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ABSTRACT 
 In decreasing the carbon footprint of process industry, 
the controlling of energy efficiency of process equipment 
has a significant role. One of the most marked factors in 
improving the energy efficiency is the mitigation of 
precipitation and crystallization onto the heat transfer 
surfaces. In many cases, analysis of deposited materials 
reveals that the trace compounds of process fluids are 
concentrated onto surfaces. Thus, trace compounds can 
affect fouling rate, structure and morphology of deposited 
materials and adhesion strength of depositions on the 
surfaces. In this study, formation of CaCO3 depositions in 
the presence of magnesium ions was investigated on 
stainless steel surfaces at the laboratory scale conditions. 
Deposition formation was also studied using molecular 
modelling methods in order to clarify the detailed formation 
mechanisms. In addition to stainless steel, diamond and 
zirconium nitride coatings were considered with modelling 
methods. The aim of the study was to clarify the effect of 
magnesium on the crystallization fouling. This work 
consisted of both molecular modelling research and 
experimental fouling experiments at the laboratory scale in 
order to clarify the detailed mechanisms for the deposition 
formation. 
 
INTRODUCTION 
 Fouling of heat transfer surfaces is a marked problem 
which reduces the thermal efficiency of heat transfer units 
and which is one of the major unresolved problems in most 
industrial processes (Bott, 1997). It causes economical 
losses and challenging problems to overcome in actual 
processes, and globally fouling has the marked effect on 
carbon dioxide releases and on climate change. It is 
estimated that fouling costs are about 0.2% of the countries’ 
Gross National Product (Müller-Steinhagen, 2002). 
 In industrial processes, depositions of inversely soluble 
cationic salts, like calcium carbonate (CaCO3), are rather 
typical depositions, which form unwanted depositions with 
trace compounds as magnesium and silicon onto heat 
transfer surfaces. Since CaCO3 is inversely soluble in water, 
the water-soluble calcium loses its ability to remain in 
solution and precipitates as a hard solid on heated surfaces. 
This inverse solubility behavior allows the salt to form an 
insulating deposit on the heat transfer surfaces. The deposit 
will then obstruct heat transfer, which leads to energy 
wastage and inhibition of fluid flow. Though, depositions 

are typically cleanable with acids, still costs of energy 
losses, operation and maintenance are significant. Because 
prevention of calcium depositions is difficult by controlling 
process conditions, new novel techniques are on 
development. For example, new surface materials can be 
useful in order to mitigate fouling in industrial processes. 
 A prerequisite for a development of materials is that the 
adhesion mechanisms of depositions onto surfaces are 
known. Fouling mechanisms can be classified into six 
groups: crystallization, particle attachment, chemical 
fouling, corrosion, biological fouling and solidification 
(Bott, 1995; Mwaba et al., 2006). The fouling rate, the 
chemical composition and the physical properties of 
deposited material on the surfaces depend on process 
conditions (e.g. pH, temperature, concentrations of soluble 
species of particles, fluid flow) and construction materials 
of heat transfer surfaces (Kostoglou and Karabelas, 1998). 
When the deposition formation of inversely soluble CaCO3 
will be considered, the role of crystallization fouling is the 
most probable mechanism in the initiation of the fouling. 
Further, the crystallization fouling caused by CaCO3 
solutions is very harmful in several industrial processes e.g. 
in dewatering and evaporation processes. 
 Because it is very demanding to gather information 
about interaction mechanisms (chemical or physical nature 
of bonding) between heat transfer surfaces and depositions 
with experimental methods, we utilized both laboratory 
scale fouling experiments and molecular modelling in order 
to obtain explanations for the attachment of depositions at 
the molecular level (Puhakka et al., 2011; Pääkkönen et al., 
2010). The initiation mechanism of crystallization fouling 
was determined on the silicon dioxide (SiO2), diamond and 
titanium carbide (TiC) surfaces at the molecular level. 
Experimental tests and analyses of depositions gave 
qualitative and quantitative information on the bulk 
properties and composition of depositions. Now, the role of 
trace compounds, like magnesium and silicates, on the 
deposition formation was investigated. The trace 
compounds can affect fouling rate, structure and 
morphology of deposited materials and adhesion strength of 
depositions on the surfaces. 
 The aim of this study was to clarify, if it is possible to 
use diamond like carbon (DLC) and zirconium nitride 
(ZrN) coatings instead of pure stainless steel surface in 
order to avoid CaCO3 depositions. In the molecular 
modelling studies, the original X-Ray diffraction (XRD) 
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structure was utilized in order to describe the surface 
structures of ZrN, but for stainless steel and DLC, the 
simplified structures of the materials were used. 
 The properties of stainless steel are based on the 
passive layer on the surface, which mainly consists of 
chromium oxides and has a thickness of about ten 
molecular layers (Pießlinger-Schweiger, 2005). Therefore, 
the passive layer of stainless steel was described with the 
hexagonal dichromium trioxide (Cr2O3) structure. The DLC 
coating is mainly amorphous, but XRD analyses for the 
DLC coatings on stainless steel substrates have indicated 
that there is also a crystalline phase on the surface structure 
of DLC coatings (Puhakka et al., 2011). Based on this 
detection, the surface structure of DLC was described using 
the structure of diamond. The surface roughness cannot be 
taken into account in these modelling studies. 
 The investigated coatings were selected based on 
industrial interest, when fouling caused by inversely soluble 
salts, like CaCO3, in the presence of trace compounds is 
attempted to mitigate on heat transfer surfaces. The effect of 
trace compounds (copper, iron and zinc) on calcite 
nucleation and precipitation has also been investigated 
earlier (Macadem and Parsons, 2004). It was detected that 
CaCO3 depositions are sensitive to impurity ions, and the 
most effective inhibitor of CaCO3 precipitation is zinc, and 
copper and iron has only little effect. Investigation on 
fouling behaviours of low-energy copper-modified surfaces 
has indicated that the fouling is enhanced in the presence of 
desorbed air bubbles on the modfied surfaces (Yang et al., 
2000). Further, it is detected that fouling resistance can be 
reduced only during induction period owing to the weaker 
adhesion strength of fouling (Yang et al., 2000). 
 In this study, the focus has been on the effect of 
magnesium (Mg2+) on the formation of CaCO3 depositions. 
Generally, it is known that magnesium has an inhibiting 
effect on the growth of calcite (the most stable polymorph 
of CaCO3) in the aqueous solution (Astilleros et al., 2010; 
Chen et al., 2005; Chen et al., 2006; Nishino et al., 2009). It 
is presumable that magnesium (Mg2+) suppresses the 
growth of calcite crystals, because Mg2+ incorporates into 
the calcite structure, which is supposed to be more soluble 
than the pure calcite phase. On the other hand, the lateral 
crystal growth (c-axis) is prevented in the presence of Mg2+ 
ions, because Mg2+ as a smaller than calcium (Ca2+) causes 
distortions for the calcite lattice. Of formed particles in bulk 
fluid, aragonite particles are more adherent and enhance 
deposition formation compared to calcite particles 
(Andritsos and Karabelas, 2003). 
 
METHODS 
  
Molecular Modelling 
 Density functional methods were used to investigate 
the crystal and surface structures of stainless steel and 
coating materials. The investigated coatings were diamond 
and ZrN. Because surfaces are subject to the effect of 
ambient process conditions, the role of process fluid (water) 
for surface structures was taken into account. Therefore, the 
adsorption mechanism of water onto the surfaces was 

investigated, and the model surfaces for deposition 
formation studies were generated. These surfaces were used 
to study the adsorption of magnesium (Mg2+), and carbonate 
(CO3

2-) ions onto surfaces, and the formation mechanism of 
carbonate depositions. All the calculations were performed 
with the CASTEP (CAmbridge Serial Total Energy 
Package) code implemented into Materials Studio versions 
4.1 (Accelrys, 2006), 4.2 (Accelrys, 2007), 4.3 (Accelrys, 
2008a), 4.3.1 (Accelrys, 2008b) and 5.0 (Accelrys, 2009). 
In these calculations, the total electronic energy and overall 
electronic density distribution were solved in order to 
define the energetically stable structures for surfaces and 
adsorbates on the surfaces (Leach, 2001). 
 During the geometry optimization of the crystal and 
surface structures of coatings, and adsorption studies of 
water and Mg2+ and CO3

2- ions onto the surfaces, the 
exchange-correlation was described with generalized 
gradient approximation GGA-PBE. As a compromise 
between the accuracy and computational time of 
calculations, the ultrasoft pseudopotentials were used for 
each element. In the potential of chromium, the semicore 
states were treated as a part of the core. The used potentials 
were C_00PBE.usp for carbon, Cr_00PBE.uspcc for 
chromium, H_00.usp for hydrogen, Mg_00.usp for 
magnesium, N_00PBE.usp for nitrogen, O_soft00.usp for 
oxygen, and Zr_00PBE.usp for zirconium. The kinetic cut-
off energy for a plane wave expansion of the wave function 
was 280 eV, except for structures containing Mg2+, cut-off 
energy was 310 eV. The morphology of coatings was 
predicted by using the BFDH (Bravais-Friedel Donnay-
Harker) method. 
 Energy values for the formation of MgCO3 depositions 
were calculated from the single-point energies of the ions 
and the surface structures with and without the adsorbed 
ions. The calculations were performed using the GGA-
RPBE exchange-correlation, and the kinetic cut-off energy 
was 330 eV. 
 
Experimental Set-up 
 Experiments were performed with the laboratory test 
facility described in Riihimäki et al. (2010). The set-up was 
the one described in Pääkkönen et al. (2010). This set-up 
consisted of two stainless steel (AISI 316L) flat plate test 
sections, size of 0.1 m x 0.2 m, in rectangular flow channel 
which flow area was 0.1 m x 0.015 m. Steel plates were 
heated by ohmic heaters (2 x 102 Ω) that were connected to 
a power transmitter (Powernet DC7480/220AI 3200W) to 
get constant, but adjustable heat flux. 
 
Test Fluid 
 The test solution, which was prepared by mixing 
CaCl2·2H2O, NaHCO3, and MgCl2·6H2O (BDH Prolabo) 
salts to the deionized water, was circulated to the test 
section from a mixing tank (100 dm3). Filters in series 
(Watman washable nylon 60 μm and Watman polypropene 
1 μm) were used before the test section to remove bulk 
particles from the test solution when necessary. 
Conductivity of the solution was controlled by dosing 
conductivity control solution (1.5 g/l CaCl2·2H2O and 1.5 
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g/l NaHCO3) automatically to the mixing tank. The 
conductivity control was used to maintain the concentration 
level at the test loop approximately constant, and thus to 
replace the decrease of the ions due to crystallization of the 
salts. 
 
Experimental Procedure 
 In every experiment, the mixing tank was first filled 
with deionized water. After that, the water was heated up to 
a desired temperature by circulating it in the set-up while 
the power to the test section and tank heaters was on. Each 
salt was dissolved to 10 dm3 amount of heated deionized 
water and added to the mixing tank in an order CaCl2, 
NaHCO3 and last MgCl2. A test was started when the 
surface and inlet temperatures and conductivity 
measurements were stabilized, not later than five minutes 
from the addition of the first salt. 

The fouling experiments were done in velocity of 0.20 
m/s having Reynolds number of 5 200. Thus, the flow was 
in the transient between laminar and fully turbulent flow 
regime. Heat fluxes of 68 and 51 kW/m2 were used in the 
tests without filters and only 51 kW/m2 with filters was 
used. The experiments were done with constant bulk fluid 
temperature (30 °C). Previously Pääkkönen et al. (2010) 
studied the effect of velocity and heat flux on fouling of 
CaCO3 with the fluid used also in this study. 

In the experiments without filters, bulk precipitation 
takes place simultaneously with surface crystallization and 
effect of magnesium on bulk precipitation was studied. 
When the effect of magnesium on surface growth was 
studied, tests were done using filters. 

 
RESULTS AND DISCUSSION 
 
Crystal Structure of the Materials 
 Fouling properties of different materials depend on the 
atomic layered structure of material surfaces. In order to 
investigate the surface structures, the crystal structures of 
materials have to be known. The chromium-rich oxide layer 
of stainless steel was described by the hexagonal Cr2O3 (a = 
b = 495.9 pm, c = 1359.3 pm and c/a = 2.741) with 
symmetry R-3c (Accelrys 2004). Other crystal structures 
were cubic diamond (a = b = c = 355.6 pm) and ZrN (a = b 
= c = 458.5 pm) with symmetry Fd-3m and Fm-3m, 
respectively (Accelrys, 2006). 
 In order to perform molecular modelling studies, the 
calculated lattice parameters for Cr2O3, diamond and ZrN 
have to be available. The target was that the calculated and 
experimental lattice parameters are comparable so that the 
modelling results can be utilized in order to interpret 
experimental findings. In this study, the earlier calculated 
lattice parameters for Cr2O3 and diamond were utilized, 
which are a = b = 513.8 pm, c = 1403.6 pm and c/a = 2.732 
for energetically stable Cr2O3 (Puhakka et al., 2008), and a 
= b = c = 357.4 pm for diamond (Puhakka et al., 2011). 
New calculated lattice parameters for ZrN were a = b = c = 
461.2 pm. These values indicated that the correspondence 
between the calculated and experimental parameters is good 
enough, 0.5–3.6%. 

 
Surface Structures 
 Based on the optimized crystal structures, the most 
typical surface structures of the materials were predicted by 
the BFDH method. This theoretical prediction completed 
the data obtained from XRD measurements of the same 
structures. According to the BFDH prediction, there are 
three dominant surfaces, (10-2), (104) and (006) for Cr2O3 
(Puhakka et al., 2008), one dominant surface, (111), for 
diamond (Puhakka et al., 2011), and two dominant surfaces, 
(111) and (200), for ZrN. 
 When the role of the dominating crystal planes are 
considered from a point of view of deposition formation at 
the molecular level, it is important to notice that the so-
called growth planes of materials are not necessarily the 
planes detected on the surfaces of equipment. Especially, 
this was significant in the case of Cr2O3, which is the 
corrosion protective layer of stainless steel. There a fully 
oxidated (004) surface is more relevant than (10-2), (104) 
and (006) surfaces where chromium atoms are five- or 
three-coordinated (Puhakka et al., 2008). 
 In the case of diamond and ZrN, the (111) surface was 
selected to advanced studies. For ZrN, the (111) surface is 
the most dominant crystal plane, where only Zr atoms exist 
on the top layer of surface. This surface was supposed to be 
active for surface reaction forming deposition formation. 
However, it was not taken into account possible oxidation 
reaction of ZrN into ZrO2. It is known that fully thermally 
oxidation happens, when temperature is raised to 550 °C 
(Milošev et al., 1997). Because in our experimental studies, 
the highest initial wall temperature was 80.2 °C, it was 
supposed that oxidation does not occur on these surfaces. 
 In the case of diamond, the deposition conditions of 
coating were taken into account in order to get a more 
profound description of the sterical and electrostatic factors 
of the surface. When the DLC coating is deposited by 
plasma enhanced chemical vapour deposition (PECVD) and 
physical vapour deposition (PVD) techniques, hydrogen 
layer exist on the top-most carbon layer (Grill, 1999; 
Laikhtman et al., 2004). Hydrogen gives the “diamond-like” 
properties for materials. Therefore, the cleaved (111) 
surface covered by hydrogen atoms was used in order to 
describe the real surface structure as precisely as possible 
(Puhakka et al., 2011). 
 
Deposition Formation on the Surfaces 
 When the surface structures were available, then 
deposition formation studies were started. In this study, the 
initiation of crystallization fouling caused by Mg2+ and 
CO3

2- species, and water as a process liquor was 
investigated. It was supposed that water adsorbs firstly onto 
surfaces, and after that the other species. 
 The adsorption mechanism of water depends on the 
surface structure and chemical composition of surfaces. 
Water can adsorb onto solid surfaces as a molecule, or it 
can dissociate forming partially or fully hydroxylated 
surfaces (Cappus et al., 1993; Maurice et al., 2001; 
Henderson et al., 2000; Henderson, 2002; Saunders et al., 
2008; Ignatchenko et al., 2006). Therefore, the type of 
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adsorption was defined for the (004) surface of Cr2O3, the 
hydrogen-covered (111) surface of diamond and the (111) 
surface of ZrN, which were used in our study. In order to 
study the adsorption mechanism, the surfaces were covered 
by water molecules or hydroxyl groups and protons 
(dissociated water molecule), and the modified surface 
structure was allowed to relax in order to receive the stable 
surface structures. 
 

 
Fig. 1 Formation of MgCO3 deposition on the fully 

oxidized (004) surface of Cr2O3 where the top 
layer consists of only oxygen atoms. Red spheres: 
oxygen. Small blue spheres between the oxygen 
layers: chromium. White spheres: hydrogen. Green 
spheres: magnesium. Grey sphere: carbon. 

 
 Based on our earlier study (Puhakka et al., 2008), the 
dissociative adsorption of water is possible onto Cr2O3 
surfaces. Then, the surfaces would be covered by surface 
hydroxyl groups. However, energetically it is more 
presumable that water does not dissociate, but it forms 
layered water molecule structures onto the surfaces. In the 
presence of Ca2+ ions, the layered water molecules 
reorientate on the surface forming Ca2+–(H2O)3 complexes 
(Puhakka et al., 2011). The same phenomena was also 
detected in the case of Mg2+ ions. The formation mechanism 
for MgCO3 deposition on the (004) surface of Cr2O3 is 
presented step by step in the Fig. 1. A Mg2+ ion adsorbs 
onto the water-covered surface, and after that a CO3

2- ion 
adsorbs forming the final deposition. The formation energy 
of this reaction is -7.83 eV. 
 On the (111) surface of diamond, dissociation of water 
does not happen, when the adsorbated hydrogen layer exists 
on the surface (Fig. 2). In the first step, a Mg2+ ion 
approaches the surface, but it reaches a stable energy level 
at the height of 1020 pm above the surface. The Mg2+ forms 

deposition in the next step in the presence of a CO3
2- ion. 

An additional water on the surface does not affect the 
structure of deposition. The total energy for this reaction is -
8.06 eV. 
 

 
Fig. 2 Formation of MgCO3 deposition on the (111) 

surface of diamond, where the uppermost layer 
consists of hydrogen. Grey spheres: carbon. White 
spheres: hydrogen. Green spheres: magnesium. 
Red spheres: oxygen. 

 
 On the (111) surface of ZrN, the dissociation of water 
is possible, but only half of molecules dissociate (Fig. 3). 
The energy released in this reaction is -3.28 eV. However, 
in the presence of Mg2+ ions, it is preferable that Mg2+ ion 
adsorbs onto the water-covered surface (Fig. 4), and the 
adsorption energy is -10.35 eV. The total energy for the 
deposition formation is -8.44 eV. 

 

 
Fig. 3 Dissociation of water on the (111) surface of ZrN. 

Small light blue spheres: zirconium. Big blue 
spheres: nitrogen. Red spheres: oxygen. White 
spheres: hydrogen. 
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Fig. 4 Formation of MgCO3 deposition on the (111) 

surface of ZrN. Small light blue spheres: 
zirconium. Big blue spheres: nitrogen. Red 
spheres: oxygen. White spheres: hydrogen. Green 
spheres: magnesium. Grey spheres: carbon. 

 
Table 1. Formation energies of CaCO3 and MgCO3 
depositions. 
 

 Formation energies 

 CaCO3   MgCO3 

Cr2O3 -3.15   -7.83 

Diamond -3.31   -8.06 

ZrN -8.01   -8.44 
 
 When these results were compared to the earlier 
calculated results in Table 1 for CaCO3 deposition 
formation (Puhakka et al., 2011), it was realized that the 
formation energies of MgCO3 depositions are more 
exothermic than those of CaCO3 depositions. Based on this, 
the MgCO3 depositions attach more tightly onto surfaces. It 
is presumable that this explains the inhibiting effect of Mg2+ 
on the growth of calcite crystals in the aqueous solution 
(Astilleros et al., 2010; Nishino et al., 2009). 
 These calculated formation energies correlate with the 
experimentally determined induction times for 
crystallization fouling (Puhakka et al., 2010). Because 
detailed description of the relationship behind the induction 
time of crystallization is complex and not known, the effect 
of magnesium on the crystallization fouling was also 
investigated experimentally. 
 
Fouling Experiments 
 The deposition formation of CaCO3 in presence of 
Mg2+ was investigated in the laboratory scale fouling test 
apparatus. The effect of magnesium on bulk crystallization 
and on surface crystallization was studied. The conditions 
for the tests were selected according to the observations of  
Pääkkönen et al. (2010) so that there are conditions where 
bulk precipitation is strong and the formed particles are not 

filtered from fluid, and weaker when decreasing 
concentration and eliminated with using filters. 

Fig. 5 presents experiments without filters where the 
bulk precipitation is (a) strong and (b) weak, while surface 
growth is still taking place. In Fig. 5a, concentrations of 
CaCl2·2H2O and NaHCO3 were both equally 0.75 g/l, and 
0.75 g/l also for MgCl2·6H2O when it was added, heat flux 
was 68 kW/m2, initial wall temperature was 80.2 °C. In Fig. 
5b, the concentration of salts were decreased to 0.5 g/l and 
heat flux to 51 kW/m2 resulting the initial wall temperature 
of 68.8 °C. The tests in Fig. 5 showed similar fouling 
behaviour with and without magnesium addition: induction 
time was not observed and the fouling rate was practically 
the same. 
 

 
a) Concentrations of salts 0.75 g/l, heat flux 68 kW/m2, 

fluid temperature 30 °C, velocity 0.2 m/s. 
 

 
b) Concentrations of salts 0.5 g/l, heat flux 51 kW/m2, 

fluid temperature 30 °C, velocity 0.2 m/s. 
 
Fig. 5 Effect of magnesium on fouling in the tests without 

filters when bulk precipitation is taking place. 
 
 Fig. 6 presents experiments with filters where the 
deposition of bulk precipitated particles was eliminated and 
surface growth of crystals dominates fouling. These 
experiments showed that magnesium has the effect on 
induction time and deposition rate. The induction time 

-10.35 eV 

2 H2O 2 H2O + Mg2+ 

2 H2O + MgCO3 2 H2O + MgCO3 + H2O 

+3.18 eV   

-1.27 eV 
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decreases from 150 min (0 g/l MgCl2·2H2O) to 30 min (0.05 
g/l) and further disappears (0.15 g/l). This may indicate that 
Mg2+ shortens so called induction time, the time during 
stable nucleus of the crystal forms that allows further 
growth of the crystals. The effect of Mg2+ on fouling 
resistance growth rate is not as clear than the effect on 
induction time. However, linear fouling resistance growth 
rates were determined excluding the 300 min from the 
beginning of the tests. Non-linear part (0-300 min) is due to 
initiation period when the surface may not be yet fully 
covered by deposit and surface effects may dominate 
deposition. During steady fouling period (300-1200 min) 
rates were 16·10-7 (0 g/l MgCl2·2H2O), 8.3·10-7 (0.05 g/l 
MgCl2·2H2O) and 10·10-7 m2K/kJ (0.15 g/l MgCl2·2H2O). 
This indicates that Mg2+ may have possibility to inhibit 
crystallization of calcite during steady fouling phase of the 
deposition. 
 

 
Fig. 6 Fouling curves for the test with filters. 

Concentration of NaHCO3 and CaCl2·2H2O was 
0.5 g/l, MgCl2·6H2O 0, 0.05 and 0.15 g/l, fluid 
temperature 30 °C, velocity 0.2 m/s and heat flux 
51 kW/m2. 

 
 Fig. 7 shows the shape of the crystals obtained from the 
deposited material. When bulk crystallization is strong (a), 
the deposited material has mostly rhombohedral shaped 
particles with equal edge lengths, but also some needle 
shape long orthorhombic crystals are present. At lower 
concentrations and with added magnesium salt (b), the bulk 
crystallization is simultaneous with surface crystal growth, 
and needle shape particles are present in larger amounts. 
Particle shape seemed to change so that orthorhombic 
needles get new crystal planes when magnesium is present 
in the solution. When filters were used (c), mostly needles 
were forming. It was observed that with magnesium salt 
addition new crystal planes were forming so that the obtuse 
angles in orthorhombic crystals disappeared. Formed 
morphology remained unsymmetrical hexagonal 
morphology where new edge lengths are shorter than in the 
symmetrical morphology. 
 XRD studies showed that orthorhombic aragonite was 
the main phase in the deposited material. Without 
magnesium addition, depositions contained orthorhombic 
aragonite more than 95% of the material and rhombohedral 
calcite less than 5%. In the experiment without filters 

having 0.5 g/l magnesium salt, deposition contained 74% 
orthorhombic aragonite, 24% rhombohedral magnesium 
calcite (Mg0.23Ca0.77CO3) and less than 2% rhombhedral 
dolomite MgCa(CO3)2. 
 

a)  
 

b)  
 

c)  
 

Fig. 7  Crystal shape in different test conditions. (a) strong 
bulk precipitation (0.75 g/l), (b) weaker bulk 
precipitation (0.5 g/l) and magnesium salt added 
(0.5g/l), (c) surface growth when filter used (0.5 
g/l) and magnesium salt added (0.5 g/l). 

 
When magnesium is present in the solution, it can 

replace calcium atoms incorporating Mg2+ in to growing 
crystal lattice whose composition can consequently be 
described as MgxCa1-xCO3. Astilleros et al. (2010) observed 
growth of calcite {10-14} surface and concluded that the 
rate at which this advances significantly decreases which is 
inhibiting calcite growth. Nishino et al. (2009) observed 
that magnesium would favour the formation of amorphous 
CaCO3 growth forming spherical particles instead of 
orthorhombic crystals. According to the experiments of this 
study in the conditions of heat exchanger with stainless 
steel (AISI 316) surface did not confirm the observation of 
inhibition of calcite growth rate and increased induction 
time. The conditions in heat exchanger differed from the 
most studies done at room temperature without constant 
fluid flow. Morphological studies with scanning electron 
microscopy (SEM) and structural studies with XRD gave 
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indication of changes in deposited material affected by 
magnesium that may have the strong effect on the fouling 
rate and on the induction of crystal growth on heat 
exchanger surfaces in different conditions both at laboratory 
scale and in industrial applications. 
 
CONCLUSIONS 
 Formation of MgCO3 depositions on different surfaces 
were studied using molecular modelling methods and 
performing fouling experiments in the laboratory scale. The 
initiation mechanism of crystallization fouling was 
determined on the stainless steel, diamond and ZrN surfaces 
at the molecular level, and the results were compared to the 
mechanisms of CaCO3 formation. Based on the molecular 
modelling results, the MgCO3 deposition formation is more 
effective than that of CaCO3. Therefore, even small 
amounts of Mg2+ can compete effectively for adsorption 
positions on the surfaces. Mg2+ can promote nucleation of 
calcite on stainless steel and thus shorten the induction time 
but still not promote further growth of crystals. It would be 
important that nucleation is avoided. Secondly, inhibition of 
further growth of already nucleated crystals is beneficial but 
it does not prevent fouling. Findings in this paper show that 
Mg2+ has important role on the nucleation and morphology 
of the calcite crystals in their further growth. When 
designing new non-fouling surfaces or inhibiting crystal 
growth in order to mitigate fouling, the impurity ions (also 
other than Mg2+) are beneficial to take into account. 
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NOMENCLATURE 
BFDH  Bravais-Friedel Donnay-Harker method 
CASTEP CAmbridge Serial Total Energy Package 
DLC  Diamond Like Carbon 
GGA-PBE Perdew, Burke and Ernzerhof version of 

generalized gradient approximation functional 
GGA-RPBE Hammer, Hansen, Norskov modified Perdew, 

Burke and Ernzerhof version of generalized 
gradient approximation 

PVD  Physical Vapour Deposition 
PECVD  Plasma Enhanced chemical vapour deposition 
SEM  scanning electron microscopy 
XRD  X-Ray Diffraction 
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