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Abstract. The degradation of marble monuments and statues is an ever-growing concern due to 

increased industrialization, extensive urban development, and persisting environmental quality 

problems. Preservation of the built cultural heritage and artefacts necessitates the development of 

novel materials and methods in order to increase their resistivity against the detrimental impacts of 

atmospheric water and pollutants. Over the past few decades, numerous protective coatings have 

been introduced to ensure the integrity of cultural heritage and prevent their degradation by reducing 

the rates of building materials deterioration. Protective coatings designed for cultural items are 

generally expected to adhere to established restoration standards, including transparency, 

reversibility, compatibility with the surface, long-term durability, straightforward synthesis, cost-

efficient maintenance, and non-toxicity. Among coatings most often used for the protection of 

calcareous stone, poly acrylates and nanoparticles of metal oxides play significant roles in 

conservation and restoration activities. Graphene derivatives, including graphene oxide (GO), have 

garnered significant attention as protective coatings. In this study, we have studied graphene oxide-

based structures as potential coatings for historical monument protection. Specifically, the resistance 

to dissolution of Dionysos marble (DM) specimens (1.5 x 1.5 cm x cm) were treated with Polyacrylic 

acid, MW 2000 (PAA2000), Hydroxy ethylidene, -1-1 phosphonic acid, sodium salt (HEDP) 

solutions and with GO suspension. DM, consists mainly of calcite (>98% w/w). All compounds 

tested for the treatment of DM, possessed functional groups capable of interactions with calcitic 

marble surfaces. The specimens were equilibrated with the solutions and suspension as follows: 2-

5x10-5 mol/L for PAA and HEDP 2x10-5-5x10-4 % w/v GO suspensions in water. Equilibration was 

done by immersing DM test slabs in the solutions and the suspension in 50 mL vials, capped and 

rotated end over end to ensure homogeneity for 24 hours at 250C. Past equilibration, the specimens 

were rinsed with triply distilled demineralized water and air dried. The samples were mounted into 

special holders in special reactors, allowing the flow of calcium carbonate unsaturated solutions 

(σ=0.89, pH 6.50) with a flow rate of 4.5 mL·h-1 in contact with both specimen surfaces. From 

measurements of pH and calcium concentration at the outlet of the reactors, the rates of dissolution 

of the specimens for each treatment tested were calculated. It was found that the equilibration of the 

marble specimens with GO suspensions was the most efficient, yielding a dissolution rate of 70% 

lower in comparison with the respective of the untreated marble. PAA-treated specimens did also 

retard the rate of dissolution of marble but to a less extent (ca. 30%). HEDP treatment was ineffective 

in retarding the dissolution rate of the DM specimens, possibly because of the enhancement of the 

calcitic material solubility in the presence of HEDP or because of structural rearrangement of the 

adsorbed phosphonate species on DM calcitic grains. 
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1 Introduction 

The deterioration of the built heritage associated with the historical and cultural heritage threatens the 

loss of social identity and its legacy to future generations. Pieces of artwork kept indoors are exposed to 

controlled conditions in which environmental parameters like relative humidity, temperature, and light 

are monitored and/or controlled. Monuments of the built heritage and artefacts, mostly made from 

limestone and dolomitic or calcitic marbles [1] and exposed to atmospheric conditions, are threatened by 

weathering damages because of direct contact with wet precipitation. The problem is intensified in the 

presence of acidic pollutants and/or bacterial activity, which results in locally acidic conditions. [1]. 

Relatively easy quarrying, cutting, and carving make marble and limestone ideal for the construction of 

buildings and artifacts. However, these materials are prone to physical and chemical damage upon long-

term exposure to environmental conditions. 

Over the recent decades, a variety of protective coatings have been developed for the preservation of 

the integrity of the monuments, including the built heritage, aiming at reducing their rate of deterioration 

because of dissolution, which eventually leads to their complete destruction. Coatings for use in the 

conservation processes of monuments and artefacts should conform to certain criteria. They should 

ensure Transparency, reversibility, compatibility with the surface, long life, easy composition, low cost, 

and lack of toxicity [2]. In addition to the aesthetic aspect, the original appearance of archaeological or 

artistic objects should remain unaltered, and in case of corrosion (photooxidation - yellowing), the 

corrosion products should be removed without affecting the surface itself [3]. 

Significant advances have been achieved in coating science and technology over the past 30 years. 

Limestone and marble are sedimentary and metamorphic minerals respectively, the main component of 

which is calcite (CaCO3). Contact of calcitic building materials with water can be dangerous because 

chemical dissolution leads to mechanical problems and the growth of microorganisms, such as mold, into 

the stone [5]. Biodegradation, based on activities of living organisms (fungi, bacteria, and algae), is an 

additional problem often associated with chemical deterioration and causes changes on the surface of the 

monument [6]. 

A wide range of acrylic polymer coatings have been used for limestone preservation against chemical 

and biological degradation for the last 50 years [7], mostly ethyl methacrylate (EMA) and poly (methyl 

methacrylate) (PMMA). For the same purpose, nanocomposites of TiO2 with silane coatings [8], 

rendering resistance in water accumulation and photodegradation on stone building materials, have been 

applied. It should be noted that, in some cases, the formation of biofilms may act protectively for 

monument stones [9]. 

The majority of coatings applied to limestone monuments are considered as a short-term solution that 

needs regular inspection and re-application. The development of novel, effectively protective, and long-

lasting, low-cost treatments, which can easily be applied both in portable and built heritage monuments, 

is needed. Graphene derivatives emerge as a possible solution [10]. From the graphene compounds 

family, relatively hydrophilic and chemically adaptable graphene oxide (GO) dispersions in water may 

be applied in the form of coatings for the protection of limestone and marble [11]. GO coatings were 

found to be effective in considerably limiting the deterioration of carbonated stones and degradation 

upon contact with water [12]. 

In this study, the effectiveness of the GO coatings, formed by deposition from aqueous colloidal 

suspensions on Dionysus marble (DM), a calcitic building material, can provide protection from 

dissolution upon contact with aqueous solutions undersaturated with respect to calcite. This is often the 

situation when monuments constructed from marble and/or calcitic limestone are exposed to wet 

precipitation. The study was done simulating the dissolution process at different conditions:  stirred 

undersaturated solutions at constant pH, in small reactors in which DM slabs were exposed to calcium 

carbonate solutions undersaturated with respect to calcite, flowing at various flow rates, and in 

microchannels in which changes of a linear dimension of the DM calcitic crystals were monitored directly 

in a microchannel using snapshots from a video-camera. The effect of the GO coatings was compared 

with other coatings developed on DM treatment with poly acrylic acid (PAA) and 1-Hydroxyethylidene-

1,1-diphosphonic acid (HEDP). The present work may be considered preliminary, proof-of-concept work 

for the evaluation of the functionality of novel coatings. 
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2 Experimental Section 

The resistance to dissolution of DM specimens (1.5 x 1.5 cm x cm slabs) and powdered material was 

studied following treatment of the solids with polyacrylic acid, MW 2000 (PAA2000), Hydroxy 

ethylideno-1-1diphosphonic acid, sodium salt (HEDP) solutions and with graphene oxide (GO) 

suspensions (5x10-4 w/v). The pH of the PAA and HEDP stock solutions and of the GO suspensions was 

adjusted to 6.8-7.0 with the addition of standard NaOH or HCl solutions, as needed. The DM samples 

(powder or slabs) were in contact with stirred calcium carbonate solutions saturated with respect to calcite 

at a constant temperature, 25 C in batch reactors. The desired concentrations of the test compounds in 

the saturated solutions were adjusted with the appropriate volume of the respective stock solutions and 

the suspension. The suspensions of DM in the presence of the test compounds were allowed to equilibrate 

for 5 days. Next, the solids were separated from the aqueous phase; they were washed with water and 

air-dried for 24h. The dried solids were used for the measurement of the rates of dissolution in calcium 

carbonate solutions undersaturated with respect to calcite (Fig.1). Table 1 summarizes the names of the 

substrates based on different treatments. 

Table 1. Substrates treatment before dissolution study. 

Substrate Treatment solution  

Powder 

DM1 Without treatment 

DM2 PAA2000 2×10-5 M 

DM3 HEDP 2×10-5 M 

DM4 GO 5×10-4 % w/v 

Specimens 

DMB Without treatment 

DMP PAA2000 2×10-5 M 

DMH HEDP 2×10-5 M 

DMGO GO 5×10-4 % w/v 

 

 
Fig. 1. Treatment process of marble substrates (powder or slabs) before dissolution kinetics measure-

ments. 

2.1 Dissolution experiments 

Powdered DM with BET-specific surface area, measured with nitrogen, equal to 9.3 m2 g-1, was used as 

reference material for the measurement of the rates of dissolution in calcium carbonate solutions 

undersaturated with respect to calcite. The rates of dissolution of DM treated with the test materials were 

measured as well (Table 1). The undersaturated solutions were prepared directly in a double wall batch 

reactor (VR=200 mL) made of borosilicate glass (PYREX) kept at 25.0 ± 0.1 °C with water from a 

thermostat, circulating between the walls of the reactor. The solutions were prepared by mixing 

accurately measured volumes of standard stock solutions of calcium chloride and sodium bicarbonate. 

Calcium chloride stock solutions were prepared from crystalline CaCl2·2H2O and standardized with 

atomic absorption spectrometry (AAS, Perkin Elmer AAnalyst 300) and by titrations with standard 

EDTA solutions with murexide indicator. Sodium bicarbonate stock solutions were prepared fresh before 

each experiment from the respective solid and dried overnight at 65C. The final concentrations of 

calcium chloride and sodium bicarbonate in the undersaturated solutions was 1.25 mM, and the ionic 

strength was adjusted to 0.15 M with the addition of standard NaCl solution as needed. 1M standard 
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stock solutions were prepared from accurately weighed solid and dried overnight at 65C, without any 

further standardization. The pH of the undersaturated solutions was adjusted to 6.50 with a standard 0.1 

N HCl solution. Following pH adjustment, an accurately weighed powdered solid (10 mg) was 

introduced into the undersaturated solutions. As a result of the dissolution of calcium carbonate, the pH 

of the solution increased. The dissolution of calcium carbonate is described by the reaction: 

𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 ↔ 𝐶𝑎2+ + 𝐻𝐶𝑂3
− + 𝑂𝐻−                                  (1) 

Changes in the solution pH as small as 0.005 pH units triggered the addition of standard HCl solution 

(0.1 M) from the precision syringe of a computer-controlled pH stat system. The dissolution process was 

monitored at constant pH. Samples were withdrawn and filtered through membrane filters (Sartorius, 0.2 

m), and the filtrates were analyzed for total calcium, by AAS. The experimental set-up for the 

dissolution experiments is shown in Fig.2. 

 

Fig. 2. Experimental setup for dissolution experiments at constant pH (pH- stat method). 

2.2 Dissolution of marble slabs in thermostated small volume reactors 

The dissolution of marble slabs was investigated in small double-walled reactors made of polyamide 

volume totaling ca. 10 mL, in which the marble slabs with dimensions ca. 1.5 cm x 1.5 cm were 

immobilized in special holders. The temperature in the small-volume reactors was kept at 25.0  1.0 C 

by water circulating from a thermostat. The flow rate of the undersaturated solution was adjusted to 4.5 

mL·h-1 by using a syringe pump, and the duration of each experiment was 3 days. Samples were 

withdrawn at different times, with higher frequency at the initial steps, slowing down as the dissolution 

proceeded to equilibrium, filtered, and the filtrates were analyzed for total calcium concentration with 

AAS. Moreover, the pH of the solution was measured at the outlet of the reactor as a function of time. 

The pH-time profiles were used to monitor the dissolution process. The morphology of the marble slabs 

at the end of each dissolution experiment was investigated with scanning electron microscopy (SEM, 

Zeiss, Leo Supra 35).  A schematic layout of the experimental setup and procedure is given in Fig. 3. 

 

Fig. 3. Experimental setup for dissolution experiments of marble slabs with flowing undersaturated solutions. 
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Additional dissolution tests were done in porous media simulators made of Plexiglas®. The linear 

channel used had dimensions of 6 cm length, 1 mm width, and 0.3 mm depth. Grains of the marble 

specimens investigated were introduced in the microchannel. The undersaturated solutions were 

introduced in the channel with a syringe pump, which ensured a constant flow rate (0.2-0.5- 1 mL·h-1). 

The solution flow rate was low inside the channel, and the Reynolds number values calculated were 

0.095, 0.238, and 0.477 for flow rates 0.2, 0.5, and 1 mL·h-1, respectively. At these values, the flow was 

laminar and was sufficient to ensure the stability of the position of the introduced calcite crystallites (with 

and without treatment). 

Optical monitoring of the marble substrates was done using an optical microscope (Zeiss, microscope 

with camera), which was connected to a digital camera (AXIS 223M Network Camera). Thus, it was 

possible to record and store photograph snapshots at regular intervals (every 30 min) on a computer 

through special data recording software (AXIS Camera Station). Past the end of each experiment, the 

photograph snapshots were processed with image processing software (ImageJ). From the processing 

of the snapshots, data concerning size changes of the marble grains as a function of time were obtained. 

The experimental setup described is schematically presented in Fig.4. 

 

Fig. 4. Experimental setup for dissolution experiments of DM powders at different flow rates of the calcium 

carbonate solutions undersaturated with respect to calcite. 

3 Results and Discussion 

3.1 Dissolution experiments 

The dissolution rates of DM were measured in solutions undersaturated with respect to calcite (which is 

the main chemical component of DM). The driving force for dissolution at constant temperature depends 

on the solution saturation ratio, SR, defined as: 

𝑆𝑅 =
( 𝐶𝑎2+)(𝐶𝑂3

2−)

𝐾𝑠
𝑜                                                    (2) 

Where parentheses correspond to the activities of the ions enclosed and 𝐾𝑠
𝑜 is the thermodynamic 

solubility product of calcite. In the case of undersaturated solutions SR<1. For solutions saturated with 

respect to calcite SR=1. The activities of the free ions were calculated from the total concentrations of 

the main components of the solutions using PHREEQC® equilibrium calculations software, v. 

3.3.12.12704 [21]. The relative undersaturation, σ, of the solutions, is defined by equation (4): 

𝜎 = 1 − 𝑆𝑅1/2                                                      (3) 

The relative undersaturation of the working solutions with respect to calcite was 0.99. The dissolution 

process was monitored as a function of time at a constant temperature of 25.0 ± 0.5 °C in a batch, 

magnetically stirred reactor. pH was kept constant at 6.50 at ionic strength 0.15 M NaCl. 

In Fig.5, typical plots of the volume of standard solution of 0.1N HCl solution added to maintain the 

solution pH during solution, are shown. The solution undersaturation decreased as a function of time, 

which explains the trend shown on the pH-time profiles. The rates of dissolution were proportional to 

the respective rate of additions of acid solution. 
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Fig. 5. Dissolution of DM in undersaturated calcium carbonate solutions (σ= 0.99, SR= 1x10-3), 25 °C, pH 6.50, 

0.15 M NaCl; (-) Without treatment -Blank (DM4); (-) PAA treatment (DM1); (-) HEDP treatment (DM2); (-) GO 

treatment (DM3). 

The total calcium concentration as a function of time profiles corresponding to the volume additions 

as a function of time (Fig. 5) are shown in Fig. 6. 
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Fig. 6. Calcium concentrations (Cat) from dissolution of DM in undersaturated calcium carbonate solutions (σ= 

0.99), 25 °C, pH 6.50, 0.15 M NaCl; (■) Without treatment -Blank (DM4); (●) PAA treatment(DM1); (▲) HEDP 

treatment (DM2); (▼) GO treatment (DM3). 

The rates of dissolution of the respective DM specimens were calculated from the total calcium- time 

profiles according to equation (4) using data from the first 60 min following the contact of the solids 

tested, with the undersaturated solutions: 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 𝑅𝐷 = |
𝑑[𝐶𝑎𝑡]

𝑑𝑡
|

𝑡=0
                       (4) 

The calculated initial rates, are summarized in Table 2 and in the form of a plot in Fig. 7. 

Table 2. Dissolution rates of DM powdered samples at constant pH; σ= 0.99, 25 °C, pH 6.50, 0.15 M NaCl 

Substrate 
Dissolution Rate* 

(/×10−5 mol·m−2·min−1) 

DM1 3.58 

DM2 2.15 

DM3 4.95 

DM4 1.14 

*The dissolution rate was calculated per BET specific surface area. 
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Fig. 7. Dissolution rates of DM with different treatments in calcium carbonate solutions undersaturated with 

respect to calcite (σ= 0.99); DM1: untreated; DM2: PAA treated; DM3: HEDP treated; DM4: GO treated; 25 °C, 

pH 6.50, 0.15 M NaCl 

The dissolution rate of the DM with GO deposits (DM4) was the lowest in comparison with all other 

treatments. The rate was almost 70% lower than the rate of the untreated (blank) material. It is possible 

that the GO coating slows down the dissolution of marble because of the formation of protective film, 

which blocked effectively the active sites of dissolution on the surface of the DM material. The high 

concentration of oxygen-containing functional groups of GO (-COOH, -OH, -O-) possibly interact elec-

trostatically with Ca2+ and Mg2+ cations of the DM, forming surface complexes with GO. PAA treatment 

reduced the rate of dissolution by 30% in comparison with the untreated DM.  HEDP treatment acceler-

ated significantly (ca. 20%) the dissolution in comparison with the respective for the untreated specimens. 

The surface coverage by graphene oxide, the morphology of marble powder treated with different 

concentrations of GO suspensions was investigated by SEM. As shown in Fig.8(a), the grains of pow-

dered DM treated with the GO suspension (5x10-4 %w/v) were partly coated. The presence of grains 

completely covered with GO layers (Fig.8(b)), was confirmed by EDX line scan analysis (Fig.8(c)). 

 

Fig. 8. SEM photos of marble grains following equilibration with GO suspensions (5x10-4 %w/v) for five days. 

DM powders, equilibrated with GO suspensions with lower GO content (5x10-5 %w/v), resulted in the 

formation of uniform coating on marble calcitic grains (Fig.9). 

 

Fig. 9. SEM photos of marble grains past equilibration with GO suspensions (5x10-5 %w/v) for five days. 

The highest dissolution rates were obtained for the HEDP-treated powdered DM (DM3) (Fig.7). In 

most publications, referred that HEDP form complexes with calcium cations in different proportions of 

Ca2+ and phosphonate ions (1:1 or 1:2) in p H 8-8.5 [13]-[15]. This leads to the formation of a 
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protective film, which tends to reduce dissolution rates. However, in the present work at the 

acid pH 6.5, rates of dissolution were higher in comparison with the respective DM without any 

treatment. This acceleration may be explained based on the calcium phosphonate adsorbed layer re-

structuring on the surface over a period of time, resulting in the exposure of active dissolution sites of 

the mineral substrate [16]. 

The measured rate of dissolution for marbled treated with PAA (DM2), was lower in comparison with 

the corresponding to the untreated DM. PAA polymers have already been used in the past for marble and 

limestone protection due to their good adhesion performance [3],[17]. 

3.2 Dissolution of marble slabs 

DM slabs, both untreated and treated (Table 1), were exposed to the flow of calcium carbonate solutions 

undersaturated with respect to calcite (=0.99) at a flow rate of 4.5 ml/h. The increase of pH measured 

at the outlet of the microchannel confirmed their dissolution. pH change over a period of 5 hours is shown 

in Fig.10. In the case of G- coated DM slabs (DMGO), pH increased at a slower rate during dissolution 

in comparison with the respective in the untreated DM (DMB). The highest increase and rate of increase 

was observed in the case of HEDP treatment (DMH). 
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Fig. 10. pH changes as a function of time, of the calcium carbonate solutions undersaturated with respect to calcite 

during the dissolution of DM slabs; flow rate of the undersaturated solutions 4.5 mL·h-1; (σinitial= 0.99), 25 °C, 0.15 

M NaCl; (■) Without treatment -Blank; (▼) PAA treatment; (▲) HEDP treatment; (●) GO treatment. 

In addition to pH measurements in the undersaturated solutions, the calcium concentration was 

measured as well in the outlet from the reactor. As shown in Fig.11, calcium concentration also increased 

in all cases. The highest increase of calcium concentration in the solutions was observed for HEDP and 

the lowest for GO-treated DM slabs. The initial rates of the dissolution of the DM slabs were assessed 

from the variation of total calcium during the first 60 min of the dissolution process presented in (Fig.12), 

which was rather fast. From the calcium concentration measurements, the rate of dissolution was 

calculated for the first hour. The dissolution rates of the DM slabs calculated for both untreated and 

treated are shown in Fig.13. The main difference between these experiments and the pH-stat experiments 

(DM powders) was that the rate in this case was calculated per geometrical unit surface area of the slabs. 
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Fig. 11. Dissolution of DM slabs in calcium carbonate solutions undersaturated with respect to calcite (σinitial= 

0.99); Total calcium concentration in the solutions during dissolution as a function of time. 25 °C, 0.15 M NaCl; 

Flow rate=4.5 mL·h-1; (■) Without treatment -Blank; (▼) PAA treatment; (▲) HEDP treatment; (●) GO 

treatment. 
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Fig. 12. Calcium concentrations (Cat) from Dissolution of DM slabs underflow of the calcium carbonate solutions 

undersaturated with respect to calcite (σinitial= 0.99). Plot of the total calcium (Cat) concentrations in the 

undersaturated solutions as a function of time for the first 60 min of the dissolution process; 25 °C, 0.15 M NaCl; 

Flow rate=4.5 mL·h-1; (■) Without treatment -Blank; (▼) PAA treatment; (▲) HEDP treatment; (●) GO 

treatment. 
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Fig. 13. Dissolution rates of DM slabs without and past treatments with solutions of PAA, HEDP, and GO 

suspensions in solutions undersaturated with respect to calcite (σinitial= 0.99), underflow; 25 °C, 0.15 M NaCl; Flow 

rate=4.5 mL·h-1. DMB: blank; DMP: PAA treated; DMGO: GO treated; DMH: HEDP treated. 
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The rates of dissolution of DM slabs showed the same trend as the measurements of dissolution of 

powdered DM at the pH-stat experiments, suggesting that both experimental models are reliable for con-

ducting rapid tests for materials candidates for the protection of building materials of the cultural herit-

age. More specifically, the highest rates of dissolution were found for the treatment of DM with HEDP 

and the least for GO-treated specimens. The dissolution rates of the DM slabs coated with GO (DMGO) 

yielded the lowest rates of dissolution, being almost 74% lower than the respective for the untreated 

specimens. The efficiency of GO coatings may be explained by the fact that at pH ca.7.0, at which treat-

ment is done, GO has a high negative charge because of the almost complete ionization of the -COOH 

groups and the positive surface charge of calcite [18]. Electrostatic interactions contribute to the for-

mation of a coating that effectively blocks the active sites for dissolution.  The results obtained are en-

couraging for the use of GO as a protective coating for marble, in agreement with similar studies [19], 

[20]. 

The effect of dissolution on the morphology of marble slabs was examined by SEM. The morphology 

of the DM slabs before and after dissolution is shown in Fig.14(a) and (b). Surface deterioration 

(compared with flat parts of the surface of the marble before dissolution) was observed with the formation 

of pits on the specimen surface, with sizes between 50 to 100 nm or even > 200 nm. For the specimen 

treated with PAA (DMP) (Fig.14(c)), as may be seen, PAA provides a more uniform coating, which, 

however, does not seal the pores on the specimen surface. In the HEDP-treated specimen (DMH), the 

development of pits was apparent past dissolution. The appearance of some needle-like and plate-like 

“transparent” crystallites (Fig.14(d)) suggested the formation of Ca-HEDP or Mg-HEDP. This was 

supported by the results of the EDX analysis. Finally, for the treatment of DM with GO (DMGO), the 

surface coverage of the slab seemed to be low, with dark flakes of GO spreading all over the surface. 

Past dissolution of the GO treated specimens surface damages and pit formation was drastically reduced. 

 

Fig. 14. Dissolution of DM in calcium carbonate solutions undersaturated with respect to calcite σinitial= 0.99).  

SEM pictures of the morphology of the surface of DM slabs (a) Untreated marble, DMB (b) DMB, (c) DM treated 

with PAA, DMP, (d) DM treated with HEDP, DMPH and (e) DM treated with GO suspension, DMGO; 25 °C, 

0.15 M NaCl; Flow rate=4.5 mL·h-1. 

3.3 Dissolution of DM grains in microchannel reactors 

Powdered DM coated with GO (DM4) was brought in contact with the undersaturated solution, flowing 

at rates in the range of 0.2-1.0 mL·h-1. The dissolution process was followed by monitoring changes in a 

linear dimension, x, of the DM grains. The (linear) dissolution rates,𝑅̅𝑑𝑖𝑠𝑠 were calculated from equation 

(5): 

𝑅̅𝑑𝑖𝑠𝑠[𝑚 · 𝑚𝑖𝑛−1] =
𝑑𝑥

𝑑𝑡
                                         (5) 
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At flow rates of the undersaturated solutions in the microchannel 0.2 and 1 mL·h-1, no change in grain 

size was observed, even after 5 days. It is possible that the GO film covering the DM grains observed 

completely inhibited the dissolution process. Considering that a limited number of DM grains were 

monitored (<10) in an equal number of experimental runs, it is clear that a significantly larger number of 

observations is needed. Typical pictures of DM grains inside the microchannel in contact with the 

undersaturated solutions are shown in Fig.15 

 

Fig. 15. Sequence of images captured during dissolution of GO coated DM grain (DM4) underflow of undersatu-

rated solution; σinitial= 0.99, 25 °C, 0.15 M NaCl; Flow rate=0.2 and 1 mL·h-1. 

At a higher flow rate (0.5 mL·h-1), as may be seen in the optical microscope pictures shown in Fig.16, 

changes of one dimension of a typical DM grain as a function of time could be clearly seen and measured. 

Specifically, the initial and final DM grain sizes measured were 98.65 μm and 64.17 μm (Fig.16), 

respectively. This decrease in the magnitude of the characteristic dimension was gradual, and its variation 

as a function of time reached a plateau value corresponding to the final size of the characteristic linear 

dimension selected, as may be seen in Fig.16. Reaching the plateau needed 69h. 
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Fig. 16. Sequence of images captured during dissolution of GO coated DM grain (DM4) under flow 

of calcium carbonate solution undersaturated with respect to calcite; σinitial= 0.99, 25 °C, 0.15 M NaCl; 

Flow rate=0.5 mL·h-1. 

The initial rate of dissolution calculated from the grain size change, was equal to 0.46 μm·h-1 (or 

7.7×10-9 m·min-1). The relationship between the linear rate of dissolution, 𝑅̅𝑑𝑖𝑠𝑠 with the respective mass 

loss rate, Rdiss, expression is related with Eq. (6) [21]: 

𝑅𝑑𝑖𝑠𝑠 [𝐾𝑔 · 𝑚−2 · 𝑚𝑖𝑛−1] = 𝑆𝐹 · 𝜌𝑐𝑎𝑙𝑐𝑖𝑡𝑒 · 𝑅̅𝑑𝑖𝑠𝑠                         (6) 

In Eq. (6), SF is a shape factor, which for spheres and cubes is 1, and c is the density of calcite (the main 

chemical component of DM = 2711 Kg·m-3). From Eq. (6) the mass loss rate of dissolution is equal to 

2.1x10-4 mol·m-2·min-1. The calculated value is one order of magnitude higher thnt the rate of dissolution 

obtained from the pH-stat experiments at pH 6.50, where the initial rates of dissolution of powdered DM 

were measured. The reason for this discrepancy may be the difference in particle size. The smaller the 

particle size, the faster it is expected to dissolve. However, a significantly larger number of crystallites 

should be measured to establish a relationship between the two methods of measurement of the rate of 

dissolution. 
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Fig. 17. Dissolution of selected GO-coated DM grain (DM4).  Grain linear dimension size change as a function of 

time; σinitial= 0.99, 25 °C, 0.15 M NaCl; Flow rate=0.5 mL·h-1. 

As may be seen in Fig. 17, the rate of dissolution is constant for a time period of ca. 65 hours. Past 

this time, the dissolution process ceased apparently reaching near saturation solubility. The constancy of 

the rate of dissolution is possible that is due to the fact that changes in the solution saturation with respect 

to calcite were minimal (at the slowest flow rate tested, 0.5ml/h, the change in calcium concentration was 

ca. 2.5%, which is within experimental error). The higher the flow rate, the smaller the changes are 

expected, provided that the mechanism of dissolution remains the same. It may, therefore, be suggested 

that the number of active sites remains constant, leading to a constant rate of dissolution, which may be 

monitored for long time periods. Earlier work has shown that the dependence of the rate of dissolution 

of DM, Rdiss, in calcium carbonate solutions undersaturated with respect to calcite, was first order with 

respect to the relative supersaturation with respect to calcite, calcite, suggesting surface diffusion- 

controlled kinetics [13]: 

𝑅𝑑𝑖𝑠𝑠 = 𝑘𝑑𝑖𝑠𝑠𝜎𝑐𝑎𝑙𝑐𝑖𝑡𝑒                                         (7) 

In the present case of DM slabs, should the mechanism be mass transport controlled, it should be:  

𝑘𝑑𝑖𝑠𝑠 =
𝐷

𝛿
                                                      (8) 

In Equation (8), D is the diffusion constant of the diffusing growth units (of the order of magnitude of 

inorganic ions, Ca2+, or CO3
2-, i.e., simple multiples of 10-10 m2·s-1) and  the thickness of the boundary 

layer around the DM grains [22]: 

𝛿 = (5.74𝜇𝑚) ∗ 𝑟0.145 ∗ (𝛥𝜌)−0.285                              (9) 
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In Eq. 9, r is the radius of dissolving DM grains (98.7 m) and , the density difference between DM 

grain and water (1.71 g·cm-3). Substituting in Eq. 9, we obtained the value =9.6 m. The dissolution 

constant calculated from the respective rate value measured was 7.8×10-9 m·min-1. The value of D 

according to the measurements should, therefore, be 1.24×10-15 m2·s-1. The value is unrealistically low 

for mass transport. It may, therefore, be suggested that in the microchannel as well, the mechanism of 

dissolution of the DM grains was again controlled by surface diffusion. This implies that reduction of 

active sites for dissolution of DM grains results in the reduction of rates of dissolution, concomitant with 

the application of coatings, provided that their conformation allows blocking and thus reducing active 

sites for dissolution on the calcitic crystals of DM grains. 

Clearly more work should be done in the investigation of the effect of flowrate on the kinetics of 

dissolution of DM over a rather wide range of undersaturation with respect to calcite. 

4 Conclusions 

DM powders and slabs were treated with two solutions of compounds possessing functional groups that 

may interact strongly, forming chemical bonds with calcitic materials and with a suspension of GO 

particles, which are deposited on DM by electrostatic interactions. The dissolution of DM was studied in 

calcium carbonate solutions undersaturated with respect to calcite at constant and/or variable pH in stirred 

batch reactors and in a microchannel and small flow-through reactor, respectively. The common 

conclusion from all measurements was that GO-coated DM yielded the lowest rates of dissolution, the 

reduction reaching as much as 60% in comparison with the untreated material. The microchannel reactor 

in which dissolution rates are monitored by video recording and/or by successive pictures taken as a 

function of time is a useful tool for screening the effect of various treatment agents for stone protection. 

HEDP and PAA low MW polymers were less efficient in reducing rates of dissolution in acid pH, 

although alkaline pH values have been reported as very efficient. Apparently, the extent of molecular 

ionization and of the conformation of these compounds on the surface of calcitic materials like DM is 

very important with respect to the protection of calcitic materials. 
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