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Abstract 

The influence of acetate ion on the calcite precipitation kinetics has been studied using a 

continuously stirred mixed flow reactor supplied with calcium carbonate supersaturated 

solution seeded by Iceland spar calcite at pH of 9.0. Two types of liquid solutions were 

injected into the reactor with similar flow rates to induce calcite precipitation: 1) a mixture of 

sodium carbonate/sodium bicarbonate solution, and 2) calcium chloride solution. 0-20 mM 

acetate was added to the second solution. The saturation state and the composition of each 

sample were calculated using the computer code PHREEQC. Findings reveal that the 

addition of small amount of acetate significantly reduces the crystal growth rate of calcite. 

When all other experimental conditions were kept constant, 0.015 mol/kg concentration of 

acetate reduced the steady state calcite precipitation rate by half. Presumably, the measured 

inhibition could be explained by the adsorption of acetate ions at the active growth sites of 

calcite. Acetate ion did not decrease the degree of supersaturation of the solution in the 

reactor by the complex formation with calcium ion in the solution phase. Rather, the 

inhibition effect was explained by a Langmuir type adsorption kinetic model. This model 

was used to fit the calcite precipitation data obtained from the steady state calcite 

precipitation rate measurements in a linear fashion.  

Furthermore, SEM observations showed that the presence of acetate ion disturbs the crystal 

growth of calcite and results in the discontinuous appearance onto the seed surface. TEM 

investigation of the calcium carbonate precipitates showed that both calcite and aragonite 

had formed. In the base case, without acetate, the matrix crystal and the precipitate had 

different crystallographic orientations in the TEM SAED pattern. This implies that the calcite 

crystal growth did not take place layer by layer. The acetate ion reduces calcite precipitation 

rate; it might also affect the mineral carbonation process by slowing down the uptake of CO2 

to form calcite in basaltic aquifers. The calcite precipitation growth rate data obtained in the 

presence of acetate can probably be extended to simulate the inhibitory effect of acetate to 

the calcite group minerals such as rhodochrosite, siderite, magnesite, and smithsonite since 

all have the same crystal structure as calcite. 
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1 Introduction 

Calcite is an abundant carbonate rock-forming mineral in the Earth’s upper crust 

that is widely utilized by humans and nature. The precipitation and dissolution behavior of 

calcite has been investigated over a wide range of conditions and solution compositions 

[Dickinson et al., 2002; Dromgoole and Walter, 1990; Flaathen et al., 2009; 2010; Harstad 

and Stipp, 2007; Kontrec et al., 2004; Larsen et al., 2010; Lebron and Suarez, 1996; Y-P Lin 

and P C Singer, 2005a; b; Y-P Lin and Singer, 2006; Y P Lin and P C Singer, 2005; Lioliou 

et al., 2007; Oelkers et al., 2011; Michael M. Reddy and Hoch, 2001; Tai and Hsu, 2001; 

Teng et al., 2000; Tomson, 1983; Vavouraki et al., 2008; Verdoes et al., 1992; Xyla et al., 

1992; Yadav et al., 2008; Zhang and Dawe, 1998; Zuddas and Mucci, 1998; Zuddas et al., 

2003]. Calcite plays an important role, like other carbonate minerals, in rock-weathering and 

soil chemistry. These processes directly or indirectly impose control on the natural 

sequestration of CO2 [B.Krauskopf and K.Bird, 1995; Manahan, 2000; Stumm and Morgan, 

1996] and they are therefore an integral part of the regulation of carbon dioxide in the 

atmosphere. The chemical interaction between carbon dioxide and calcite and also other 

carbonate minerals is a constituent of the bigger equation related to global carbon cycle. In 

the normal state, the Earth maintains a natural carbon balance via the carbonate-carbon 

dioxide equilibrium cycle. However, it is believed that the global carbon cycle is changing 

rapidly as a result of the increased concentration of carbon dioxide in the atmosphere. This 

increase is caused by burning of fossil fuels [Metz et al., 2005]. As compared to the rapid 

rate at which humans are injecting carbon dioxide into the atmosphere, nature’s readjustment 

of upset concentrations of carbon dioxide is very slow. The increasing atmospheric CO2 

concentration is probably the most significant cause of the current global warming [Metz et 

al., 2005]. Finding solutions to reduce the emissions of CO2 has become an important 

environmental concern. One way to decrease the emission of this green house gas is by 

sequestration. Sequestration of carbon dioxide can take place in different forms such as: 

forestation, aquifer storage, deep sea storage and mineral carbonation. Owing to the stable 

nature of mineral carbonates for geological period of time, mineral sequestration is the most 

permanent and safe mechanism for storing carbon dioxide [Kelemen, 2009].  
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It is strongly believed that we need to understand the processes governing the 

kinetics and the mechanisms of calcite precipitation to be able to be a leading priority for the 

feasibility of carbon mineralization. It will also give hints about other important carbonates. 

This has been an impressive motivation for undertaking a number of investigations related to  

calcite precipitation kinetics [Flaathen et al., 2009; Harstad and Stipp, 2007; Kontrec et al., 

2004; Larsen et al., 2010; Y-P Lin and P C Singer, 2005b; Y-P Lin and Singer, 2006; Y P 

Lin and P C Singer, 2005; Michael M. Reddy and Hoch, 2001; Tomson, 1983; Xyla et al., 

1992; Zuddas et al., 2003]. 

Carbonate minerals such as calcite, dolomite, siderite and magnesite are 

framework minerals to form carbonate sediments. They are rarely found in equilibrium state 

because of the weathering processes. Carbon dioxide from the atmosphere reacts with water 

to form carbonic acid. Carbonic acid reacts with calcium or magnesium ions to form a 

carbonate precipitate [Bjørlykke, 2010]. This process is very important because it serves as a 

sink for carbon dioxide. Most carbonate minerals have either rhombohedra or orthorhombic 

crystal structure as a matter of the crystal habit of calcite and aragonite, respectively 

[Bjørlykke, 2010]. The choice of calcite as a model mineral stems from the fact that 1) it is 

easy to grow at a variety of controlled conditions at low temperature 2) it can serve as a 

representative mineral for other calcite group minerals such as siderite, dolomite and 

magnesite which fall in the same crystal structure group 3) there is ample thermodynamic 

and kinetic data sets on calcite crystal growth. Investigating the calcite precipitation 

kinetics:- nucleation and crystal growth helps not only to understand calcite crystal growth 

but also to project the results to other calcite group minerals.  The presence of trace 

amounts of chemical species such as sulfate ion, phosphate family ions, magnesium ion, iron 

ion, and organic matter is understood to have dramatic effects on calcite precipitation 

kinetics [Dove and Hochella, 1992; Flaathen et al., 2009;  Flaathen et al., 2010; Kontrec et 

al., 2004; Lebron and Suarez, 1996; Y-P Lin and P C Singer, 2005b; Y P LIN et al., 2005; 

Vavouraki et al., 2008; Zuddas et al., 2003].  
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In this study, acetate ion was chosen to investigate calcite precipitation kinetics. 

The aim is to understand calcite crystal growth in the presence of acetate ion and to extend 

the implications of the result for subsurface carbon storage. Acetic acid was one of the 

common acids, just like sulfuric and hydrochloric acid, that has been used to prevent calcium 

carbonate scale formation [Tomson, 1983] in petroleum industry. Dissolved organic matter 

has been found in all natural waters [Drever, 1997]. Even so, the effects of organics on 

crystal growth have been ignored in the past by geochemists. However, in recent years, there 

have been a lot of studies about the roles played by dissolved organic compounds in 

geochemical processes such as weathering and diagenesis [B.Krauskopf and K.Bird, 1995; 

Bjørlykke, 2010; Drever, 1997]. One among all these important geochemical processes that 

have been studied so far was the dissolution and precipitation kinetics of calcite in the 

presence of organic matter [Amjad, 1987; Giannimaras and Koutsoukos, 1988; Lebron and 

Suarez, 1996; Y P LIN et al., 2005; Lundegard and Land, 1989; Meldrum and Hyde, 2001; 

Njegic-Dzakula et al., 2009; Oelkers et al., 2011; Zuddas et al., 2003]. Even though there 

have been studies investigating the influence of citric acid [Alkhaldi et al., 2010], dissolved 

organic matter (humic and fulvic acids) [Amjad, 1987; Lebron and Suarez, 1996; Y P LIN et 

al., 2005; Zuddas et al., 2003], oxalate ions [Giannimaras and Koutsoukos, 1988], 

benzenepolycarboxylic acid [Amjad, 1987], synthetic polypeptides [Njegic-Dzakula et al., 

2009], amino acids [Manoli et al., 2002] and other organics on calcite precipitation kinetics,  

there has been no study about acetate ion influence on calcite precipitation kinetics. 

However, the truth is that the dominant dissolved organic anion in the vast majority of 

formation waters is acetate ion [Barth and Riis, 1992; Fisher and Amoco Production Co, 

1987; Giordano and Kharaka, 1994]. Recently, an investigation has been carried out to look 

at the effect of  acetate ion and other organic ligands,  which are found in nature, on calcite 

dissolution kinetics [Oelkers et al., 2011]. To our knowledge, as to the effect of acetate ion 

on calcite precipitation kinetics, this work will be the first ever investigation of the kind.  

Studying calcite precipitation kinetics has been considered as an indispensable 

prerequisite for understanding the global carbon cycle and hence for optimizing the 

conditions for carbon mineralization. Moreover, there could be a good possibility of applying 

the findings of this study from calcite growth kinetics to other carbonate minerals. 

Experimental investigations that have been done so far concerning the influence of additives 
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on calcite precipitation kinetics were lacking in adequate theoretical explanations. And 

though a lot of research is still underway: - the precipitation kinetics of calcite remains a 

poorly understood process in Earth sciences.  

The purpose of this work is, therefore to: 

 1) Investigate the influence of dissolved acetate ion on calcite precipitation kinetics 

depending on temporal changes in the bulk solution chemistry and look the implications for 

subsurface carbon dioxide storage  

2) Analyze the calcite precipitate formed at the surface of the calcite seed crystal using SEM 

and TEM to link atomic scale- with macroscopic scale processes to evaluate calcite 

precipitation kinetics in the presence of acetate ion  

 3) Extend the findings on the characteristics of calcite crystal growth rate in the presence of 

acetate ion onto the other important carbonate minerals such as rhodochrosite, magnesite, 

smithsonite, and siderite.  

In this work, EndNote X4 citation programme is used and the output style is based on the 

American Geophysical Union (AGU) Style Guide. 
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2 Theoretical Framework 
Even though the primary focus of this study was to experimentally investigate the 

effect of dissolved acetate ion on calcite precipitation kinetics, it was very important to 

review fundamental concepts related to this work, such as the property of calcite crystal, its 

precipitation kinetics in varied solution conditions, and the role of inhibitors on calcite 

precipitation kinetics. Hence, important findings from a wide range of papers constituting the 

large body of literature in these areas will be summarized in the following sections. 

2.1  Calcium Carbonate 

 

Calcium carbonate forms three polymorphic minerals: calcite, aragonite and vaterite. A 

detailed description of these crystalline forms is given in the next section. At standard 

conditions of temperature, calcite is the most stable form of calcium carbonate. Calcite is one 

of the major raw materials from which carbonate rocks are built [Bjørlykke, 2010]. 

Understanding the properties and crystal structure of calcite is the first step for describing the 

experimentally observed results about calcite precipitation and dissolution reactions. It also 

paves the way for optimizing the conditions for carbon sequestration through carbon 

mineralization. The kinetics of calcite precipitation in the seeded solution might not only be 

affected by the temporal changes in the bulk solution chemistry but also depend on the 

calcite physical- and, chemical properties and the chemistry of its crystal structure.   

The species forming calcite are bonded with two different forces namely, ionic and covalent. 

The bonding between Ca2+ and CO3
2- ions is dominantly ionic while the bonds which hold 

the CO3
2- groups together is dominantly covalent [Hammond, 2009]. Calcite is a carbonate 

mineral grouped under the hexagonal crystal system with rhombohedra crystal symmetry 

[Klein and Cornelius S.Hurlbut, 1999], though actual calcite rhombohedra are rare as natural 

crystals. However, they show a remarkable variety of habits including from acute to obtuse 

rhombohedra and tabular forms. Calcite exhibits several twinning types adding to the variety 

of observed forms. It may occur as fibrous, granular, lamellar or compact. 
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Calcite is strongly anisotropic because of the parallel arrangement of the carbonate groups 

(Figure 1). The main crystallographic direction is the c-axis, along which a three-fold 

rotation axis can be observed. It has many growth forms but the most important one is calcite 

{10-14} [Jamtveit and Meakin, 1999].   

 

 

 

Figure 1. The atomic crystal structure of calcite. The unit cell is represented as rhombohedra in 
shape. Taken from [www.mineralatlas.com, 2008]]  

2.2  Forms of Calcium Carbonate 

Calcium carbonate exists in three polymorphic forms: Calcite, aragonite and vaterite. A 

compound capable of crystallizing into different forms but chemically identical is said to 

exhibit polymorphism. Calcite has rhombohedra crystalline forms while aragonite is 

orthorhombic and vaterite is hexagonal. 
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2.2.1 Vaterite-aragonite-calcite 
 

 Calcite, aragonite and vaterite have been precipitated in the supersaturated solution of 

calcium carbonate by using constant composition method [Tai and Chen, 1998]. Calcite-

aragonite crystal growth from a supersaturated solution can be affected by the presence of 

trace amount of ions in the solution. [Bots et al., 2011], have investigated the roles of 

sulphate ion in the switch between calcite to aragonite in the seas. During the phanerozoic 

time period, the marine calcium carbonate mineralogy has moved back and forth between 

calcite and aragonite. Mg/Ca ratio in sea water has been considered as the primary driving 

force for back and forth progress of the crystal growth of calcium carbonate between calcite 

and aragonite. However, [Bots et al., 2011] found by doing laboratory controlled 

precipitation experiments, that an increase in the concentration of dissolved sulphate ion in 

the aqueous solution disturbs the Mg/Ca ratio. This leads to destabilization of calcite. Hence, 

aragonite turns out to be the dominant calcium carbonate polymorph. 

Supersaturated solutions exist in nature. It has been known that the presence of dissolved 

organic compounds is at least part of the causes for supersaturation of solutions in nature 

[Cody, 1991].There has been a lot of research on the precipitation of calcium carbonate in 

different crystalline forms from a given supersaturated solution. 

The factors affecting precipitation of calcium carbonate in supersaturated solutions have 

been studied by [Zeller and Wray, 1956]. This study indicated that the major factor 

influencing the form of calcium carbonate which will precipitate is the impurity content of 

the crystals. However, the impurity content is affected by the pH, temperature and impurity 

ion concentration in the original solution, the solubility of the polymorphs, crystal size and 

the time the precipitate remains in contact with the solution. 

Han et al. (2006) investigated the factors affecting the phase and morphology of calcium 

carbonate by using the bubbling gas (CO2/N2) method in calcium chloride solution. Their 

study found out that the initial calcium chloride concentration, flow rate, and temperature 

influence the phase and morphology of precipitated calcium carbonate. Low initial calcium 

chloride solution (from 0.001 M to 0.1 M) and flow rates (0.9 L/min to 3 L/min) favor the 
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formation of spherical vaterite. However, rhombic particles have been formed at a very low 

flow rate (0.03 L/min) while vaterite appears and increase as the flow rate increases. Besides 

at a very high concentration (0.3 M) of calcium chloride solution in the sample, the only 

phase that precipitated was calcite. Finally, temperature (60oC) favors the formation of 

needle-like aragonite. 

The transformation between calcite and vaterite has been effected by the presence of aspartic 

acid in the aqueous medium of a mixture of calcium chloride and sodium carbonate solution 

[Tong et al., 2003]. Calcium carbonate nucleation and crystal growth was induced by aspartic 

acid. Calcite was precipitated in the absence of aspartic acid in the reaction solution. 

However, a small amount of aspartic acid added into the reaction solution induced the 

precipitation of vaterite [Tong et al., 2003]. 

 

2.3  Calcium Carbonate interaction with Aqueous Carbon  

 

Carbon is exchanged through the carbon cycle. A large amount of  carbon is 

fixed in reservoir carbonates, particularly calcite and, dolomite [Manahan, 2000]. However, 

a relatively small amount of carbon, but a highly significant portion of the global carbon, 

exists as atmospheric gaseous CO2. This gas is involved in the weathering of carbonate 

minerals and as well as in their precipitation in the oceans. This implies that the way carbon 

exists in nature depends on the kinetics of dissolution and precipitation reactions of calcite. 

Based on this fact the chemistry of calcite in aqueous media can be studied as an integral part 

of the carbonate system. Many geochemical reactions which take place in nature are related 

to the carbonate system. These reactions play very crucial roles: - controlling the pH of most 

natural waters and the dissolution and formation of carbonate minerals. Carbonic acid 

dissolves calcium carbonate and hence leaches the already fixed carbon. Likewise, the 

bicarbonate ion reacts with calcium ion and fixes carbon in the form of carbonate mineral. 

More strictly, precipitation and dissolution kinetics of calcite is directly dependent on the 

carbonate equilibria conditions. Such type of a reaction proceeds in two ways: forward and 
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backward. After some time equilibrium condition may be achieved. The equilibria condition 

dictates the existence of the dominant form of dissolved carbonate species depending on the 

pH of the solution (Figure 2). It could be stated that the CaCO3-CO2-H2O system includes 

very important geochemical reactions which are related to global carbon cycle. Perturbation 

of dissolution and precipitation reactions can result in an imbalance in rates which may, in 

turn, bring about changes in the level of atmospheric gaseous CO2. This is quite important in 

order to understand the conditions which may upset the uptake and release of gaseous CO2. 

 

Figure 2. The influence of pH on the distribution of CO2-HCO3-CO3 in aqueous system at 25 oC 
taken from [Manahan, 2000] 

 

The chemical reactions when CO2 is in contact with the ocean surface is simply represented 

as a sequence of processes (Equation 2-1, 2-2, and 2-3). When calcite dissolves in water the 

carbonate ion must change its ionic forms depending on the pH values of the solution. As 

shown in Figure 2, it exists as CO2 (H2CO3) at low pH, HCO3
- at middle pH, and CO3 

2- at 

high pH. 

CO2 (g) + H2O (l) ↔ H2CO3 (aq)                   2-1 

H2CO3 (aq) ↔ H+ (aq) + HCO3
- (aq)                       2-2                              

                              

HCO3
- (aq) ↔ H+ (aq) + CO3 

2 (aq)                       2-3 

The equilibrium constants for equation 1, 2 and 3 can be written as follows, respectively; 
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Where KCO2 is the equilibrium constant for the formation of carbonic acid, K1 is the 

equilibrium constant for the dissociation of carbonic acid, K2 is the dissociation constant of 

bicarbonate ion, ai is the activity of species i. For dilute solutions, the activity of water is 

considered as 1. The precipitation and dissolution reaction for calcite can be written in a very 

simplified form as:  

)(3)(
2

)()(3 aqaqaqs HCOCaHCaCO −++ +↔+                   2-7 

The concentration of hydrogen ion and carbonate species in the aqueous media determine the 

progress of either calcite precipitation or dissolution: forward or backward directions 

(Equation 2-7). Precipitation of calcite is favoured at higher pH (backward direction) while 

dissolution of calcite is favoured at low pH conditions (forward direction). 

2.4  Crystal Formation in Supersaturated solution 

 

Crystallization is a very general term related to the transformation of either gas- or liquid 

phase into a solid phase. In very simplified ways, crystallization can be modeled as a two 

stage process: nucleation- and growth of crystals. This process requires the change in free 

energy [Jones, 2002] of reacting species in the system. The growth of crystals and nucleation 

depend on the degree of supersaturation [Markov, 2003]. Nucleation and crystal growth 

processes are very wide concepts and even too complex. However, this review part only 

concentrates on nucleation and crystal growth related to aqueous solution in a very general 

and simplified manner, given the scope of this study and its aim being the investigation of 
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calcite precipitation kinetics in seeded aqueous media in the presence of trace amounts of an 

organic salt. 

2.4.1 Nucleation 
 

Nucleation is the first step in precipitating a new solid from a supersaturated solution. 

In the process of nucleation, as its name indicates, a nucleus is formed at the instant the 

thermodynamic barrier is passed. A nucleus is a fine particle on which the spontaneous 

precipitation of the solid phase can take place in a supersaturated solution. Nucleation can be 

either homogenous or heterogeneous depending on the nucleation system. Homogenous 

nucleation has no preferred sites and it will happen spontaneously and in random fashion. 

Heterogeneous nucleation has preferred sites and the nucleation sites can be on boundaries 

and surfaces. Nucleation can also be named as primary- and secondary nucleation. Primary 

nucleation is the formation of a nucleus without any crystalline matter while secondary 

nucleation is the formation of nuclei with the presence of crystalline matter [Jones, 2002; 

Mullin, 2001]. According to Mullin (2001) and Jones (2002), primary nucleation is further 

classified into homogeneous and heterogeneous nucleation. They defined homogeneous 

nucleation as the spontaneous formation of the nuclei from a clear solution while in 

heterogeneous nucleation the formation of nuclei is induced by the presence of foreign 

particles. The calcite precipitation reaction in this study was provoked by continuously 

flowing fluid mass through a continuously stirred mixed-flow reactor by using initial calcite 

seed powders put at the bottom of a reactor. Hence, it is categorized as secondary nucleation 

taking place in a supersaturated solution induced by seeding. Seeding is a method of 

inducing crystallization in supersaturated solution as result of small particles of the material 

to be crystallized. The seeding material may not be necessarily the type of material used to 

undergo crystallization. 

Most of the time thermodynamically stable states will be disturbed by nucleation and 

crystal growth. In other words, the growth of solid phases in a solution is a disequilibrium 

process that follows a series of steps until equilibrium state is achieved. The transformation 

of species in the solution into a solid phase requires nucleation-and growth of a new phase. 
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2.4.2 Metastable Nucleation 
 

Metastable nucleation is the phenomenon that may occur during the nucleation stage. It is 

nucleation and growth of thermodynamically unexpected phase of a mineral. The detail 

about nucleation is given in section 2.4.1. Nucleation of a phase not expected from the 

relevant phase relation before nucleation of the stable phase may be important in crystal 

growth experiments [Wright and Catlow, 1999]. A supersaturated solution might contain a 

mixture of stable and unstable phases of the polymorphic forms of a given mineral. The more 

unstable phase from the supersaturated solution might nucleate first. However, when the 

stable phase subsequently nucleates, the unstable form crystal starts to dissolve.  

Aragonite-calcite transformation in the presence of strontium ion have been investigated by 

[Sunagawa et al., 2007]. Strontium plays a major role in metastable nucleation of aragonite 

in the precipitation of CaCO3 polymorphs in the aqueous solution. How does strontium affect 

this process? The presence of strontium has been reported as the basis for modification of 

surface energy term in CaCO3 nucleation. According to thermodynamics, calcite is the most 

stable form of calcium carbonate at low pressure and  aragonite at high pressure than 5 kb at 

ordinary temperature [Sunagawa et al., 2007]. Nevertheless, aragonite is the major 

constituent of shell, pearl and other biomaterials under 1 atmospheric pressure. This could be 

an indication of metastable nucleation of aragonite in aqueous solution. 

Metastable nucleation takes place in aqueous solution or in solid state phase transition. The 

possible reasons that have been suggested for this process to happen were the role of minor 

elements present in the solution such as strontium and magnesium or the strain field 

associated with lattice defects. A basic problem in calcium carbonate crystal growth involves 

the rate at which metastable aragonite undergoes transformation into calcite. This problem 

becomes much more complex in aqueous medium because the rate of transformation is 

affected by factors such as pH, PCO2, and the presence of inorganic and organic inhibitors 

[Sunagawa et al., 2007; Wright and Catlow, 1999]. 
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2.4.3 Crystal Growth 
 

Once stable nuclei have been formed (nucleation) in a supersaturated solution they 

will grow into an observable crystal size. Crystal growth is then the process by which 

existing nuclei of material grow into larger particles. Growth can occur at artificial 

nucleation sites, which may be added purposely or be introduced do to contaminants in the 

solution. Crystal growth in a seeded solution takes place on the surface of the seed crystal i.e. 

on solid-liquid interface. The crystal growth mechanism thus depends on the nature of the 

solid surface [Byrappa and Ohachi, 2003].  The roughness or smoothness of the interface’s 

structure affects the growth mechanism, the growth rate and the driving force for the growth 

of the crystal [Byrappa and Ohachi, 2003].  As mentioned by [Sunagawa, 1987], depending 

on the nature of solid surface, the crystal growth mechanism can be classified as adhesive or 

continuous type for rough interface, two-dimensional nucleation growth and spiral growth 

for smooth interface (Figure 3). The varied growth mechanisms for crystal growth has been 

explained by different theoretical models [Mullin, 2001; Sunagawa, 1987]. 

 

2.4.3.1  Theoretical models 
 

Different theoretical models have been proposed by different scientists to explain the 

observation of different crystal growth mechanisms. In general these models can broadly be 

categorized as diffusion-reaction model and surface integration model [Jones, 2002]. Of 

course this classification is very comprehensive because including many specific 

classifications is beyond the scope of this work. The purpose of this write up is not to detail 

about crystal growth models. It is only to give an introductory part about terminologies and 

concepts most used in crystal growth science. This information will help to clarify the 

following section (section 2.5) which primarily presents crystal growth rates and growth 

mechanism related to calcite precipitation kinetics. Crystal growth takes place on the 

interface between the liquid and solid phases.  
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The interface roughness and the driving force determines the crystal growth 

mechanism and the growth rate at the interface [Sunagawa, 1987]. In region “a” as shown in 

Figure 3 i.e. the rough interface, the growth rate is linearly related to the driving force. If an 

interface is smooth as shown in Figure 3 the two dimensional layer growth may take place 

either by a two dimensional nucleation growth mechanism (region “b”) or by spiral growth 

mechanism (region “c”). In these regions the growth rate versus the driving force follows a 

power law. The number that defines the power can be 1, 2 or above. The value of the power 

is dependent upon the mechanism of the crystal growth [Sunagawa, 1987]. 

 

Figure 3. The schematic diagram showing surface structure as function of growth rate and driving 
force [ adapted from [Byrappa and Ohachi, 2003]] 

2.5  Rate and Mechanism of Calcite Precipitation  

2.5.1 Rate Laws 
 

The rate of a given chemical reaction depends on different factors such as the 

concentration of the reactants, the temperature and pressure of the reaction, nature of the 

reactants, surface area of the reactants, and the presence of catalysts. Consider the reaction of 

the form: 

2A + B               3C + D                           2-8
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Generally the rate equation for the above reaction can be represented by either the rate of 

consumption of the reactants or the rate of formation of products as follows: 

[ ]
[ ]td

Rd−
                                            2-9 

[ ]
[ ]td

Pd
                                           2-10 

Where Equation 2-9 is the change in concentration of the reactants with time and Equation 2- 

10 is the change in concentration of products with time. Hence the dimensions of the rates of 

the reaction can be expressed as moles/liter second, moles/liter min, etc. By applying the 

general rate equation above for reactants and products it is possible to write the rate equation 

using the stoichiometry of the reaction for Equation 2-8: 

[ ]
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                                    2-11      

At has been shown with this equation, there are several rate equations describing the same 

reaction represented by Equation 2-8.  By using the extent of reaction [Atkins and Paula, 

2006], it is possible to avoid different rate equations describing the same reaction. If species 

R is participated in the reaction, then the extent of the reaction (E) can be expressed as 

R

oRR nn
E

ν
,−

=  ,                               2-12 

where νR is the stoichiometic number of species R and n the amount of species R 

The rate of change of the extent of the reaction can be related to the unique rate of reaction, 

r, as [Atkins and Paula, 2006]:   
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By rearranged, the rate of the reaction can be expressed as: 

dt

dn

V
r R

R

11 ×=
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                                                 2-14 

For a homogeneous reaction in a constant volume system Equation 2-14 can be written as: 

[ ]
dt

Rd
r

Rν
1=                            2-15 

, and for heterogeneous reaction we use the constant surface area (A) occupied by species R 

in place of volume. Hence Equation 2-14 can be rewritten as: 

dt

dM
r R

Rν
1=    ,                                        2-16 

where MR  =  nR/A. 

It is possible to calculate the rate of a heterogeneous chemical reaction from Equation 2-16, 

as the concentration-time change for a species divided by the stoichiometric coefficient of 

that species. How fast a chemical species is consumed or how fast it is formed is studied by a 

field of study called chemical kinetics. Chemical kinetics deals with the rates of chemical 

reactions, factors which influence the rates and explanations of the rates in terms of the 

reaction mechanism of chemical processes [Missen et al., 1999]. 

Rate law-Rate constant-Reaction order: Moreover, the rate of the reaction for the reactants 

(Equation 2-8) can be represented by using a constant at specified temperature multiplied by 

the concentrations of reactants raised to some power. The general rate law to Equation 2-8 

with respect to reactants can thus be written as: 
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[ ] [ ]bBaAkRate=                           2-17 

In this rate law, k is the specific rate constant for the reaction at a specified temperature, the 

powers a, and b are the orders of the reaction with respect to reactant A and B, respectively. It 

should be noted that the value exponents a, and b and the value of the rate constant k do not 

necessarily have relationships to the coefficients in the balanced chemical equations for the 

overall reaction rather they are determined experimentally. The powers to which the 

concentrations are raised, a and b, are usually integers or zero, however, they are 

occasionally fractional or even negative [Atkins and Paula, 2006]. The overall order of the 

reaction is the sum of the individual orders for the rate laws represented in Equation 2-17. 

Based on the order of the reaction, we could say something about the dependency of the rate 

of reaction on the concentration of the reactants. For example, if the reaction is first order, 

then the rate is directly proportional to the concentration of the reactant. When the rate law is 

not in a form as in Equation 2-17, the reaction does not have an overall order and may not 

even have definite orders with respect to each participant. To deal with such types of reaction 

is beyond the scope of this review, but the details about this issue can be found in different 

advanced physical chemistry and chemical kinetics books. Some details can be found in 

[Atkins and Paula, 2006; Brantley et al., 2008; House, 2007; Missen et al., 1999] 

2.5.2 Calcite Precipitation Kinetics 
 

The fundamental thermodynamic driving force for crystallization is given by the change in 

the chemical potential between standing and equilibrium states [Jones, 2002]. However it is 

not easy to measure the change in chemical potential for solid phase formation from a given 

supersaturated solution. The driving force is then approximately expressed in terms of the 

change in concentration of the solute in excess of its equilibrium. As a result of this calcite 

precipitation kinetics has been studied in the laboratory primarily considering the temporal 

evolution of calcium concentration [Brantley et al., 2008; Flaathen et al., 2009; Flaathen et 

al., 2010; Y P Lin and P C Singer, 2005; Lioliou et al., 2007; Teng et al., 2000]. Calcite 

precipitation kinetics is expressed as a function of the degree of supersaturation of the 

aqueous solution.  
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The measured calcite precipitation rate has been modelled by using the following empirical 

equation: 

nkR )1( −Ω= ,                      2-18 

where R represents the precipitation rate, k stands for an apparent rate constant, (Ω-1) 

represents the degree of supersaturation of the reactive fluid and n represents an empirical 

reaction order. Ω expresses the saturation state of solution which is defined as the ratio of the 

ion activity product of dissolved mineral component (Q) to the thermodynamic solubility 

product (Ksp). For calcite, the saturation state is then expressed as:  

sp
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,                                                       2-19 

where, “a” refers to the activity of the aqueous species. 

2.5.3 Kinetic models  

 

Affinity-based rate laws and mechanistic rate laws are two major categories of kinetic 

models which have been used to describe the precipitation and dissolution of calcite [R. 

Shiraki and S. L. Brantley, 1995]. The saturation state of the solution is related to kinetics of 

the reaction based on affinity based rate laws, while mechanistic rate laws describe the rate 

as a function of one of several elementary reactions. Shiraki and Brantley (1995) studied 

kinetics of near-equilibrium calcite precipitation at 100 oC and 100 bars total pressure 

between pH 6.38 and 6.98 using a continuously stirred tank reactor in NaOH-CaCl2-CO2-

H2O solutions. They used three-affinity based rate models to fit surface-controlled calcite 

precipitation rate data because none of the affinity-based models fit precipitation of calcite 

over the full range of degree of supersaturation. Figure 4 shows different ways of describing 

calcite crystal growth rate to degree of supersaturation based on the physical models of 

surface-controlled precipitation rate data for calcite. 
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Figure 4. Crystal growth rate as a function of degree of supersaturation. Taken from [R. Shiraki and 
S. L. Brantley, 1995] 

 

As shown in (Figure 4) crystal growth is linearly related with respect to the free energy of the 

reaction (adsorption rate law-curve 1) and nonlinearly related with respect to the free energy 

of the reaction (screw dislocation rate law-curve 2 and surface nucleation limited rate law-

curve 3). 

2.6  Factors Affecting Calcite Precipitation Kinetics 

 

A series of calcite precipitation experiments has been carried out to study the factors 

affecting calcite nucleation and precipitation kinetics. Depending on the purpose of the 

investigation, the experiments have been done either in the pure solution or in the presence 

of inhibitors. There have been a lot of factors affecting calcite nucleation and precipitation 

kinetics. Some of these factors are: 

� dissolved organic matter [Cody, 1991; Giordano and Kharaka, 1994; Kitano and 

Hood, 1965; Lebron and Suarez, 1996; Manoli et al., 2002; Erwin Suess, 1970; E. 

Suess, 1973; Zuddas et al., 2003] 
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� orthophosphate, polyphosphates, and fluoride ion [Dove and Hochella, 1992; Y-P Lin 

and P C Singer, 2005b; Vavouraki et al., 2008] 

� sulphate- and magnesium ion [Deleuze and Brantley, 1997;  Flaathen et al., 2010; 

Meldrum and Hyde, 2001; Vavouraki et al., 2008] 

� seed material and solution composition [Y-P Lin and P C Singer, 2005a; Lioliou et 

al., 2007] 

� Ionic strength [Zhang and Dawe, 1998; Zuddas and Mucci, 1998] 

� calcium/total carbonate concentration ratio in solution [Perdikouri et al., 2009] 

� Ca2+ to CO3
2- activity ratio on spiral growth [Larsen et al., 2010] 

2.6.1 Inorganic Additives 
 

Sulphate ion: The presence of dissolved sulphate ion in a given solution affects the 

precipitation kinetics of calcite. The presence of trace amount of dissolved sulphate ion 

decreases the precipitation rate of calcite in seeded solution [Flaathen et al., 2010; 

Vavouraki et al., 2008]. It apparently inhibits the precipitation kinetics of calcite by surface 

adsorption [Vavouraki et al., 2008]. It is also shown that the presence of magnesium (Mg2+) 

in a solution influences the precipitation kinetics of calcite [Berner, 1975], a concentration as 

low as only 5 % of that found in sea water inhibits the precipitation. This is due to the 

adsorption of hydrated Mg2+ ion on calcite surface.  

Phosphate family and fluoride ion: The presence of phosphate (PO4
3- or more complex 

forms) in solution inhibits the calcite precipitation rate apparently by surface adsorption 

[Walter and Burton, 1986]. Scanning Force Microscopy has been used to investigate calcite 

precipitation mechanisms and inhibition by the presence of orthophosphate at condition near-

equilibrium from a supersaturated solution with respect to calcite [Dove and Hochella, 

1992]. A number of studies on calcite precipitation kinetics, precipitation of calcite begin 

with the formation of surface nuclei at a solution supersaturation greater than 1 to 2. The 

surface history of the calcite seed determines the influence of phosphate on calcite 
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precipitation rate. Hence depending on the surface history, two inhibition mechanisms have 

been suggested [Dove and Hochella, 1992]. Phosphate introduced during nucleation stage 

results in the formation of nuclei with amorphous shapes while phosphate added during layer 

growth disturbs the relatively straight steps formed without phosphate to form jagged steps. 

The result of their investigation suggests that experimental examinations of calcite 

precipitation kinetics and interpretation of growth mechanisms must be taken into 

consideration for the early stage contribution of nucleation. Furthermore, both crystal growth 

and dissolution of calcite are affected by the presence of fluoride ion [Vavouraki et al., 

2008]. On the other hand, low fluoride concentration (≤ 0.33 mM) does not affect calcite 

crystal growth rate. However at higher concentration (up to 5 mM) the growth rate decreases 

significantly. Fluoride ion inhibits calcite crystal growth possibly through adsorption at the 

active growth sites [Vavouraki et al., 2008]. Polyphosphates inhibit calcite crystal growth by 

blocking the active growth sites through adsorption [Y-P Lin and P C Singer, 2005b].  

Iron ion:  The presence of iron (Fe2+) inhibits the precipitation rate of calcite at a very low 

concentration [Meyer, 1984]. 

2.6.2 Organic Additives 
 

All natural waters contain organic compounds [Drever, 1997]. Acetate ion is the most 

abundant ion in the pore waters of sedimentary basins at which subsurface CO2 storage could 

most probably be done [Barth and Riis, 1992; Giordano and Kharaka, 1994; Oelkers et al., 

2011]. Acetate ion plays an important role in mineral diagenesis in sedimentary basins 

[Barth and Riis, 1992; Fisher and Amoco Production Co, 1987; Giordano and Kharaka, 

1994]. In this study, acetate ion was chosen to study calcite precipitation kinetics. The idea 

was commenced based on the aforementioned facts. The precipitation kinetics of calcite from 

its supersaturated solution in the presence of organic species has motivated the attention of 

several investigators. In the process, a wide variety of organic compounds were examined for 

their effects on the calcite precipitation kinetics [Amjad, 1987; Giannimaras and 

Koutsoukos, 1988; Lebron and Suarez, 1996; Y P LIN et al., 2005; Lundegard and Land, 

1989; Meldrum and Hyde, 2001; Zuddas et al., 2003]. The results have shown that when 

present at low concentrations, different types of organic compounds greatly inhibit the 
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precipitation rate of calcite from supersaturated solution. It is proposed that these compounds 

have affected calcite crystal growth in two ways;1) they could inhibit crystal growth by 

binding to the growth site of the minerals and 2) they could act as a heterogeneous nucleator 

[Giannimaras and Koutsoukos, 1987; Manoli et al., 2002; Xyla et al., 1992] controlling and 

stabilizing the precipitating polymorphs.   

The concentration of organic inhibitors during the crystallization process is not 

stoichiometric [Cody, 1991]. In other words there is no fixed stoichiometric relationship 

between the concentration of the inhibitor and that of the potential precipitate. A very small 

amount of inhibitor molecules can deactivate normally active growth sites; hence small 

concentrations may effectively inhibit crystallization processes. 

Amjad (1987) investigated the crystallization of calcium carbonate on calcite seed crystals in 

the presence of organic additives. However, nothing has been said about which form of 

calcium carbonate (calcite, aragonite or vaterite) was studied. The addition of 

benzenepolycarboxylic acids to the calcium carbonate supersaturated solution has a striking 

inhibitory effect upon the rate of crystal growth of calcium carbonate [Amjad, 1987]. The 

constant composition technique has been used to study the influence of these acids on 

calcium carbonate precipitation. The results have shown that the inhibitory effect was due to 

adsorption of the organic species at the active growth sites of the calcite seed. A Langmuir 

type adsorption model has been used to describe the inhibition of calcium carbonate crystal 

growth by carboxyl containing ions as shown in Figure 5. 

 

Figure 5. The effect of mellitic acid on the crystal growth of calcium carbonate at pH 8.50 and at 

temperature 25 0C  
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According to Equation 2-20 the relative inhibition of the growth of calcite is linearly related to the 

concentration inverse of the mellitic acid. At equilibrium condition: 
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io

o +=
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1 ,                                                            2-20 

where ko and ki are growth rate constants in the absence and presence of inhibitor, 

respectively, ka is the rate of adsorption, kd is the rate of desorption and [C] is the adsorbed 

inhibitor concentration. This linear relationship shows that the inhibitory effect is due to 

adsorption at active growth sites. Amjad found that, with the same solution concentration, 

the more highly carboxylated benzenes are better inhibitors than less carboxylated benzenes.  

Calcite precipitation kinetics has been treated both theoretically and experimentally in the 

presence of humic acids under seawater conditions [Zuddas et al., 2003]. According to 

Zuddas et al. (2003) even though humic acids inhibit the calcite precipitation kinetics, the 

mechanism of calcite precipitation is independent of the concentration of the dissolved 

organic matter. They have proposed that organics inhibit the calcite precipitation rate under 

seawater solutions by covering the active growth sites rather than via complexation of 

calcium ion in solution. SEM analysis has shown that the presence of humic acids resulted in 

not only morphological changes of the calcite seed crystal but also a reduction of the growth 

rate by one order of magnitude. Hence, the planes at which calcite crystal growth have been 

interrupted caused a broken or discontinuous appearance as shown in Figure 6. 

� photomicrograph of the calcite 

crystal growth on calcite seed in the 

absence of humic acids (6a) 

� Photomicrograph of calcite crystal 

growth on calcite seed in the 

presence of  50 and 500 µg/kg 

acids, respectively (6b and 6c) 

Figure 6. SEM micrographs of calcite seed crystal after crystal growth experiments [taken 
from [Zuddas et al., 2003]] 
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2.6.3 Other Factors 

2.6.3.1  Ion activity ratio-Ca2+/CO3
2- 

 

In their investigation on the effect of varying the activity ratio of calcium ion to carbonate 

ion on spiral growth at calcite {10-14} surface, [Larsen et al., 2010], reported that the 

activity ratio of calcium ion to carbonate ion has been rarely considered in modelling calcite 

crystal growth. Rather most experimental investigations have focused on the role of the 

degree of supersaturation in controlling the thermodynamics and kinetics of calcite crystal 

growth processes [Brantley et al., 2008; Flaathen et al., 2010; Giannimaras and Koutsoukos, 

1988; Teng et al., 2000]. The thermodynamic driving force have been fixed to study the 

influence of the calcium-carbonate ion ratio on calcite precipitation kinetics [Larsen et al., 

2010].  

 

They observed that at the microscopic scale, 

the growth velocity of calcite generally 

decreased with increasing Ca2+:CO3
2- activity 

ratio but acute steps were more affected by 

changes in solution composition than obtuse 

steps. At high Ca2+:CO3
2- activity ratios, 

obtuse steps grow faster than acute steps 

whereas the trend reverses at low activity 

ratios.  

Figure 7. Illustration of atomic scale {10-14} form of calcite. Taken from [Larsen et al., 2010] 

 

As has been highlighted in section 2.1, calcite preferentially grows as the {10-14} 

forms in pure calcium carbonate supersaturated solution. The faces on the 

rhombohedra intersect at obtuse and acute steps as shown in Figure 7.  
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As shown in Figure 8, at the atomic scale, the crystal surfaces form a combination 

of: terraces, steps and kink sites depending on whether they are parallel to at least 

two most dense rows of atoms, one most dense rows of atoms or whether they are 

not parallel to most dense rows of atoms, respectively [Mullin, 2001]. Depending on 

their positions atoms have different tendencies to occupy these sites at the crystal 

surface. The energy required to attach or detach the growth unit at the surface sites 

depends on the nature of bonding sites.  

 

 For example, an atom adsorbed on the 

terrace is bounded by one bond with the 

crystal while it has five unsaturated 

coordination sites. Accordingly, the order of 

increasing reactivity is: terrace, step, and 

kink [Larsen et al., 2010]. 

 

Figure 8. Sketch of the crystal surface model containing different crystal growth sites at the 
atomic scale. Taken from [Larsen et al., 2010] 

 

The study cited above reveals that the crystal growth process at the atomic scale is affected 

by solution composition, kink energies, geometries, dehydration of incorporating ions and 

reactive surfaces. The presence of other species in the solution and their interaction with the 

surface and attaching and detaching ions could also affect the interplay of the aforementioned 

factors. This implies that both ion activity product and the ion activity ratio in solution affect 

the step growth kinetics of calcite crystal. 
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2.6.3.2  Calcium to total carbonate concentration ratio 
 

The growth mechanisms of calcite from solutions of two constant values of supersaturation 

(Ω1 = 5.248 and Ω2 = 6.457) have been studied using atomic force microscopy (AFM) by 

varying the Ca2+ to CO3
2- concentration ratio [Perdikouri et al., 2009]. They used single 

Iceland spar calcite crystal cleaved along the {10-14} plane. Their working solution for all 

the growth experiments has been a mixture of CaCl2 and Na2CO3 fresh aqueous solution. In 

calcite precipitation reaction, it has been shown that the Ca2+ / CO3
2 concentration ratio plays 

an important role in determining the calcite crystal growth and the morphology of growth. 

Their experimental results confirm significant dependence of calcite crystal growth rate on 

solution stoichiometry at a constant value of supersaturation. The calcite growth rate is 

reported as maximum for a solution with equal concentrations of calcium and carbonate ions 

in the solution (i.e. Ca2+ / CO3
2= 1), but the rate decreases nonsymmetrically for higher or 

lower values of the ratio of calcium to total carbonate. This suggests unequal frequency 

factors for the attachment of cations and anions to kink sites at the calcite surface. 

2.6.3.3  Seed material and solution composition 
 

Calcite precipitates in a supersaturated solution via nucleation and crystal growth. In seeded 

solutions the nuclei form at the instant the thermodynamic barrier is passed. Different seed 

crystals have different degrees to lower the activation energy barrier. This depends on the 

level of molecular affinity between the seed crystal and the precipitating phase [Y P Lin and 

P C Singer, 2005; Stumm and Morgan, 1996]. pH-stat system has been used to study the 

effect of seed material and solution composition [Y P Lin and P C Singer, 2005] on calcite 

crystal growth kinetics. The seed materials, used by [Y P Lin and P C Singer, 2005], are 

quartz, dolomite, two calcites with different particle size and specific surface area, and two 

dried precipitates from precipitative softening water treatment plants. Of the seed materials 

used, only calcite initiated calcite precipitation growth [Y P Lin and P C Singer, 2005]. As 

Lin and Singer (2005) confirmed calcite precipitation rate increased by increasing 

carbonate/calcium ratio in a solution with the same degree of supersaturation. This is in 
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contrary to the generally accepted empirical rate expression (see Equation 2-18). 

Experimentally collected data in relation to calcite precipitation rate are modelled using this 

equation with supersaturation (Ω) as the only variable [Y P Lin and P C Singer, 2005]. As 

Lin and Singer (2005) pointed out and other studies they referred to, this model has 

limitations. The calcite precipitation kinetics is quantified by only considering the species in 

the solution phase. Other important processes at the solid-water interface, such as adsorption 

of the lattice ions and incorporation of ions into the mineral lattice, are not considered [Y P 

Lin and P C Singer, 2005].  

Their results showed that the calcite precipitation rate increases with increased the carbon 

total to calcium ratios for solutions with the same degree of supersaturation. Apparently, 

many combinations of Ca2+ and CO3
2- activities can result in the same degree of 

supersaturation. The commonly used empirical rate equation or rate model cannot explain 

calcite precipitation kinetics results obtained by [Y P Lin and P C Singer, 2005]. The 

proposed rate equation that has been used to represent the kinetics of calcite precipitation by 

[Y P Lin and P C Singer, 2005] can be referred. Seeded growth experiments for calcite 

conducted by using calcite and quartz as seed materials revealed that calcite precipitation is 

initiated by calcite seed rather than quartz seed [Lioliou et al., 2007]. 

 

2.6.3.4  Ionic strength 
 

Calcite precipitation rate is not only affected by degree of supersaturation of the solution but 

also by the solution pH, ionic strength and the concentration ratio of calcium to bicarbonate 

ion [Zhang and Dawe, 1998]. The effect of ionic strength on the kinetics of calcite 

precipitation at a temperature of 298.15 K and a CO2 partial pressure of 100 Pa was studied 

with the [Ca2+] kept constant while the [CO3
2-] varied [Zuddas and Mucci, 1998]. The 

experiment was performed with four different ionic strengths (I = 0.10; 0.34; 0.55; 0.93 m) 

in NaCl2-CaCl2 solutions. They found that a 50 % increase of the total ionic strength of the 

parent solution increases the calcite precipitation rate by two orders of magnitude. Moreover, 
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the mechanism of calcite precipitation changes significantly as a result of changes in ionic 

strength of the working solution. This could possibly be due to ion interaction in solution and 

at the mineral interface [Zuddas and Mucci, 1998]. 
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3 Experimental System 

The experimental system includes the materials, the procedures and the experimental 

methods used to investigate calcite precipitation kinetics. 

3.1 Experimental Materials and Procedures 

3.1.1 Seed crystal 
 

Large transparent Iceland spar calcite seed crystals collected from hydrothermal veins in 

basaltic traps in central Siberia were used in all of the experiments. The calcite seed crystals 

were prepared as described previously [ Flaathen et al., 2010]. The grain size distributions of 

the seed used were 125-250 µm. The specific surface area of the seed crystal was measured 

by using multiple-point BET krypton gas adsorption with a Quantachrome Autosorb 

Automated gas sorption system (Quantachrome Instruments). The specific surface area of the 

Iceland spar calcite seed crystal was 375 cm2.g-1.  

 

3.1.2 Milli-Q Direct 8 systems  
 

Milli-Q water was used for all types of experimental activities related to the calcite 

precipitation kinetics. Milli-Q water is tap water that has been purified and deionized to a 

very high degree using the Milli-Q 8 system to reach the resistivity of 18.2 µΩ·cm-1 at 25 oC 

and total oxidizable carbon (TOC) of a value below 5 ppb [2010]. The Milli-Q water was 

dispensed by Q-POD® through a 0.22 µm membrane filter that was interfaced with Milli-Q 

8 system. It is capable of producing water pure enough to get reproducibility and accuracies 

within parts per million when used in analytical geochemistry works [Yokoyama et al., 

1999].    
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3.1.3 pH of solution  
 

The pH of the working solution pre-experiment and the pH of the sample solution at a steady 

state were measured by using a Metrohm pH glass electrode. This pH glass electrode was 

connected to a data processor. The data was processed by Metrohm TiamoTM 1.2 software 

programme. The pH electrode was calibrated with three Metrohm buffer solutions at pH of 

4.000, 7.000, and 9.000 at 25 oC before each measurement. The pH measurements were done 

with a standard error of ±0.02 at 25 oC. All pH measurements were done with an accuracy of 

98% and above for the slope. 

All chemicals used in the investigation process of calcite precipitation kinetics in the 

presence of dissolved acetate ion were reagent grade. Table 1 listed the reagents used in this 

study. 

Table 1. The reagent grade chemicals used to make working solutions to study 
calcite precipitation kinetics 

Name of the 
reagent 

Chemical formula Company Purity (%) 

Anhydrous 
sodium acetate 

CH3COONa Merk 99.99 suprapure® 

1000 ppm Ca 
standard 

CaCl2 Merk  

Sodium carbonate Na2CO3 Sigma-Aldrich 99.0 

Sodium 
bicarbonate 

NaHCO3 Sigma-Aldrich 99.5 

Concentrated 
hydrochloric acid 

(37 %) 

HCl Merk   

Standard sodium 
hydroxide 

NaOH Merk  
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3.1.4 Experiments  
 

A total of 173 samples were collected by doing 27 runs in the laboratory. Each run took from 

6 to 9 days depending on the flow rate to attain a steady state calcite concentration. The 

experimental set up shown in Figure 10 was used to investigate calcite crystal growth rate in 

the presence of dissolved acetate ion. All the experiments were done in a continuously stirred 

mixed-flow reactor at room temperature and pH of 9.0. The solution in the mixed-flow 

reaction cell was continuously stirred using the floating teflon-coated magnetic stirrer; the 

stirring speed was maintained at 60 rpm using a stirring plate. Reactive solutions were 

injected into the reactor using a Gilson peristaltic pump that allows flow rates ranging from 

0.3 µL (0.25 mm tubing) to 40 mL/min (4 mm tubing). Calcite precipitation was initiated by 

placing 0.25 g of calcite seed crystal at the bottom of the reactor. New calcite seed was used 

for each new run. The inlet fluid was allowed to pass through the reactor at a constant flow 

rate until steady state was achieved. The amount of calcium ion in the outlet solution for each 

sample was determined by atomic absorption spectroscopy (AAS) with a detection limit of 4 

ppm and the amount of acetate ion in the outlet solution was determined by using Dionex 

ICS-2000 with a detection limit of 0.2 ppm. To assess if measured rates are affected by 

stirring rates in the reactor system, precipitation experiments were performed at different 

stirring rates ranging from 60 to above 173 rpm. Changing stirring rates over this range 

changed measured precipitation rates by no more than 15% as shown in Table 2, which is 

close to the uncertainty of the change in steady state calcium concentration between each run 

in the reaction cell obtained from these experiments as shown in Figure 9. This suggests that 

measured rates are negligibly affected by stirring rates. Outlet solutions were analyzed for Ca 

ion, acetate ion, and pH. 
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Table 2. Effect of stirring speed on steady state calcite precipitation rate 

Run Stirring speed 

(rpm) 

mass of initial 

seed (g) 

Rate (mol/cm2/s) Flow rate 

(g/min) 

CC13 60 0.2503 2.31E-12 0.2 

CC6 120 0.2506 3.35E-12 0.2 

CC7 173 0.2503 3.00E-12 0.2 

CC8 > 173 0.2503 3.65-12 0.2 

 

 

Figure 9. Precipitation of calcite at different stirring speeds. The uncertainty of Ca2+ is expected to 
be ±5 %. 

 

A supersaturated calcite solution was prepared by mixing equal volumes of CaCl2 solution 

and Na2CO3-NaHCO3 solution, each at twice the desired final concentration. The prepared 

solutions were then transferred into the reaction vessel continuously until steady state 

equilibrium condition was maintained i.e. steady-state precipitation of calcite. The solution 

leaving the reactor was filtered through a 2.5 µm Millipore polypropylene filter to separate 

out the solid calcite before sampling into mini-beakers. No additional filtering was 

performed on the outlet solution collected from the reaction cell. 
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Figure 10. A schematic drawing of the experimental set up used to study the kinetics of 
calcite precipitation. The solution in the reaction cell was stirred using teflon coated 
magnetic stirring bars at a constant rate 

 

The total volume of the working solution from each feed container was 2 L. The calcite 

precipitation experiments were conducted in approximately 30 ml reaction cells. Analytically 

pure chemicals as indicated in Table 1, CaCl2 and NaHCO3-Na2CO3, and high quality 

deionized water (see section 3.1.2) were used to prepare feed solutions. The sodium 

bicarbonate- and carbonate solutions were always freshly prepared by dissolving anhydrous 

Na2CO3 and NaHCO3 in Milli-Q water and the calcium chloride solution was made by 

appropriate dilution of a stock solution. The pH of the calcium chloride solutions were 

adjusted between 8.5 and 9.5. This desired solution pH of the CaCl2 solution was obtained 

by adding 1 M standard NaOH solution to increase the pH or by adding 10 % HCl solution to 

lower the pH. The reaction cell was tightly closed by a teflon cover, thus minimizing the 

exchange of carbon dioxide between the reaction system and the air. The experiment was 

started by injecting mixture 1 and mixture 2 as shown in Figure 10 via Tygon® tubing with 

the same flow rate into the reaction cell containing calcite seed crystals to provoke calcite 

precipitation. Mixture 1 contained dissolved NaHCO3-Na2CO3 aqueous solution. Mixture 2 
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contained aqueous calcium chloride solution and sodium acetate. The concentration of each 

reactant to prepare the working solution for each run is shown in Table 3. All experiments 

were carried out at room temperature and the systems were continuously stirred at a constant 

rate (60 rpm) by means of a teflon coated floating magnetic stirrer bar. 

 Control experiments were performed with no added acetate. At the end of each 

experimental run, the pH of the output was measured and 0.3 mL 10 % HCl was added to 

prevent calcite precipitation. Finally, the calcite seed was washed three times with Milli-Q 

water and dried in the oven which is adjusted at a temperature of 65 0C for overnight. The 

morphology of the calcite crystal pre-treatment and post-treatment was examined by using 

scanning electron microscopy (JEOL type JSM-6460). 

The carbonate-bicarbonate mixed aqueous solutions contained larger concentration of 

bicarbonate ion. This was done in order to fix alkalinity of the working solution and the 

solution pH. In other words, the composition of the solution must as a result be so chosen 

that the following reaction will not proceed in either direction. 

OHCOCOHCO 2
2

3232 ++= −−                                               3-1 

In this study, sodium bicarbonate-sodium carbonate solutions were of such a composition 

that the carbonate ions added were consumed by the growing calcite crystals, while all 

bicarbonate ions fulfilled the demand of the increasing reaction fluid for bicarbonate ions. 
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Table 3. Inlet solution composition with respect to fluid mass injection rate for 
each run 

Run 
NaHCO3 
(mol/kg) 

Na2CO3 
(mol/kg) 

CaCl2 
(mol/kg) 

CH3COONa 
(mol/kg) 

Surface 
area 
(cm2) 

Flow 
rate 

(g/min) 

CC1 1.69E-02 1.29E-03 1.41E-04 0 94.45 0.1 
CC2 1.69E-02 1.29E-03 1.40E-04 0 93.96 0.2 
CC3 1.69E-02 1.28E-03 1.40E-04 0 128.80 0.2 
CC4 1.69E-02 1.28E-03 1.36E-04 0 93.93 0.3 
CC5 1.69E-02 1.28E-03 1.43E-04 0 168.97 0.2 
CC6 1.69E-02 1.28E-03 1.41E-04 0 94.08 0.2 
CC7 1.69E-02 1.28E-03 1.39E-04 0 93.96 0.2 
CC8 1.69E-02 1.28E-03 1.43E-04 0 93.96 0.2 
CC9 1.69E-02 1.28E-03 1.41E-04 0 93.96 0.05 
CC10 1.69E-02 1.28E-03 1.39E-04 0 94.00 0.04 
CC11 1.69E-02 1.28E-03 1.39E-04 0 94.04 0.07 
CC12 1.69E-02 1.28E-03 1.39E-04 0 94.00 0.06 
CC13 1.69E-02 1.29E-03 1.42E-04 0 93.96 0.2 
CC14 1.69E-02 1.28E-03 1.40E-04 0.001 93.89 0.1 

CC15 1.69E-02 1.28E-03 1.40E-04 0.005 94.04 0.1 

CC16 1.69E-02 1.28E-03 1.37E-04 0.001 94.00 0.2 
CC17 1.69E-02 1.28E-03 1.43E-04 0.005 93.93 0.2 
CC18 1.69E-02 1.28E-03 1.39E-04 0.01 94.00 0.1 
CC19 1.69E-02 1.28E-03 1.39E-04 0.015 94.00 0.1 
CC20 1.69E-02 1.28E-03 1.41E-04 0 94.04 0.04 
CC21 1.69E-02 1.28E-03 1.42E-04 0 94.04 0.15 
CC22 1.69E-02 1.28E-03 1.40E-04 0 93.96 0.1 
CC23 1.69E-02 1.28E-03 1.42E-04 0.005 94.00 0.07 
CC24 1.69E-02 1.28E-03 1.42E-04 0.015 94.04 0.07 
CC25 1.69E-02 1.28E-03 1.41E-04 0.02 93.96 0.2 
CC26 1.69E-02 1.28E-03 1.42E-04 0.02 93.93 0.1 
CC27 1.69E-02 1.28E-03 1.42E-04 0.02 93.93 0.07 
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3.2 Experimental Methods 

 

This part describes briefly the basic parts of the experimental methods used in this study. An 

experimental method is the heart of the experimental system. Hence, selecting and then 

designing the suitable experimental methods are very important tasks of experimental work. 

This was crucial to achieve the goals of the study in a comprehensive way. This work used 

different analytical methods and instruments: Continuously stirred mixed-flow reactor 

(temporal evolution of the bulk solution chemistry), PHREEQC Interactive 2.17.4799 (SI 

and speciation of solutions), Scanning Electron Microscopy (SEM-surface analysis of calcite 

powder), Transmission Electron Microscopy (TEM-calcite precipitate analysis), Atomic 

absorption spectrometry (AAS-outlet solution calcium concentration determination) and 

Dionex ion chromatography-2000 (outlet solution acetate ion determination). 

3.2.1 Mixed-flow reactor 
 

Mixed-flow reactors have been used to simulate dissolution and precipitation rates of 

minerals taking place in the natural environment in the laboratory setting [Brantley et al., 

2008]. In this work, the volume of the mixed-flow reactor used was 30 mL. The feed 

solution in the reactor was stirred at 60 rpm (revolution per minute) by using the teflon 

coated floating magnetic stirrer. This was done to maintain complete mixing of the feed 

solution throughout the reactor. The well mixed assumption is a statement that all volume 

elements are equally likely to be withdrawn from the reactor. Perfect mixing of solutions is a 

physical idealization because it is not possible to instantaneously randomize the locations of 

the volume elements with finite power to the stirrer. 

All series of experiments were run until steady-state Ca concentrations were found in the 

outlet solution. Steady-state was assumed if the Ca concentrations in the outlet solution 

remain constant to within ± 5% over at least three residence times of the reactor. The 

residence time is defined as: 
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q

V
t r

R = ,                                       3-2 

where tR is the reactor volume and q is the flow rate. Steady-state was achieved after 2 to 7 

days depending on the injection rate of the feed solutions into the reactor. 

3.2.1.1 Mass balance equation  
 

The working principle of the bulk solution chemistry changes was the steady state calcite 

concentration in the reaction cell. As the solution pumped through the mixed-flow reactor at 

a constant flow rate, the precipitation rate can be calculated using the decrease in calcium ion 

concentration between inlet and outlet. As shown in Figure 12, constant calcium ion 

concentration was reached in the outlet solution. The mass balance principle in terms of 

calcium ion concentration operating at steady state conditions using the continuously stirred 

mixed-flow reactor is used to determine the precipitation rate. The mass balance equation of 

calcium at steady state can be written as shown in Figure 11: 

 

Figure 11. Flow diagrams showing the mass balance equation 

The flow terms in the first and second box represent the transport of the Ca into and out of 

the mixed-flow reactor. The third term is the product of the surface area of the seed crystal 

and the precipitation rate of calcite within the reactor. The terms in the above three boxes can 

be rewritten in the form of Equation 3-3. Hence, the measured steady-state calcite 

precipitation rates (R) were calculated from measured steady state reactive fluid calcium 

concentrations solution composition: 



 

38 

 

[ ]
miS

qCa
R

BET *

*2+∆=  ,                                                         3-3 

where ∆[Ca2+] stands for the difference between the input and output calcium fluid 

concentration  as indicated in Figure 13, q designates the mass fluid flow rate, SBET 

represents BET specific surface area and mi is the initial calcite seed crystal in the reactor. 

All the outlet solutions were supersaturated with respect to a single phase i.e. calcite. 

Temporal evolution of the bulk solution has been used to study the calcite precipitation 

kinetics. 

 

Figure 12. Temporal evolution of calcium concentration in the mixed-flow reactor for run CC11. 
Steady state calcium concentration was reached after 3 days. 

 

Figure 13. Schematic drawing of the continuously stirred mixed-flow reactor 
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3.2.2 PHREEQC  
 

PHREEQC is a computer program used to execute a wide variety of aqueous geochemical 

calculations [Parkhurst and Appelo, 1999]. PHREEQC was used in order to compute 

speciation of solutions and saturation index calculations based on ion-association aqueous 

models for each run. Saturation index is a convenient way of designating the ion activity 

product of a mineral in aqueous solution. If we take calcite for instance,  

−+ +→ 2
3

2
3 COCaCaCO                          3-4 

The mass-action expression for calcite 

48.810
3

2
3

2 −==
−+

CaCO

COCa
sp a

aa
K                                                        3-5 

Note that the activity of a pure solid is 1. Hence, Equation 3-5 can be written as: 

 48.8102
3

2
−== −+ COCasp aaK                                                        3-6 

The saturation with respect to the calcite phase of the working solution can be expressed as 

saturation index (SI) that is mathematically written as: 

spK

IAP
SI loglog =Ω=   ,                                                        3-7 

where Ω is IAP/Ksp, IAP is the ion activity product ( −
+

= 2
32 COCa aaIAP ), and Ksp the 

thermodynamic solubility product of calcite. 

If water is supersaturated, the SI value will be positive and calcite has the tendency to 

precipitate; contrary to this, if the water is under-saturated, the SI value will be negative and 

then calcite has the tendency to dissolve. The working solution that was used to provoke 

calcite precipitation in the reaction cell mainly contains: calcium ion, sodium ion, carbonate 

ion, chloride ion, hydrogen ion, hydroxide ion and acetate ion. The concentrations of these 

ions in the initial solution were taken as input in PHREEQC programme to calculate the 

saturation index of the supersaturated calcite solution and solution speciation. The computer 
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code PHREEQC is integrated with the llnl.dat database. Errors in saturation index were 

estimated by assuming the largest possible measurement errors and recalculating saturation 

index for these parameters. Errors in sodium ion concentration were estimated to be ± 5 % 

and pH measurements ±0.02 units. 

3.2.3 Scanning Electron Microscope (SEM) 
 

The surface of unreacted and reacted grains of the calcite seed crystals were characterized by 

using SEM type JEOL JSM-6460HV with an accelerating voltage of 15 kV. SEM is an 

analytical method which is used to characterize solid specimens such as rocks and minerals 

[SERC, 2011]. SEM uses a focused beam of high energy electrons to generate a variety of 

signals at the surface of solid specimens [SERC, 2011]. Depending on the electron 

interaction volume with the samples different types of signals which contain different types 

of relevant information about the samples will be generated. These signals that are derived 

from electron-sample interactions reveal information about the sample’s surface topography 

and composition. The common types of signals generated by SEM are secondary electrons, 

backscattered electrons, X-rays and light.  

3.2.3.1  Sample preparation  
 

 The dry powdered calcite seed crystal was mounted on the cylindrical stub. The samples 

were held in place on the stub by using double coated conductive carbon tape. Afterwards the 

cylindrical stub was fixed into the sample holder. Finally the sample holder was put on the 

sample stage inside the sample chamber of the SEM. Then the surface of the grains of the 

calcite seed crystal was analyzed using back scattered- and secondary electrons. The samples 
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were first analyzed without any coating and secondly with coating (Gold coated). Gold 

coating was applied to increase the quality of the photomicrographs.  

3.2.4 Transmission Electron Microscope (TEM) 
 

TEM investigation of calcite precipitate was undertaken using a JEOL 2000FX TEM mode 

analytical microscope operating at 200 kV. It was used to determine crystallographic 

orientation of calcium carbonate precipitate. Selected area electron diffraction patterns were 

also recorded from the crystal of calcium carbonate. The essential feature of Transmission 

Electron Microscope is shown schematically in Figure 14. TEM is an advanced analytical 

instrument to characterize a specimen down to micro-structure level. It works with highly 

accelerated beam of electrons. The high energy beams of electrons are focused using 

condenser lenses onto the sample. If the sample is thin enough the electron beams pass 

through the specimen to produce a wide range of secondary signals that will give a lot of 

details about the sample. The secondary signals that contain information about the 

morphology, crystallographic orientation, and composition will be focused by objective 

lenses/intermediate lenses/projector lenses. Depending on the purpose of the analysis either 

images or electron diffraction patterns will be taken of the sample under examination. 
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Figure 14. Schematic illustrating the working principles and main parts of the TEM [ adapted from 
[McLaren, 1991]] 

 

3.2.4.1 Electron interaction with matter 
 

 Signals are generated when high energy beam of electrons interact with the sample under 

investigation as shown in Figure 15. Most of the signals generated can be detected with 
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different modern instruments such as: - SEM, TEM, and Electron Microprobe Analysis 

(EMPA). Electron diffraction patterns resulted from interaction of electrons with matter has 

been used to study thin films and finely dispersed crystalline materials to determine complete 

structure and crystallographic orientations of crystals. 

 

Figure 15. Signals produced from a thin sample section irradiated by an electron beam. BSE is 
backscattered electrons, SE is secondary electrons, ESE is elastically scattered electrons, UEB is 
unscattered electron beam, and ISE is inelastically scattered electrons 

 

3.2.4.2 Sample preparation 
 

TEM analysis requires very careful sample preparation procedures [Williams and Carter, 

2009], hard work and perseverance. The sample should be as near its natural state as possible 

to get a good representative of the sample. The procedures applied should avoid artefacts and 

preserve as many features of the specimen as possible. Moreover, the specimen should have 

the appropriate size depending on the purpose of analysis in TEM. The calcite powder passed 

through an intensive sample preparation procedures because it was not easy to prepare thin 
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sliced sections of calcite. The polymer sample preparation method was used (see appendix 2 

for detailed procedures) to prepare calcite for TEM analysis. 

The saturated calcite in the epon resin stayed for two days in the oven at 60 oC. This process 

gave more time to properly embed the calcite powder to make the polymer. This was done to 

prepare the powder suitable for slicing. The samples were cut off into thin sections of size 

80-100 nm using a microtome. The thin sections were coated on both sides with a very thin 

carbon layer of size 10 nm. Finally, the thin sections were mounted on a TEM copper mesh 

grid. Afterwards, the sample was loaded on the TEM sample holder. Then samples were 

analyzed using TEM with electrons accelerated at 200 kV. The very short interaction 

between electrons and the calcite powder resulted into bright filed images 

(photomicrographs) and selected area electron diffraction patterns. 

3.2.4.3  Image processing   
 

The negatives of the photomicrographs and electron diffraction patterns of TEM were 

scanned by using the MICROTEK-ARTIC Scan F1 interfaced with photo processing 

software programme.  

3.2.4.4  Indexing electron diffraction pattern  
 

Indexing the electron diffraction pattern is the computing process after the negative was 

scanned. It was done to extract valuable information about the calcite crystal growth so as to 

explain the experimental data collected. The electron diffraction pattern analysis can assist to 

identify orientation relationships at grain boundaries, identify orientation relationships 

between matrix and precipitates, and to determine directions of rapid growth [Williams and 

Carter, 2009]. Before writing how to index an electron diffraction pattern, it will be 

important to review basic principles about electron diffraction pattern. 
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Basic features of the simple electron diffraction process are shown in Figure 16. The electron 

beam accelerated at 200 kV was focused with electromagnetic lenses of TEM onto the thin 

specimen.  

 

Figure 16. Simplified version of the schematic illustration of the essential features of the 
electron diffraction pattern in TEM between the sample and the screen where t represents 
the idealized direct ray path while d represents diffracted ray path. [ adapted from 
[Hammond, 2009]] 

 

The electron diffraction process may be visualized as a reflection by (hkl) crystal planes 

spacing d(hkl)  [Edington, 1975]. Bragg law relates the incident beam which bombards the 

crystalline structure, crystal wavelength with the lattice plane spacing in the crystal structure 

as follows: 

θλ sin2 hkldn =                                        3-8 

Where λ is the wave length, n is the order of reflection, dhkl is the lattice plane spacing and θ 

is the angle of incidence/reflection to the planes. This conceptual relationship is very nice to 

geometrically visualize what is happening when x-ray interacts with a crystalline structure 

and provides us with the simple expression (Equation 3-8) in order to use for the analysis of 

crystal structure. 
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From Figure 16, tan 2θ = r/L, since θ for electron diffraction is very small tan 2θ is 

approximately equal to 2θ. Likewise for Bragg’s law, sin θ approximately is equal to θ hence 

λ is approximately is equal to 2dhkl θ. Eliminating θ from these equations we have: 

R

L
dhkl

λ= ,                            3-9 

 where λL is known as the camera constant, L is camera length, dhkl lattice spacing and R is 

the distance measured on the screen (mm). This equation is the simplified version of the 

combination of the two equations which was used to index the electron diffraction pattern in 

this work. This method is called camera constant method. The indexing procedure involves 

the following stages: 

1) Measuring the distance R of the spot from the centre spot to at least the nearest three 

spots (R1, R2 and R3), Figure 17. CorelDraw 11 software programme was used to 

calculate the R-values. 

2) Calculating the d(hkl)1, d(hkl)2 and d(hkl)3 values by using Equation 3-9 

3) Correlating the measured dhkl values with dhkl taken from the list of the standard inter-

planar distances for the given structure and designate h1k1l1, h2k2l2 and h3k3l3 indices 

for the chosen spots. The American mineralogist structure database was used to 

compare the calculated dhkl-values with the X-ray dhkl-spacing data in the powder 

diffraction file. 

4) Next the indices were chosen so that the vectors add up properly. Other reflections 

were indexed simply by applying the geometrical method of vector addition and 

subtraction. 
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Figure 17. Shows the electron diffraction pattern from a single crystal to show how to index the 
electron diffraction patterns obtained from TEM 

Electron diffraction patterns produced in the TEM can be of three different types: ring 

pattern, spot pattern and kikuchi line pattern. Several computer programmes are available to 

generate the reciprocal lattice sections [Hammond, 2009]. For instance, the electron 

diffraction pattern of the calcite precipitate that was indexed following the above procedures 

is shown in Figure 18.  

 

Figure 18. Indexed electron diffraction pattern of reacted calcite. This electron diffraction pattern 
consists of the matrix and precipitated calcite from a single crystal surface. 
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4 Results  

Calcite precipitation and dissolution rates have most of the time been modelled using the 

classical crystal growth theory [Flaathen et al., 2010; Nancollas and Reddy, 1971; M. M. 

Reddy and Gaillard, 1981; Michael M. Reddy and Hoch, 2001]. Calcite crystal growth rate 

data collected from a laboratory experiment over a wide range of supersaturation and other 

variables such as ionic strength, pH, seawater solution, saline solution, temperature, and 

pressure have been fitted to an empirical rate law stated in section 2.5.2. Similarly calcite 

precipitation rate data of this study were fitted to this empirical rate expression (Equation 2-

18). 

4.1 Temporal changes in bulk solution chemistry 

 

Both nucleation and crystal growth processes depend on the degree of supersaturation 

[Jones, 2002]. The temporal changes in calcium ion in the bulk solution were used as 

indicators to investigate calcite crystal growth because changing the bulk solution chemistry 

changes the degree of supersaturation of the aqueous solution. The bulk solution chemistry in 

the continuously stirred mixed-flow reactor was changed by changing the flow rate and the 

amount of dissolved acetate ion.  

4.1.1 Effect of surface area of seed on calcite precipitation 
 

The effect of the surface area of the calcite seed added in the reaction cell was examined 

before all the control experiments were run. The control experiments were used as baseline 

to investigate the calcite precipitation kinetics as a result of dissolved acetate ion. Hence, in 

run CC3, CC5, and CC13 the amount of the calcite seed crystal to provoke the calcite 

precipitation reaction varied. The amount of initial calcite seed crystal used in the reaction 

cell was 0.2501 g, 0.3431 g and 0.4501 g. Figure 19 shows higher concentration of calcium 

ion in the solution for experiments performed with 0.2501 g than for 0.3431g and 0.4501 g. 
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Hence, small amount of calcium ion was consumed for precipitation. Approximately, 53 % 

of the original amount of calcium ion remains in solution when the solution was seeded with 

0.2501 g of calcite seed crystal. Likewise, 34.3 % for 0.3431 g and 31.3 % for 0.4501 g of 

calcite seed crystal. This shows that the amount of calcium ion consumed to precipitate as 

calcite increases as the amount of calcite seed crystal used increases in the reaction cell. 

 

Figure 19. The changes in calcium concentration in the reaction cell as a function of time for the 
same type of feed solution. The amount of the seed crystal in the reaction cell changes the crystal 
growth of calcite on calcite seed crystal at constant flow rate and stirring speed. It was estimated an 
error of ±5 % for calcium concentration. 

 

4.1.2 Effect of acetate ion on calcite precipitation 
 

In experiments performed with a flow rate of 0.07 g/min, the concentration of calcium ion in 

the output increases as the concentration of dissolved acetate ion increases from 0-15 mM 

due to less precipitation inside the reactor as shown in Figure 20. However, when adding 20 

mM acetate, the concentration of calcium ion in the output decreases compared to the 

experiment  containing 15 mM.  
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Figure 20. Temporal evolution of calcium concentration in the outlet solution as a function of the 
amount of acetate ion in the reaction cell. The uncertainty of ±5 % was considered for calcium 
concentration. 

 

The mass of calcite precipitated at the surface of the seed material decreases as the amount of 

acetate ion increases in the aqueous solution as shown in Table 4. The amount of calcite 

precipitate estimated using Equation 4-2 was in agreement with the results with respect to the 

changes in calcium ion concentration in the reaction cell. 

 

Table 4. Estimated amount of calcite precipitate calculated for the total time, the 
run took in the presence of different amount of acetate ion 

Run 
Flow 
rate 

(g/min) 

Initial 
seed (g) 

CH3COO 
(mM) 

Calcium  
consumed 

(g) 

calcite 
precipitated 

(g) 

Ratio of 
precipitated to 
initial calcite 

(%) 

CC21 0.1 0.2503 0 0.00576 0.0144 5.7 

CC14 0.1 0.2501 1 0.00374 0.0093 3.7 

CC15 0.1 0.2505 5 0.00311 0.0078 3.1 

CC19 0.1 0.2504 15 0.00252 0.0063 2.5 

CC26 0.1 0.2502 20 0.00296 0.0074 3.0 
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Figure 21 shows the relative inhibition of calcite precipitation as a function of acetate ion 

concentrations. The relative decrease in calcite precipitation rate increased as more acetate 

ion was added for experiments performed at both flow rates of 0.1 g/min and 0.07 g/min. As 

shown in Figure 21, approximately 48 % and 39 % retardation in calcite precipitation rate at 

acetate ion concentrations of 15 mM for both 0.1 g/min and 0.07 g/min, respectively. 

Morover, the relative inhibition for flow rate of 0.1 g/min was higher than that of the flow 

rate of 0.7 g/min. The relative decrease of the calcite precipitation rate increases as the 

concentration of acetate increases. The increase is very rapid at first, when the surface of the 

calcite crystal is affected with relatively  small amout of acetate (1 and 5 mM). As the 

amount of acetate increases to 20 mM, it seems the rate of inhibition decreases. 

 

 

Figure 21. A graph showing the relative inhibition of calcite precipitation as a function of acetate 
ion concentrations. Uncertainity of ±5 % was considered on the amount of calcium ion. 

 

The adsorption of polyphosphates, natural organic materials and benzenepolycarboxylic 

acids onto calcite surfaces has been suggested to follow Langmuir adsorption theory [Amjad, 

1987; Y-P Lin and P C Singer, 2005b; Y P LIN et al., 2005].  In this study, acetate ion 

inhibits the kinetics of calcite crystal growth (Figure 20 and Table 4). We proposed that the 
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adsorption of acetate onto calcite surface causes the observed inhibition and that the 

adsorption on this surface also follows Langmuir type adsorption theory as described in 

Equation 4-1 (see details in appendix 5). As shown in Figure 22, the kinetics of calcite 

precipitation in the presence and absence of acetate is linearly related to the concentration 

inverse of acetate. 

[ ]CKRR

R

io

o 1
1+=

−
  ,                                                          4-1 

where C is the acetate concentration, Ro and Ri are the calcite crystal growth rates measured 

in the absence and in the presence of acetate, respectively, K is the affinity constant, being a 

measure of the rate of adsorption and desorption of the inhibitor. 

According to the model described by Equation 4-1, the intercept is expected to be equal to 

unity. For the acetate the value of the intercept was lower than 1 for a flow rate of 0.07 g/min 

and higher than 1 for the flow rate of 0.1 g/min. 

 

Figure 22. The influence of acetate ion on the calcite precipitation rate. a) Kinetic data for a flow 
rate of 0.1 g/min and the acetate concentration of 1, 5, 15 and 20 mM, and b) Kinetic data for a flow 
rate of 0.07 g/min and the acetate concentration of 5, 15 and 20 mM. 
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4.2 PHREEQC-Supersaturation  

 

The results of calcite crystal growth for all experiments are shown in Table 5. When an 

interface is atomically rough, continuous or adhesive type crystal growth occurs [Sunagawa, 

1987] and (see Figure 3). In this case, growth rate is linearly related to supersaturation of the 

solution. On the other hand, if an interface is smooth, two dimensional layer growths are 

expected. The growth mechanism for such a smooth interface can be either a two-

dimensional nucleation growth mechanism or a spiral growth mechanism [Byrappa and 

Ohachi, 2003; Jones, 2002; Markov, 2003; Mullin, 2001; Sunagawa, 1987]. 

In order to make the evidence strongly inclusive and meaningful, data were collected and 

analyzed from different dimensions. Temporal changes in solution composition (Figure 20), 

sample solution composition analyzed for  SI and speciation by using PHREEQC, 

computing the mass of calcite precipitate (Table 4), SEM analysis of calcite surface (Figure 

25), and TEM analysis of calcite precipitate (Figure 33), all were consistent with  calcite 

crystal growth.  
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Table 5. Outlet solution chemistry with respect to saturation index (SI) and 
supersaturation (Ω) 

Run 
Steady 

state [Ca] 
(mol/Kg) 

Steady 
state LogR 
(mol/cm2/s) 

pH of 
input 

solution 

pH of 
output 

solution 
SI 

Log 
IAP 

Ω Log (Ω-1) 

CC1 3.59E-05 -11.81 9.08 9.08 0.28 2.1 1.9055 -0.0431 
CC2 7.18E-05 -11.60 9.11 9.11 0.6 2.43 3.9811 0.4744 
CC3 4.87E-05 -11.61 9.03 9.03 0.39 2.21 2.4547 0.1628 
CC4 4.84E-05 -11.35 9.10 9.10 0.43 2.26 2.6915 0.2283 
CC5 4.44E-05 -11.73 9.08 9.08 0.37 2.2 2.3442 0.1285 
CC6 4.97E-05 -11.48 9.07 9.07 0.28 2.11 1.9055 -0.0431 
CC7 5.78E-05 -11.52 9.08 9.08 0.5 2.33 3.1623 0.3349 
CC8 4.58E-05 -11.44 9.05 9.05 0.37 2.19 2.3442 0.1285 
CC9 3.89E-05 -12.09 9.03 9.03 0.29 2.11 1.9498 -0.0223 
CC10 4.75E-05 -12.24 9.05 9.05 0.39 2.22 2.4547 0.1628 
CC11 4.15E-05 -11.93 9.12 9.12 0.37 2.19 2.3442 0.1285 
CC12 4.01E-05 -12.04 9.08 9.08 0.33 2.16 2.1380 0.0561 
CC13 7.47E-05 -11.64 9.05 9.05 0.59 2.43 3.8905 0.4610 
CC14 5.03E-05 -11.77 9.16 9.16 0.47 2.3 2.9512 0.2903 

CC15 6.19E-05 -11.86 9.20 9.20 0.55 2.41 3.5481 0.4062 

CC16 5.07E-05 -11.53 8.91 8.91 0.33 2.16 2.1380 0.0561 
CC17 6.62E-05 -11.60 8.91 8.91 0.40 2.26 2.5119 0.1795 
CC18 6.71E-05 -11.86 8.97 8.97 0.42 2.31 2.6303 0.2123 
CC19 7.74E-05 -11.93 9.00 9.00 0.48 2.39 3.0200 0.3053 
CC20 5.16E-05 -12.26 9.07 9.07 0.44 2.26 2.7542 0.2441 
CC21 5.75E-05 -11.65 9.04 9.04 0.46 2.29 2.8840 0.2751 
CC22 5.45E-05 -11.75 9.03 9.03 0.44 2.26 2.7542 0.2441 
CC23 4.82E-05 -11.94 9.02 9.02 0.34 2.2 2.1878 0.0747 
CC24 8.46E-05 -12.14 8.95 8.95 0.47 2.4 2.9512 0.2903 
CC25 8.76E-05 -11.71 9.00 9.00 0.5 2.45 3.1623 0.3349 
CC26 7.46E-05 -11.87 8.99 8.99 0.42 2.37 2.6303 0.2123 
CC27 7.80E-05 -12.09 8.94 8.94 0.4 2.36 2.5119 0.1795 

 

4.2.1 Control runs 
 

Figure 23 shows the relationship between the steady state measured calcite precipitation rate 

and supersaturation of the solution in the absence of dissolved acetate ion. The experimental 

steady state calcite precipitation measurements were fitted to the empirical rate model 
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expressed by Equation 2-18. The data obtained in this study fit this empirical model (Figure 

23). However, as shown in Figure 23, our data does not seem to fit the empirical rate law 

very well over the whole range of supersaturation and dissolved acetate concentrations used 

in this study (Figure 24). The best fit is obtained for log (Ω-1) values of -0.02 to 0.28 (i.e. 

supersaturation ranges from 1.95 to 2.88). 

 

Figure 23. Steady state Log Rate of calcite as a function of Log (Ω-1) without the presence of 
acetate ion. The plot is with uncertainty of ± 0.1 log units of the steady state rate of calcite 
precipitation. 

 

4.2.2 Runs with additives 
 

Figure 24 shows the relationship between the steady state calcite precipitation rate and 

supersaturation of the solution in the presence of dissolved acetate ion. In general with one 

exception, it was shown that the addition of the acetate ion, decreases the rates of calcite 

precipitation, hence all the data points lie below or near the control experimental points. 

However, data points in the presence of acetate ion did not form a trend as in the control 

experiments (Figure 24). This might be due to the few data points available.  
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Figure 24. Steady state Log Rate of calcite as a function of Log (Ω-1) with the presence of acetate 
ion. The plot is with uncertainty of ± 0.1 log units of the steady state rate of calcite precipitation 

 

The computer programme PHREEQC, was used for the calculations of ion activities, pH 

values, and supersaturation indices as shown in Table 6. The calculated pH values were 

consistent with measured values as shown in Table 5. As shown in (Table 6), the pH of the 

calcite growth solutions was the same. However, the saturation indices of the growth 

solutions in experiments performed without acetate varied between 0.28 and 0.60 due to the 

changes in flow rate (0.03 g/min-0.2 g/min). Hence, for all control experiments the 

differences observed in the calcite growth rates are the results of different supersaturation in 

the solution.  At constant saturation state for the input solution and total surface area of 

calcite, an increase in the flow rate resulted in a more supersaturated solution and a 

corresponding faster reaction rate (Figure 23). The degree of supersaturation of the solution 

in the reaction cell varied from 2 to 4 (Table 5). In experiments CC14 to CC19 and CC23 to 

CC27 the amount of acetate used were varied (see Table 6). 
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Table 6. Composition of solution used in the calcite precipitation rate, the free ion concentrations of 
calcium-, carbonate- and acetate ions, pH value and SI have been calculated using PHREEQC. 

Run 

CT 
(mol/kg)

*10-3 

CaCl2 
(mol/kg)

*10-5 

[Ca2+] 
(mol/kg)

*10-5 

[CO3
2-] 

(mol/kg)
*10-4 

Acetate 
(mol/kg)

*10-4 

Acetate 
(mol/kg)

*10-4 pH SI 

CC1 8.95 3.59 2.15 5.91 0 0 9.08 0.28 

CC2 9.04 7.18 4.15 6.50 0 0 9.11 0.60 

CC3 9.04 4.87 3.00 5.40 0 0 9.03 0.39 

CC4 9.27 4.84 2.80 6.54 0 0 9.10 0.43 

CC5 8.95 4.44 2.64 5.99 0 0 9.08 0.37 

CC6 4.97 4.97 3.51 3.07 0 0 9.07 0.28 

CC7 9.09 5.78 3.52 6.08 0 0 9.08 0.50 

CC8 8.84 4.58 2.79 5.56 0 0 9.05 0.37 

CC9 8.93 3.89 2.40 5.34 0 0 9.03 0.29 

CC10 9.10 4.75 2.88 5.70 0 0 9.05 0.39 

CC11 9.08 4.15 2.38 6.63 0 0 9.12 0.37 

CC12 9.05 4.01 2.38 6.06 0 0 9.08 0.33 

CC13 8.91 7.47 4.62 5.56 0 0 9.05 0.59 
CC14 9.04 5.03 2.82 7.28 9.94 9.87 9.16 0.47 

CC15 9.04 6.19 3.42 8.19 49.8 49.3 9.20 0.55 

CC16 9.26 5.07 3.38 4.29 9.7 9.63 8.91 0.33 
CC17 8.87 6.62 4.48 4.31 50.7 50.21 8.91 0.40 
CC18 9.1 6.71 4.38 5.18 98.9 97.7 8.97 0.42 
CC19 9.13 7.74 4.95 5.78 148 145.7 9.00 0.48 
CC20 9.14 5.16 3.08 5.98 0 0 9.07 0.44 
CC21 8.90 5.75 3.53 5.44 0 0 9.04 0.46 
CC22 9.05 5.45 3.36 5.42 0 0 9.03 0.44 
CC23 8.86 4.82 3.05 5.47 50.6 50.1 9.02 0.34 
CC24 8.92 8.46 5.60 5.03 152 149.7 8.95 0.47 
CC25 8.96 8.76 5.62 5.78 201 197.4 9.00 0.50 
CC26 8.95 7.46 4.81 5.66 201 197.4 8.99 0.42 

CC27 8.92 7.80 5.15 5.09 202 198.4 8.94 0.40 
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4.3 Calcite Precipitate Analysis 

4.3.1 SEM analysis 

4.3.1.1  Original calcite  
 

As it is shown in Figure 25, the size and shape of original calcite seed grains show different 

features. The crystal grains have different morphology and rough micro-surface structures. 

For example, the surface micro-topography of some of the grain faces has morphology of 

step patterns (see grain 1 and 3 in Figure 25). The surface roughness affects the growth 

mechanism and growth rate of the calcite crystal at a specified driving force since the growth 

of crystals takes place on the liquid-solid interface [Sunagawa, 1987]. 

 

Figure 25. SEM photomicrographs of original calcite seed crystal before crystal growth experiments. 
The samples were gold coated for analysis by SEM. 
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4.3.1.2 Calcite grain size distribution analysis 
 

The motivation to check the grain size distribution of calcite seed crystals used to provoke 

calcite precipitation reaction in the mixed-flow reactor was the result obtained from run 

CC10 (Figure 26). The flow rate for this run was 0.04 g/min. There was no acetate added to 

this run. Theoretically, when decreasing the flow rate, the solution will become less 

supersaturated and move towards equilibrium. However, this did not happen, Figure 26 . 

Hence, it was proposed that the surface area might be the cause of this unexpected result. 

The calcite seed crystal grain size distributions were analyzed using SEM and the experiment 

was redone at similar experimental conditions. 

 

Figure 26. Steady state Log R as a function of Log (Ω-1), run CC10 was performed with low flow 
rate i.e. 0.04 g/min. Hence, the expected place of this data point in the plot was at the left bottom 
corner of the plot next to run with a flow rate of 0.05 g/min. The two data points at the top right 
corner were with flow rate of 0.2 g/min. Then, moving from right top to left bottom direction of the 
plot, the flow rate was, 0.15, 0.1, 0.07, 0.06, 0.05 g/min for each data point respectively. 

 

The grain sizes of calcite seed crystal were picked and measured by using SEM 

photomicrographs in two dimensions i.e. shorter and longer size. The grain size measured 

from SEM photomicrographs reflects the size of individual crystals used in experiment 

CC10. The grain size distribution of calcite seed crystals measured from run CC10 are listed 

in Table 7. The mean and standard error were calculated for all the sample grains. As it can 
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be shown in Table 7 the grain size were diversified in a similar range pattern as of the 

original calcite seed crystal size (125µm-250µm). The grains size distribution being 

heterogeneous implies that the surface area too was diversified i.e. the grains were not too 

small or too big. Hence, the result was not possibly related to the calcite seed crystal used in 

the reactor. The experiment was also redone but similar result was obtained (see appendix 2).  

The grain size distribution for run CC10 was not quite different from the other runs (Figure 

27). It was in a frequency range distribution of the original calcite seed crystal. The possible 

reason might be related to other factors such as the flow rate, volume of the reactor, 

residence time, and the pump. The pump might not handle such low flow rate to make 

comparison with relatively higher flow rates.  

Table 7. Grain size distribution of calcite seed crystals for run CC10 

Sample 
grains 

Maximum 
dimension 

(µm) 

Minimum 
dimension 

(µm) 

Mean 
(µm) 

Standard 

error 

 

1 206 122 164 ±2.271 
2 183 157 170 ±3.648 
3 344 90 217 ±14.430 
4 140 113 126.5 ±6.332 
5 334 208 271 ±26.819 
6 175 95 135 ±4.382 
7 119 112 115.5 ±8.855 
8 169 166 167.5 ±3.074 
9 116 108 112 ±9.658 
10 133 63 98 ±12.870 
11 151 125 138 ±3.694 
12 189 114 151.5 ±0.596 
13 158 145 151.5 ±0.596 
14 220 122 171 ±3.877 
15 329 122 225.5 ±16.380 
16 410 107 258.5 ±23.951 
17 86 76 81 ±16.770 
18 200 104 152 ±0.482 
19 209 144 176.5 ±5.139 
20 405 51 228 ±16.954 
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Figure 27. Frequency distribution of calcite seed crystal grain size distribution for all runs 

 

4.3.1.3 Calcite growth in the absence of acetate ion 
 

By looking at Figure 28, there is a clearly observable crystal growth at the surface of the 

calcite seed crystal. Compared to pre-treatment SEM photomicrographs of the original 

calcite surface (Figure 25), the surface of the overgrowth looks very smooth when it was 

observed with the maximum possible resolution (Figure 28 part c and Figure 29). 
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Figure 28. SEM photomicrographs of calcite precipitate at the surface of calcite seed crystal without 
acetate ion. a) Some calcite seed crystals b) single crystal in an enlarged form c) more enlarged from 
of “b”. Scale bar for “a” is 500 µm, scale bar for “b” is 50 µm and scale bar for “c” is 10 µm. 

 

Figure 29.  Post-treatment SEM photomicrograph of calcite seed crystal. It seems by inspection that 
the original (matrix) calcite has rough surface while the post-treatment calcite has smooth surface. 
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4.3.1.4 Calcite growth in the presence of acetate ion 
 

The calcite precipitate in the presence of 1 mM dissolved acetate ion as shown in Figure 30 

looks different from calcite growth with 0 mM dissolved acetate ion (Figure 28). It looks like 

the nuclei were clustered together relatively in a continuous manner in the absence of 

dissolved acetate ion while there was discontinuity in presence of 1 mM dissolved acetate 

ion at the flat surfaces. The surface structure looks disturbed in the presence of the acetate 

ion. The disturbance of calcite crystal growth was clearly observed when the amount of the 

dissolved acetate ion increased to 5 mM as shown in Figure 31.  

 

Figure 30. SEM photomicrographs of calcite precipitate in the presence of 1 mM acetate ion. Scale 
bar for a, b, c, and d is 100 µm, 50 µm, 10 µm, and 10 µm, respectively. 
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Figure 31. SEM photomicrographs of calcite precipitate in the presence of 5 mM acetate ion. Scale 
bar for a, b, c, and d is 50 µm, 10 µm, 10 µm, and 50 µm, respectively. 

 

4. 3.1.5 Estimation of the amount of Calcite precipitate 
 

The change in dissolved solute between the inlet and outlet of the reaction cell is harmonized 

by the gain in mass of the calcite seed crystal. Hence, on a single run basis: ∆C (inlet-outlet) 

= mass of calcite precipitated at the surface of the seed crystal. SEM photomicrographs were 

the second evidences next to bulk solution chemistry changes for precipitation of calcite to 

occur at the surface of the matrix (calcite seed crystal). Was it really the crystal growth at the 

surface of the seed material that was observed through SEM? Was the precipitate in the 

detection limit compared to the original calcite? Was there a possibility to distinguish the 

newly grown calcite crystal from the original calcite?  In order to at least address the 

question about how much calcite was precipitated, the following mathematical formula was 

used to estimate the amount of calcite precipitated at the surface of the calcite seed crystal: 
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tSRm ACa ∆××=∆ ,                                                  4-2                                                                 

where ∆mCa   the mass of calcite precipitated in g, R represents the steady state calcite 

precipitation rate in mol/s/cm2, SA   total surface area of the seed in cm2 and ∆t is the total 

time the run took in s. The estimated amount of calcite precipitate and the variables used to 

compute it are listed in Table 8. 

Table 8. List of data used for estimating the amount of calcite precipitate at the 
surface of calcite seed crystal and the estimated precipitate 

Run 
Total time 

(s) 

Total 
surface area 
of the seed 

(cm2) 

Steady state 
R 

(mol/s/cm2) 

mass of 
calcite 

precipitate 
(g) 

Ratio of the 
precipitate 
calcite to 

seed 

CC1 602208 94.5 1.54E-12 0.00875 0.0348 
CC2 411264 94.0 2.49E-12 0.00962 0.0384 
CC3 565920 128.8 2.44E-12 0.01783 0.0520 
CC4 425952 93.9 4.52E-12 0.01809 0.0723 
CC5 323136 169.0 1.88E-12 0.01025 0.0228 
CC6 549504 94.1 3.35E-12 0.01733 0.0691 
CC7 527904 94.0 3.00E-12 0.01492 0.0596 
CC8 500256 94.0 3.65E-12 0.01715 0.0685 
CC9 673056 94.0 8.22E-13 0.00520 0.0208 
CC10 683424 94.0 5.82E-13 0.00374 0.0150 
CC11 667872 94.0 2.31E-12 0.01451 0.0579 
CC12 679968 94.0 1.18E-12 0.00754 0.0301 
CC13 510624 94.0 2.31E-12 0.01109 0.0443 
CC14 590112 93.9 1.68E-12 0.00933 0.0373 
CC15 590976 94.0 1.40E-12 0.00776 0.0310 
CC16 596160 94.0 2.95E-12 0.01653 0.0660 
CC17 609120 93.9 2.53E-12 0.01450 0.0580 
CC18 587520 94.0 2.08E-12 0.01152 0.0460 
CC19 569376 94.0 1.18E-12 0.00630 0.0252 
CC20 578880 94.0 5.51E-13 0.00300 0.0120 
CC21 676512 94.0 2.26E-12 0.01439 0.0574 
CC22 667008 94.0 1.77E-12 0.01109 0.0443 
CC23 746496 94.0 1.15E-12 0.00810 0.0323 
CC24 747360 94.0 7.25E-13 0.00510 0.0204 
CC25 676512 94.0 1.96E-12 0.01247 0.0498 
CC26 587520 93.9 1.34E-12 0.00740 0.0296 
CC27 665280 93.9 8.17E-13 0.00511 0.0204 
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4.3.2 TEM analysis 
 

Three different samples were selected for TEM analysis to get an overview concerning 

calcite precipitation reaction in the continuously stirred mixed-flow reactor and to integrate 

the results from TEM analysis with temporal evolution of calcite concentration in a 

supersaturated solution and SEM analysis. The samples chosen were: original calcite and 

calcite precipitate without and with dissolved acetate ion (0.015 mol/kg). 

4.3.2.1. Original calcite  
 

Original calcite used as seed material was transparent Iceland spar calcite crystals (see 

Section 3.1.1). The electron diffraction pattern of pure original calcite is shown in Figure 32. 

Such type of TEM selected area electron diffraction pattern is called spot pattern. The Spot 

pattern represents pure mono-crystal orientation. Each spot pattern was designated by Miller 

indices (Figure 32). Miller indices are the reciprocals of the fractional intercepts at which the 

plane makes with the crystallographic axis. Each lattice point represents the orientation of a 

plane in a lattice. A lattice is a way of representing a crystal. A lattice is simply three 

dimensional arrays of points (lattice points) in space. 

 

Figure 32. Electron diffraction pattern taken from single calcite crystal region for the original calcite 
seed crystal. a) TEM bright field photomicrograph, scale bar was 200nm b) selected area electron 
diffraction pattern c) Indexed electron diffraction pattern of a single calcite crystal 
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4.3.2.2 Calcite Precipitate without dissolved acetate ion 
 

Some small crystals were formed on the surface of the calcite. The electron diffraction 

pattern shows that crystals do not grow layer by layer but by nucleation and crystal growth. 

Crystal growths were observed at the surfaces of the seed crystal. Some crystals look 

connected while other crystals grow faster.  

 

Figure 33. TEM mono-crystal spot electron diffraction pattern of calcite without acetate ion. Strong 
reflection marked with black lattice points while weak reflections with red in a single 
crystallographic orientation. a) TEM BF photomicrograph b) SAED pattern c) indexed SAED 
pattern of the single calcite crystal 
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4.3.2.3 Calcite precipitate in the presence of dissolved acetate ion 
 

The calcite precipitate in the presence of dissolved acetate ion was investigated using TEM. 

The electron diffraction patterns were produced by the transmitted electrons through the thin 

samples of the calcite crystals. The spots were arranged in a ring pattern as shown in Figure 

34. Such type of diffraction pattern comes from a polycrystalline specimen. This happens 

when the diffraction is taken from the area of the big number of small crystals with the same 

structure but random orientations. Different spots are arranged in concentric circles. The 

number of spots on each circle depends on the number and size of crystallites. When the 

number of spots are discrete; the diffraction pattern is taken from a very small number of 

large crystal grains [Edington, 1975]. Likewise if the spots are not resolvable it means that 

the diffraction patterns represent a big number of small crystallites. According to Edington 

(1975) the major use of electron diffraction in ring patterns which are produced by the 

transmission electron microscopy was for identification of phases.  The electron diffraction 

pattern of calcium precipitate in rings was indexed. In agreement with Edington (1975) the 

indexed ring electron pattern showed that the precipitate formed at the surface of calcite seed 

crystal contains two phases. The two phases were the commonly existing polymorphs of 

calcium carbonate; calcite and aragonite. The lattice points marked with red represent 

aragonite while the lattice points marked with black represent calcite (Figure 34).  
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Figure 34. Diffraction pattern taken from the crystal of calcite precipitate in the presence of 
dissolved acetate ion on plate negatives. The indexed selected area electron diffraction pattern was 
taken after very few seconds’ exposure of the calcite sample. It indicates that both polycrystalline 
calcite and aragonite are present. Calcite and aragonite rings are indexed using the three system 
index Miller indices. a) TEM BF photomicrograph, X30k, AV is 200 kV, and scale bar is 200 nm b) 
and c) SAED ‘ring’ patterns associated to BF micrograph shown in (a) d) and e) indexed SAED ring 
patterns from powdered polycrystalline thin foil specimen of calcite shown in (b) and (c) 
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5 Discussion 

5.1 Temporal changes in bulk solution chemistry 

 

Temporal changes in bulk solution chemistry has been used to investigate calcite 

precipitation kinetics [Amjad, 1987; Brantley et al., 2008; Dove and Hochella, 1992; 

Flaathen et al., 2010; Lebron and Suarez, 1996; Y P Lin and P C Singer, 2005; Teng et al., 

2000]. Calcite precipitation rate data has been commonly modelled by using Equation 5-1. 

Based on this equation the dependence of the calcite crystal growth mechanism has been 

related to degree of supersaturation. 

5.1.1 Effect of surface area of seed on calcite precipitation 
 

As can be seen in (Figure 19 section 4.1.1) the rate of precipitation looks directly 

proportional to the amount of seed crystals added in the reaction cell. This could be a 

confirmation that crystal growth occurred on the calcite seed crystal without any primary 

nucleation or spontaneous precipitation. It seems that calcite crystal growth therefore was 

limited to the active sites already present at the surfaces of calcite seed crystals in the reactor. 

However, the precipitation of calcite does not look linearly related to the amount of seed 

crystal used. Precipitation rate data have been commonly fitted to an empirical rate law 

[Nancollas and Reddy, 1971]. 

nkR )1( −Ω=                                        5-1 

This equation can be re-written in logarithmic forms: 

)1log(loglog −Ω+= nkR                                      5-2 

R is the precipitation rate normalized to the reacting surface area (mol/s/cm2), k is the rate 

constant, and n is the empirical reaction order. 
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According to this empirical law precipitation is assumed to take place on the whole available 

active surface area of the seed crystal because precipitation rate is normalized to the reacting 

surface area. The increase in mass of the original calcite seed was approximately 0.1 g for 

each reaction; however, the decrease in concentration of calcium ion is not linearly related to 

this. The change in concentration of calcium ion looks similar for 0.3431 g and 0.4501 g of 

the seed material in the reaction cell (Figure 19). This implies that increasing the amount of 

seed crystal might not increase the probability of active sites for crystal growth. This shows 

that careful handling of results from temporal changes in the bulk solution chemistry. 

According to [Teng et al., 2000] we need to be cautious before inferring growth mechanism 

and rate laws to macroscopic changes (temporal changes in bulk solution chemistry).  

The temporal changes of calcium concentration in the bulk solution (Figure 19) showed that 

increasing surface area by a certain amount didn’t increase precipitation by a similar factor. 

In order to confirm this result, SEM analysis was done on the reacted calcite. SEM 

photomicrographs examined confirm that calcite crystal growth at the surface of the seed 

crystal was not even as shown Figure 35.  

 

Figure 35. SEM photomicrograph of a single calcite seed crystal. It shows calcite growth at the 

surface of calcite seed crystal without any additives. a) Calcite precipitate at single crystal surface b) 

the enlarged form of the photomicrograph at “a” of a single calcite grain. The scale bar is 100 µm 

and 20 µm for “a” and “b”, respectively. 
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5.1.2 Effect of acetate ion on calcite precipitation 
 

The reductions in the calcite precipitation rate as a function of acetate concentration for the 

two different types of flow rates are presented in section 4.1.2. The relative decrease in the 

calcite precipitation rate as a function of acetate concentration is also shown in the same 

section mentioned before. When all other experimental conditions were kept constant, 0.015 

mol/kg concentration of acetate ion reduced the steady state calcite precipitation rate 

approximately by half. It seems as if acetate inhibits the precipitation of calcite in 

supersaturated solutions. The noticeable effect of acetate in reducing the rate of calcite 

precipitation from supersaturated solution is possibly due to one or more of the following 

factors: either acetate form stable complexes with calcium ions and reduce the 

supersaturation in solution or acetate are adsorbed onto the calcite surface. The calcite 

growth inhibition in the presence of model organic compounds is attributed to molecular 

structure relationship. For instance, Amjad (1987) reported that more highly carboxylated 

benzenes are better inhibitors than less carboxylated benzenes. A Langmuir type adsorption 

model has been proposed to describe the inhibition of calcite crystal growth by carboxyl 

containing ions. Likewise, in this study, it is proposed that acetate acts as an inhibitor on 

calcite precipitation by blocking the active growth sites through adsorption reactions. This 

result is in agreement with previous studies related to inhibition of calcite precipitation due 

to the presence of different organic compounds [Amjad, 1987; Y-P Lin and P C Singer, 

2005b; Y P LIN et al., 2005].  

We used Equation 4-1 to test the inhibition of calcite crystal growth in the presence of 

acetate ion. According to this equation, a plot of the relative rate inhibition ratios as a 

function of the inverse of the acetate concentration must give a straight line. As shown in 

Figure 22, linear relationship between the two functions is observed. This suggests that the 

inhibitory effect of acetate is due to adsorption at active growth sites. This implies that, under 

these study experimental conditions, the decrease in the rate of calcite precipitation must be 

correlated to the surface adsorption rather than simple calcium-acetate complex formation. 

Moreover, PHREEQC speciation calculations showed that the percent of calcium ion 

complexed at high acetate (20 mM) concentration was less than 7 % of the total calcium in 
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solution. As shown in (Figure 20), the inhibition effect of acetate ion in the presence of 20 

mM acetate is lower than 15 mM acetate. In the presence of 20 mM acetate, at the beginning 

the calcium concentration drops faster than the 15 mM acetate. Both aragonite and calcite 

phases are found in the supersaturated solution of calcium carbonate. Aragonite is metastable 

at ambient conditions, and in the presence of water, it shows evidence of inverting to the 

more stable polymorph calcite, but in dry situation it shows no evidence of transforming into 

calcite, even in geological time scale [Buseck and Allen]. The transformation of metastable 

polymorphic forms of calcium carbonate (vaterite and aragonite) to a thermodynamically 

stable form of calcium carbonate (calcite) have been studied by [Ogino et al., 1987] . They 

proposed that the polymorphic transformation took place through the dissolution of the 

metastable phase and the formation of the more stable phase. Likewise, in our experimental 

conditions, there could be the possibility of fast nucleation of unstable aragonite at the 

beginning, later on dissolution of it followed by nucleation of the stable calcite (see section 

2.4.2). Possibly, this could be the likely explanation for these observations. When calcite 

subsequently nucleates, the aragonite crystals may start to dissolve. In later stage, the 

inhibitory effect of 20 mM acetate seems as if it approaches that of 15 mM, but still lower, as 

shown in (Figure 20). This is consistent with the results shown in (Figure 21). For the flow 

rate of 0.1 g/min, as shown in (Figure 21), when the concentration of acetate increases from 

15 mM to 20 mM, the relative inhibition decreases by 20 %. Eventually, we suggest that the 

calcite crystal surface may become saturated and thus further increases in the concentration 

of acetate causes no further increase in relative inhibition of calcite crystal growth. However, 

the effect of high acetate concentration on calcite precipitation seems to be complex. Hence, 

it needs to be treated carefully. As a result we propose further investigation.  

5.2 PHREEQC-Supersaturation 

5.2.1 Control runs 

The steady state calcite precipitation rate was linearly related to the degree of supersaturation 

of the solution (Figure 23). These results are consistent with TEM and SEM results (see 

section 4.3.1 and 4.3.2) which implies that the bulk solution chemistry can possibly be linked 

to the microscopic surface processes. SEM photomicrographs of the original calcite seed 
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crystal at atomistic level looks rough (see Figure 25). The crystal growth mechanism might 

be possibly adhesive type or continuous [Sunagawa, 1987]. Moreover, TEM analysis of the 

calcite precipitate strongly supports the adhesive or continuous type of crystal growth on 

calcite surface (see Figure 33). In addition, the crystal growth was not layer by layer. This 

was strongly supported by the electron diffraction pattern of a single crystal crystallographic 

orientation (Figure 33).  

As discussed earlier (Figure 4), at lower degree of supersaturation crystal growth is 

controlled by spiral growth at screw dislocation whereas at higher supersaturation the 

mechanism changes to two-dimensional nucleation [Ryoji Shiraki and Susan L. Brantley, 

1995]. In this study, precipitation rate increased as a function of degree of supersaturation 

and the logarithmic steady state precipitation rate became linear with respect to Log (Ω-1) 

when the degree of supersaturation is between 1.95 and 2.88 (see Figure 23). 

5.2.2 Runs with additive 
 

Observations of the normalized precipitation rate of calcite crystal growth as a function of 

supersaturation did not seem to form a linear trend in the presence of acetate like control 

experiments.  Each single run took 7 to 9 days, if everything went smoothly otherwise much 

more time was needed. Due to the time constrained, the numbers of experiments are limited. 

5.3 SEM Analysis interpretation 

 

It seems that the matrix surface and precipitate were disturbed, resulting in a discontinuous 

appearance (Figure 36, right part of the photomicrograph). This could possibly be due to the 

presence of dissolved acetate ion.  In the presence of acetate ion, it seems as if nucleation 

predominate the crystal growth. Dissolved acetate ion affects calcite precipitation possibly by 

preventing the nucleation of new crystals or by minimizing crystal yield after nucleation has 

commenced. 
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Figure 36. SEM photomicrograph of calcite in the absence- (left) and in the presence of dissolved 
acetate ion (right), the crystal growth was disturbed as a result of acetate ion (see right part of the 
micrograph) compared to the growth in the absence of dissolved acetate ion. Scale bar is 10 µm for 
both micrographs. Magnification was 1600 times and accelerating voltage was 15 kV. The samples 
were gold coated and the photomicrographs were taken with scan 4 processing mode to get good 
quality photomicrographs. 

 

5.4 TEM Analysis interpretation 

5.4.1 Original calcite 
 

The Electron diffraction pattern of a single crystal was observed when the diffraction was 

taken from the sample showing the undisturbed periodic structure over the whole observed 

area. As shown in (Figure 32), the spot pattern of the selected area electron diffraction 

represents the single crystal region of the calcite specimen under investigation. Each spot on 

the diffraction pattern corresponded to different sets of crystallographic planes in the same 

calcite crystal. The spots were discrete and correspond to the points in the reciprocal lattice. 

Such a diffraction pattern gives information about the crystallographic structure of the 

investigated material.  
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5.4.2 Calcite Precipitate in the absence of Acetate ion 
 

Rapid crystallization from a supersaturated solution forms tree-like formations called 

dendrites on the surface of the seed [Mullin, 2001; Sunagawa, 1987]. Depending on the 

analysis results from TEM it looks as if there was a very rapid crystallization of calcite. 

There was not enough time for the nuclei to grow bigger. With TEM it was possible to select 

a particular area of the calcite seed crystal and to vary the diameter of the electron beam to 

obtain diffraction patterns. Figure 33 shows an electron diffraction pattern of calcite 

precipitate (weak reflections) and calcite seed crystal (strong reflections) in a single 

crystallographic orientation. The strong reflections belong to original calcite while weak 

reflections to calcite precipitate. As can be seen from the spot patterns there are orientation 

relationships between the calcite seed crystal and the calcite precipitate.  However the 

lattice points representing the spots were different. This implies that the matrix and the 

precipitate are of the same phase but have different crystallographic orientation.  

 

5.4.3 Calcite Precipitate in the Presence of Acetate ion 
 

The presence of acetate ion affected calcite precipitation kinetics. This was in agreement 

with the investigations done as to how organic species influence the crystallization process. 

The presence of organic species not only inhibits the crystallization process of minerals from 

supersaturated solutions, but also affects the crystal growth habit. This is strongly evidenced 

by the crystal habits of different minerals: gypsum, found in sedimentary basins [Cody, 

1991]. Ring patterns were observed for calcite precipitation with the presence of acetate ion. 

There are very small crystals, and it seems as if nucleation happened without reaching crystal 

growth (Figure 34). Micro crystals were randomly oriented. The ring patterns arise from very 

fine grain size polycrystalline specimens that cluster each other. These small crystals yield 

after nucleation has happened. In other words, the nucleation of new crystals was prevented. 
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Moreover, very small crystallites of the new phase were also formed: the needle shaped 

aragonite. This could possibly be due to the presence of acetate ion in the solution. The 

crystal growth mechanism does not look layer by layer because we did not observe the same 

orientation of the lattice points. It looked as if various processes had taken place: Nucleation 

of aragonite, crystal growth of aragonite, and nucleation and crystal growth of calcite. The 

supersaturated solutions for calcium carbonate were not only favouring the crystal growth of 

calcite. The acetate ion inhibited the good contact between the original calcite and the bulk 

solution ions which would favour calcite precipitation. 

This means, there was no good contact between the surface of the calcite seed and the 

substrates. It looks as if the small crystals were forming too fast. This implies that the time 

was not long enough for the small crystals to grow layer by layer. Crystals with the same 

structure grow with different orientations. Some small crystals that had grown were 

connected with the original crystals, while others had a different orientation than the original 

crystal. Besides the aforementioned observations, it looks as if that the electron diffraction 

patterns observed twins in the rhombohedra calcite crystal structure as shown in Figure 37. 

Twinning in crystal growth is the phenomena that can define the rational symmetrically 

related intergrowth. Crystal lattices of each orientation in twins have specific crystal relations 

to each other.  

At the twin plane, crystallites have a zone common to each part. In other words one part of 

the calcite crystal with respect to the other was symmetrical. There are many reasons for 

twinning even though it is still poorly understood and little is known about the formation of 

these irregular masses [Mullin, 2001]. The presence of some impurities in the crystallizing 

solution, seeding at high degree of supersaturation, and the presence of too many seed 

crystals are some of the factors among many that favour twin formation. In our case, it seems 

as if the twin formation was due to the presence of dissolved acetate ion. Had it been the 

other factors listed we would have observed twin formation in the control experiments as 

well.  

As shown in (Figure 37), the selected area electron diffraction patterns had extra spots. This 

was due to the fact that twins oriented differently from the original calcite in the thin foil 

relative to the incoming electron beam (the middle big dark spot).  
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Hence, TEM analysis results verified that the supersaturation of the solution used in this 

study was strong enough to provoke calcite precipitation: nucleation and crystal growth.  

It was asserted that the electron diffraction patterns were clear evidences of nucleation and 

crystal growth of calcite. Had it been because of some artefacts or some features induced due 

to sample preparation, the effects should have been observed on the original calcite too (see 

Figure 32). The electron diffraction pattern for the original calcite was clean and 

representative of the mono-crystals of calcite. The sample preparation procedures were time 

intensive and require cautious attention and follow up as a result of the samples susceptibility 

to damage. Sampling was done for the entire sample in a similar manner and the same 

environmental conditions. Hence the results were representative of calcite precipitation in the 

seeded solution.  

 

Figure 37. Electron diffraction pattern taken for calcite precipitate in the presence of dissolved 
acetate ion 

 

The reactivity of Columbia River Basalt (CRB) and other continental flood basalts are 

available from the long-term (months to years) laboratory experiments done by Schaef and 

co-workers [H. T. Schaef et al., 2010; Herbert T. Schaef et al., 2009]. In these experiments 

basalt samples from USA, India, Iceland, and Canada were reacted with CO2 at about 100 

bars and 60 to 100 °C. Reacted samples from these experiments showed generation of Ca-

rich carbonates interpreted as calcites with minor siderite and magnesite. In experiments on 

CRB using mixtures of H2S and CO2 at 60 °C and 100 bar and run for 181 days, pyrite 
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(FeS2) formed together with Mg-Fe poor calcite and a Ca-poor Fe-carbonate [Herbert T. 

Schaef et al., 2009]. The acetate reduces the calcite precipitation rate; this might also affect 

mineral carbonation in basaltic aquifers. If calcite is inhibited to form, other phases such as 

zeolites competing for Ca2+ may form instead and the carbonate potential is then reduced. 

 

5.4.3.1  Polymorphic crystal formation due to the presence of dissolved 
acetate ion   

 

TEM analysis was done on the calcium carbonate precipitate that was formed at the surface 

of calcite seed crystal in the presence of dissolved acetate ion. The amount of dissolved 

acetate ion used was 0.015 mol.kg-1. The ring electron diffraction pattern confirmed that both 

aragonite and calcite precipitated together from the supersaturated solution of calcium 

carbonate. It appears as if that dissolved acetate ion affects calcite precipitation in a number 

of ways. Firstly, it inhibits the calcite precipitation rate from the supersaturated solution of 

calcium carbonate by adsorbing on the active growth sites of the calcite seed crystals. 

Secondly, it favours the growth of the polymorphic crystalline form of calcium carbonate; 

aragonite, from the supersaturated solution with calcite and aragonite phases. Thirdly, it 

disturbs the nucleation of new crystals and hence minimizes crystal growth yield after 

nucleation has commenced.  

Calcium carbonate precipitate at the surfaces of calcite seed crystals in the presence of 

dissolved acetate ion was analyzed by using SEM. The crystal growth by inspection had a 

broken or discontinuous appearance (see Figure 31). This could also be as a result of the 

presence of acetate ion. This showed that the results from SEM analysis and TEM analysis 

were consistent. The complexity in the steady state precipitation rate versus supersaturation 

in the presence of acetate ion could possibly be due to the diversified effect of acetate ion. 

Understanding the micro-topography or the surface structure of calcite is very essential to 

interpret properly the results from bulk solution chemistry, because the surface area is used 

to normalizing the calcite precipitation rate. However, the results from SEM and TEM 

illustrated modification of calcite precipitate growth morphology due to the presence of 
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acetate ion. This could possibly affect the expected trends in the plot (see Figure 24). The 

results obtained were in agreement with the explanations that have been given in [Cody, 

1991; Erwin Suess, 1970; E. Suess, 1973] about significant features of crystallization 

inhibition by organics.  

Moreover, the existing literatures that feature the crystallization of different crystalline forms 

of calcium carbonate due to the presence of organics in supersaturated solution of calcium 

carbonate were in agreement with this work. For instance, calcium carbonate are known to 

crystallize into aragonite and calcite in nature by certain organisms [Kitano and Hood, 1965]. 

The third polymorphic form of calcite: Vaterite, is known to form in aqueous solution 

containing calcium chloride, in addition to aragonite and calcite, as the partial pressure of  

carbon dioxide increases for a given calcium ion concentration [Dickinson et al., 2002]. In 

the presence of organic compounds, precipitation of calcium carbonate polymorphic forms 

have been observed from a supersaturated solution [Kitano and Hood, 1965; Meldrum and 

Hyde, 2001]. Our results are in agreement with [Meldrum and Hyde, 2001] observations of 

polymorphic forms of calcium carbonate due to the presence of organic compounds from a 

supersaturated solution. 

5.5 Modelling crystal growth of calcite group minerals 

Can we extend the result of this study to model crystal growth rate of calcite group minerals 

in the presence of acetate? Carbonate group minerals such as rhodochrosite, siderite, 

magnesite, and smithsonite possess similar crystal structure as calcite. The crystal growth 

rates of calcite has been explained by using a modified version of rhodochrosite crystal 

growth model [Nilsson and Sternbeck, 1999]. Calcite growth rate is very fast in comparison 

to other carbonate minerals. For example, at Ω = 8, calcite crystal growth was 3,700 times 

more rapid than rhodochrosite [Nilsson and Sternbeck, 1999]. Nilsson and Sternbeck (1999) 

suggested that the associative/dissociative character of the metal ions in a given solution is 

an important variable in determining the carbonate kinetics. This model can also be 

applicable on the other carbonate minerals such as siderite, magnesite, and smithsonite. 

Though there is a major difference between the calcite and rhodochrosite crystal growth 
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mechanisms, the calcite and rhodochrosite crystal growth rates can be compared under 

similar conditions [Nilsson and Sternbeck, 1999]. As they point out in their study there exists 

mechanistic similarities between mineral crystal growth and ligand exchange reactions in 

solution. In light of this finding by [Nilsson and Sternbeck, 1999], there could be possibilities 

to extend the findings of this work to simulate crystal growth kinetics of the calcite group 

minerals in the presence of acetate. To get further evidence we need to document more data 

on crystal growth rate of calcite in the presence of acetate and determine what elementary 

reactions govern the crystal growth within different regimes (driving force). 
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6 Conclusion 

Even though we are far from fully understanding how dissolved acetate ion affects calcite 

precipitation kinetics, certain conclusions seem reasonable. 

In the complex systems of nature, crystal growth is affected by commonly occurring organic 

species, such as carboxylic, amino and humic acids, phosphate, sulphate, and other 

macromolecules. The interaction between such molecules and certain crystallographic 

surfaces may inhibit step growth, surface nucleation, overall growth and the crystal 

morphology [Wright and Catlow, 1999]. 

This study employed laboratory experiments on calcite precipitation kinetics using 

continuously stirred mixed flow reactor in the presence of acetate ion. The experimental 

results reveal that the presence of acetate at low concentrations can significantly inhibit 

nucleation and crystal growth of calcite from supersaturated aqueous solutions. When all 

other experimental conditions were kept constant 0.015 mol/kg concentration of acetate ion 

reduced the steady state calcite precipitation rate approximately by half. A Langmuir type 

adsorption model was used to fit the kinetics data obtained from steady state rate of calcite 

precipitation measurements. A linear relationship exists between the rates of calcite crystal 

growth ratio in the absence and in the presence of acetate (Ro/(Ro-Ri) and the inverse of 

acetate concentration (1/C). This implies that the observed inhibition occurred as a 

consequence of the adsorption of acetate ion on the active growth sites of the calcite seed 

crystal. 

 SEM observation of the calcite precipitate showed that the acetate ion added into the 

supersaturated solution of calcium carbonate affects the substrate surface and the 

precipitation mechanism. The calcite crystals formed on the surface of seed illustrated the 

interruption of calcite crystal growth resulting in a broken or discontinuous appearance.  

The TEM analysis revealed the precipitation of aragonite in the supersaturated solutions of 

calcium carbonate in the presence of acetate ion. Hence, it is proposed that aragonite 

precipitation may be favored by the presence of acetate ion. In the base case, without acetate, 



 

84 

 

TEM also indicated that the calcite precipitate has different crystallographic orientation from 

the matrix. This implies that the calcite crystal growth did not take place layer by layer. 

The results in this study could possibly have significant implications on subsurface CO2 

storage as in the case of sulphate ion. The presence of dissolved sulphate slows down the 

calcite precipitation rate [Flaathen et al., 2010]. Sulphate has dual effects on subsurface 

carbon dioxide storage in that it either prevents loss of porosity of the target reservoir or 

decreases the amount of CO2 mineralized as calcite. Likewise, similar influence is expected 

in the target reservoir (basaltic aquifers) due to the presence of dissolved acetate ion. 

The calcite precipitation kinetics data can be added into databases and used in future 

geochemical modelling to enhance our understanding of water-rock interactions and the 

effect of inhibitors. It is possible to compare calcite and rhodochrosite crystal growth rates 

under similar chemical and physical conditions [Nilsson and Sternbeck, 1999]. The 

mechanistic model for the calcite growth rate should also be applicable on other carbonate 

minerals such as magnesite, siderite or smithsonite [Nilsson and Sternbeck, 1999]. By 

analogy, the calcite growth rate findings in this study can probably be extended to simulate 

the effects of acetate ion on other carbonates that belong to the same crystal system and have 

similar crystal forms. Until more data are available for acetate influence on calcite group 

carbonates, it seems reasonable to assume that given the similarity of Fe2+, Mn2+, Mg2+and 

Zn2+ in size, charge and bonding characteristics [Bjørlykke, 2010], effects of solution 

composition will be similar for these ions  in a supersaturated solution.  
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Appendices  

Appendix 1: plots showing the changes in Ca concentration as a function of time inside the 

mixed-flow reactor for all calcite precipitation experiments 

 

 



 

91 

 

 

 



 

92 

 

 

 



 

93 

 

 

 

 

 



 

94 

 

 

 



 

95 

 

 

 

 



 

96 

 

 

 

 

 



 

97 

 

 

 



 

98 

 

 

 



 

99 

 

 

 



 

100 

 

 

 



 

101 

 

 

 

 



 

102 

 

 

 

 



 

103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

104 

 

Appendix 2: SEM analysis 

2.1 Original calcite SEM photomicrograph  

 

Accelerating voltage (AV) was 15 kV, magnification (X) is 43 times, signal was secondary 

electron image (SEI) and the scale bar is 500 µm 

2.2 Calcite precipitate SEM photomicrographs  with no added acetate 

 

Accelerating voltage was 15 kV and SEI a) X250 and scale bar is 100 µm , b) X250 and 

scale bar is 100 µm,  c) X250 and scale bar is 100 µm, and d)  X1600 and scale bar is10 

µm   
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2.3 Calcite precipitate SEM photomicrographs  with added acetate (5 mM acetate) 

 

Accelerating voltage was 15 kV and SEI a) X250 and scale bar is 100 µm , b) X250 and 

scale bar is 100 µm,  c) X500 and scale bar is 50 µm, and d)  X1600 and scale bar is10 µm   
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Appendix 3: TEM analysis 

3.1 TEM sample preparation 

Polymer sample preparation procedures followed to make calcite powders suitable for TEM 
analysis 

Chemicals used for sample 
preparation 

Time 
taken (h) 

Purpose of doing the procedure 

Add calcite powder into mini-cups 
and wash with anhydrous ethylene 

alcohol 

0.5 remove water adsorbed from air at the 
surface of calcite powder 

Wash with a mixture of anhydrous 
ethylene alcohol and propylene oxide 

(3:1 ratio) 

0.5 Removal of  the alcohol 

Wash with a mixture of anhydrous 
ethylene alcohol and propylene oxide 

(1:1 ratio) 

0.5 Removal of the alcohol 

Wash with a mixture of anhydrous 
ethylene alcohol and propylene oxide 

(1:3 ratio) 

0.5 Removal of the alcohol 

Wash with propylene oxide 0.5 Totally the alcohol removed 

Wash with a mixture of propylene 
oxide and epon resin (3:1 ratio) 

1 Facilitate the exchange of the oxide 

Wash with a mixture of propylene 
oxide and epon resin (1:1 ratio) 

1 Exchange of the oxide with epon resin 

Wash with a mixture of propylene 
oxide and epon resin (1:3 ratio) 

1 Exchange of the oxide with epon resin 

Wash with epon resin 1 Total removal of the oxide 

Wash with epon resin 1 saturate the powders or embed in the resin 
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3.2 Bright field images (BF) and selected area electron diffraction pattern (SAED) 

3.2.1 Original calcite 

The following TEM phtomicrographs show bright field (BF) micrographs and its associated 

selected area diffraction pattern (SAED) for the matrix calcite. 

 

TEM original calcite analysis results. a) and b) BF micrographs of two calcite seed crystals, 

c) and d) selected area electron diffraction pattern of the two matrix calcite  crystals, 

respectively, and e) and f) indexed electron diffraction patterns of c and d, respectively. 
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3.2.2 Reacted calcite with no added acetate (0 mM acetate) 

The following TEM BF images and SAED patterns show the microtopography of calcite 

seed crystal. 

Part I: a) BF image of a single calcite  crystal  assosiated with SAED pattern (b) and (c), 

scale bar is 200 nm. 

Part II: a) BF image of a single calcite  crystal assosiated with SAED pattern (b) and (c), 

scale bar is 200 nm. 

 

Part I 

 

Part II 
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3.2.3 Reacted calcite with added acetate  (15 mM acetate) 

calcite twins:  BF micrograph of calcite oriented with the electron beam near (104). a) the 

SAED pattern corresponding to the BF image shown in (b), b) domain of calcite twins, and 

c) indexed SAED pattern 

of (a) 
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Appendix 4: PHREEQC 

The concentrations of calcium and acetate in the outlet solution, and the free ion 

concentrations of calcium and acetate ions as calculated using PHREEQC. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

*the relative inhibition after 15 mM acetate concentration decreases by a 20 % 

 

 

 

Run Flow 
rate 

(g/min) 

Species  
Concentration 

(mol/kg) 

(Fi/F0)* 

CC21 0.1 

Ca 5.75E-05   

Ca2+ 3.53E-05 0.61 

CH3COO- 0   

CC14 0.1 

Ca 5.03E-05   

Ca2+ 2.82E-05 0.56 

CH3COO 9.94E-04   

CH3COO- 9.87E-04 0.99 

CC15 0.1 

Ca 6.19E-05   

Ca2+ 3.42E-05 0.55 

CH3COO 4.98E-03   

CH3COO- 4.93E-03 0.99 

CC19 0.1 

Ca 7.74E-05   

Ca2+ 4.95E-05 0.64 

CH3COO 1.48E-02   

CH3COO- 1.46E-02 0.99 

CC26 0.1 

Ca 7.46E-05   

Ca2+ 4.81E-05 0.64 

CH3COO 2.01E-02   

CH3COO- 1.97E-02 0.98 
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Appendix 5: Langmuir type adsorption model adopted to describe empirically the reduction 

in calcite crystal growth due to the presence of acetate ion  

Calcite crystal growth was inhibited by dissolved acetate ion. It is assumed that the inhibition 

was due to adsorption of acetate ion at the active growth sites of the calcite crystals. Hence 

the Langmuir type adsorption model was considered to explain the inhibitory effect of 

acetate. The equation which was used in this study to fit the kinetics data obtained from 

calcite rate measurements is derived as follows: 

If θ is the fraction of sites covered by acetate ion, Ro is the rate in the absence of acetate and 

Ri is the rate in the presence of acetate, then it is possible to set the following relationship: 

Ri = Ro (1-θ)                1 

This may be rewritten as: 

o

io

R

RR )( −=θ             2 

Acetate adsorption and desorption rates at the active growth sites may be expressed as: 

Rads = kads [C] (1-θ)          3 

Rdes = kdes θ  ,           4 

Where Rads is adsorption rate, Rdes is the desorption rate, kads is adsorption rate constant 

and kdes is desorption rate constant. 

At adsorption equilibrium it can be shown that 

kads [C] (1-θ) = kdes θ          5 

Solving Equation 5 for θ, and substituting into Equation 2 the following equation will be 

obtained: 

[ ]CKRR

R

io

o 1
1+=

−
,          6 
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Where K = kads/kdes and [C] is the concentration of acetate. 

 


