (DCPD, brushite) crystals giving place to intercrystalline porosity.  

Fig. 10. a) X-ray microdiffraction pattern of mineralisation in calcium phosphate treatment; 
b) cathodoluminescence spectrum for the band in the l=300 nm to 500 nm region; c) EDS 
findings, positioning calcium phosphate polymorphs on the P/O/C ternary diagram. 

Fig. 11. Electro-precipitation with calcium oxalate: a) calcium oxalate crystallisation (C-
ox), inter-granular porosity (blue), quartz (Qz) and kaolinite-like phyllosilicates (K) 
(PLOM-parallel nicols image); b) neo-formed whewellite crystals (C-Ox) (SEM/SE 
image); c)  whewellite growth in pores in the quartz inter-granular space (SEM/BSE 
image); d) details of inter-granular and intercrystalline porosity(processed image); e) 
roughness intensity profile showing inter-granular and intercrystalline porosity in the cross-
section defined by the dotted line in Fig. 11c . 

Fig. 12. a) Whewellite dissolution after precipitation; b) dissolution details from the 
selected area in Fig.  12a at higher magnification (SEM/SE images). 

Fig. 13. a) X-ray microdiffraction pattern of mineralisation in calcium oxalate treatment; b) 
cathodoluminescence spectrum for the band in the l=300 nm to 500 nm region; c) EDS 
findings, positioning calcium oxalate polymorphs on the Ca/O/C ternary diagram. 

Fig. 14. SEM images processed to highlight textural details, neo-mineralisation positions 
and orientation and pore areas (green) in: a) untreated sandstone; and stone treated with b) 
calcium carbonate; c) magnesium carbonate; d) calcium phosphate; and e) calcium oxalate 
(porosity value given in respective legends; abbreviations: quartz (Qz), kaolinite-like clay 
minerals (K), aragonite (Ar), hydromagnesite (HM), hydroxyapatite (HAP) and whewellite 
(C-Ox).  

Fig.15. a) Comparison of results of treatments and their effect on calculated inter-granular 
and intercrystalline porosity (in per cent of area); b) filled/unfilled pore ratio; c) percentage 
of total surface occupied, by treatment; d) mean inter-granular pore length and width (µm) , 
e and f) comparison of  particle size in the neo-crystallised phases based on SEM imaging: 
e) length; f) width. 
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