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ABSTRACT: In this work we developed an extended Surface Complexation Model (SCM) that 

successfully fits all tested zeta potential data (63 in total) of synthetic calcite and three natural 

carbonates— Iceland spar, Indiana limestone, “SME” rock from a middle east field— in brines 

with divalent ions at a wide range of ionic strengths (0.001M~0.5M). To develop this extended 

model, our previous reported SCM is first optimized by incorporating zeta potential of synthetic 

calcite in a wide range of ionic strength (0.001M to 0.5M) along with previously published data 

for parameter refitting. The model is then applied to predict the surface charge of synthetic calcite 

in concentrated solutions up to 5M NaCl to reveal the role of high salinity in calcite wettability. 

Eventually, the model is extended to fit the zeta potential of natural carbonates by adding surface 

reactions for impurities such as silica and organic-based carboxylic acids. The coverage of the 

organic impurities is found to be essential for explaining why the zeta potential of natural 

carbonates is more negative compared to synthetic calcite. Naphthenic acid (assumed to have 1 

carboxylic group) and humic/fulvic acid (assumed to have 6 carboxylic groups) are tested in the 

model calculation as possible sources of surface impurities to demonstrate the effect of the number 

of carboxylic groups in the acid molecule. Finally, the effect of a humic acid pre-treatment on the 

zeta potential of synthetic calcite is investigated experimentally to verify the assumption that 

absorbed organic impurities on the calcite surface contribute significantly to a more negatively 

charged natural carbonate surface when compared to that of pure calcite surfaces. 

KEYWORDS: Zeta Potential, Surface Complexation Model, Calcite Surface Charge, Wettability 

Alteration, Enhanced Oil Recovery, Low Salinity Water, Smart Water 
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1. Introduction 

    Electrostatic interactions are an essential component among the molecular forces governing the 

surface wettability of carbonate reservoirs. Due to the charge attraction between the positively 

charged carbonate and negatively charged crude oil in the presence of high salinity formation brine, 

the crude oil typically has a strong affinity to the carbonate surface, causing the carbonate 

reservoirs to be oil-wet. Because of the unfavorable capillarity in the oil-wet condition along with 

the reservoir heterogeneity, the oil recovery in carbonate reservoirs is typically less than 30% of 

original oil in place1, which is challenging to improve.  

     In the past two decades, injection of low salinity brines with controlled ionic composition 

(usually with Ca2+, Mg2+, and SO42-) has been found to effectively alter the carbonate wettability 

and improve the oil recovery1–5. The wettability alteration induced by low salinity water, 

sometimes referred to as “smart water”, is generally considered relevant to the change of the 

carbonate surface charge when changing brine composition6–9. For example, Jackson, et al.9 

experimentally demonstrated the correlation between the wettability index and the rock/oil charge 

interaction by measuring the Amott wettability index and streaming potential of limestone/brine 

and oil/brine using four different crude oils. Therefore, significant efforts have been made to 

understand the carbonate surface chemistry by zeta potential measurements1,2,8,10–13 and surface 

complexation modeling (SCM) 5,14–22. In our previous work by Song et al.21, a synthetic calcite 

surface complexation model was developed by fitting synthetic calcite zeta potential in various 

brines with mixed potential determining ions (Ca2+, Mg2+, CO32-, SO42-) at a constant ionic strength 

of 0.1M under two CO2 partial pressures. Synthetic calcite, the calcium carbonate powder that is 

synthesized by a chemical manufacturer instead of naturally existed as calcite minerals in the 

nature, is used as a model for natural carbonate.  
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    Although these models can successfully fit zeta potential measurements of synthetic calcite in 

various brines, they fail when applied to natural carbonates. Substantial discrepancy has been 

found for the zeta potential of synthetic calcite and natural carbonates such as chalk, limestone, 

and dolomite. The natural carbonate minerals typically have a greater negative zeta potential than 

the synthetic calcite and pure calcite crystal such as Iceland spar. The shift to a more negative zeta 

potential for natural carbonates is generally attributed to impurities, inorganic and organic, 

incorporated in natural carbonate rocks23–25. Therefore, a SCM solely based on calcite surface 

species is inaccurate for fitting the zeta potential of natural carbonates or understanding the surface 

chemistry of natural carbonates. However, understanding the surface charge and charged species 

of natural carbonates is essential for investigating the mechanism of “smart water” enhanced oil 

recovery. Additionally, it is still unclear how these negatively charged inorganic impurities, such 

as silica, and organic impurities, such as humic acid and fulvic acid from the soil or mineral 

deposits and naphthenic acid from the crude oil, can be incorporated into a SCM to capture the 

surface chemistry of natural carbonate surfaces. Motivated by the need for a SCM for natural 

carbonate surfaces in the study of “smart water” induced wettability alteration, this work aims to 

extend our previous SCM to fit zeta potential data of both synthetic calcite and natural carbonates 

by incorporating the variables for surface impurities and subsequently to quantify the individual 

roles of the inorganic and organic impurities.  

    Most reported zeta potential results are measured at low ionic strength (<0.1M). These data are 

valuable for interpreting the role of charge interaction in low salinity brines. However, the surface 

charge and zeta potential of calcite at high ionic strength up to 5M are also needed for 

understanding the possible charge interaction in high salinity brine (such as formation brine). A 

possible approach to obtain the surface charge of calcite at high salinities is to utilize zeta potential 



Page 6 of 36 
 

measurements over a wide range of measurable ionic strengths (up to 0.5M for electrophoresis 

method) for fitting with the SCM.  This improves the SCM accuracy for prediction over an 

extended ionic strength (0.001M~0.5M) range.  The SCM can also be used to extrapolate zeta 

potential values at high salinities (up to 5M).  To demonstrate this, first the zeta potential of 

synthetic calcite at varying ionic strengths and divalent ions is systematically measured and then 

the model parameters based on the measurements is optimized. To the best of our knowledge, such 

SCM that can provide information on zeta potential of both synthetic calcite and natural carbonates 

in brines of mixed electrolytes with divalent ions over a wide range of salinities has not been 

previously reported.  

2. Experimental Methods 

2.1. Materials  

Zeta potentials of synthetic calcite (≥99.5%, from Alfa Aesar) in NaCl, Na2SO4 and MgCl2 

solutions (Ionic strength ranging from 0.001M to 0.5M) in the open system with air (400ppm CO2) 

equilibration were first measured. These data were incorporated with 34 zeta potential data points 

for synthetic calcite in various mixed brines of divalent ions at 0.1M ionic strength available in the 

previous work by Song et al. 21 to optimize the model parameter. Then, the zeta potentials of natural 

minerals including Iceland spar (from Educational Innovations), Indiana limestone (from Kocurek 

Industries), and a carbonate mineral sample from a reservoir in the Middle East (“SME” rock) 

were measured in various brines in either closed system or open system with air equilibration. The 

natural minerals (Iceland spar, Indiana limestone, and SME rock) were also analyzed by scanning 

electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) to quantify the 

surface coverage of inorganic impurities. 
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2.2. Zeta Potential Measurement 

     Details about the zeta potential sample preparation can be found in the literature.21 A light 

scattering analyzer (DelsaMax PRO) was used to measure all the zeta potential. The mobility of 

the rock sample in the brine was measured by electrophoretic phase analysis light scattering (PALS) 

method. The zeta potential was calculated using Smoluchowski equation. Each sample was 

measured at least 5 times for calculating the mean value and standard deviation of zeta potential. 

Synthetic calcite powder or natural carbonate rock chips were crushed and grounded with a 

mortar and pestle for at least 1 hour to obtain a fine powder (~1µm in diameter). The brines were 

prepared with 18.2MW•cm DI water and ACS grade electrolytes ≥99.0% including NaCl, NaHCO3, 

Na2CO3•H2O, CaCl2•2H2O, MgCl2•6H2O, and Na2SO4•10H2O. Single electrolyte solutions of 

varying ionic strengths were used for zeta potential measurements. Additionally, three mixed brine 

solutions were utilized: seawater (SW), 4x diluted seawater (4dSW), and 4x diluted seawater with 

3x concentrated SO42- (4dSW3S), whose compositions are provided in Table 1. The solution pH 

at the equilibrium condition for each tested brine is listed in Table 1. The rock solution consisted 

of 0.6 g ground rock powder in 75 mL brine to make up a 0.8 wt % dispersion. A Branson sonifier 

was used to sonicate the sample for 1 min to facilitate rock particle dispersion. All dispersions 

were assumed to reach phase equilibrium when the measured pH value matched that calculated by 

PHREEQC. All closed system samples were kept in a closed vessel in which air was evacuated. 

All open system samples were equilibrated with humidified air (400ppm CO2) by bubbling air into 

the dispersion. All the samples reached equilibrium within 2 days. Before measuring zeta potential, 

the samples were sonicated again with Branson sonifier to separate the agglomerated particles. 
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Then to obtain proper supernatant particle density for electrophoresis measurement, the rock 

particles were allowed to settle for 1 hour in the vessel.  

Table 1 Recipe of tested single electrolyte solutions and seawater-based brines 

 Ionic strength (M) Na+   
(M) 

Ca2+ 
(M) 

Mg2+ 

(M) 
Cl-    
(M) 

HCO3- 
(M) 

SO42- 

(M) Eq. pH  

SW 0.657 0.460 0.013 0.045 0.526 0.002 0.024 7.4 (Ä) 

4dSW 0.164 0.1150 0.00325 0.01125 0.1315 0.0005 0.006 8.3 (Ä) 

4dSW3S 0.164 0.1025 0.00325 0.01125 0.0950 0.0005 0.018 8.3 (Ä) 

NaCl 0.001, 0.01, 0.1, 
0.3, 0.5 

0.001 ~ 
0.5 - - 0.001 ~ 

0.5 - - 8.2~8.3 (*) 

MgCl2 
0.001, 0.01, 0.1, 

0.3 - - 0.00033 
~ 0.1 

0.00066 
~ 0.2 - - 8.2~8.3 (*) 

Na2SO4 
0.001, 0.01, 0.1, 

0.3 
0.00066 

~ 0.2 - - - - 0.00033 
~ 0.1 8.2~8.4 (*) 

(Ä) The solutions were equilibrated with calcite in a closed system (no gas phase). 

(*) The solutions were equilibrated with calcite in an open system with air (400ppm CO2). The 

solution pH was very similar for the same electrolyte solution at varying ionic strength. 

 

2.3. Natural Poly-carboxylic Acid (Humic Acid) Adsorption  

    Natural poly-carboxylic acids such as humic acid (HA) and fulvic acid in the soil are potential 

sources of organic impurities that can greatly affect the surface charge of natural carbonates. In 

order to investigate the impact of the natural poly-carboxylic acids, humic acid was extracted from 

a humus sample and used to study the effect of the humic acid adsorption on the surface charge of 

limestone. Indiana limestone samples with or without the pretreatment of humic acid were 

dispersed in the same brine. The zeta potential comparison between samples with and without 

humic acid pretreatment demonstrated the effect of adsorbed humic acid.  
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    Humic acid is chosen over fulvic acid as a candidate in the experiment because the extraction 

of humic acid from humus is much easier than that of fulvic acid. Obtaining fulvic acid from the 

humus is challenging because of its high solubility in water regardless of the solution pH. However, 

both acids have multiple carboxylic groups which can strongly interact with the calcite surface via 

electrostatic interactions. Humus, from Florida peat, was used as the source material. The 

procedures in the work of Wan, et al.26 was used to extract the humic acid from the humus. Briefly, 

0.3 M NaOH solution was added to humus substrate at the liquid/solid ratio of 15 mL/g. The 

dispersion was mixed on an orbital shaker for 48 hours. The undissolved fraction was discarded 

after centrifuged. The supernatant was collected, and the pH was adjusted to 1~2 using 6 N HCl. 

The dispersion sample was allowed to reach equilibrium overnight. Then, the precipitate was 

collected through vacuum filtration and washed with DI water to remove excess HCl as well as 

NaCl. The precipitate was dried at 85°C overnight and weighted. The dry humic acid powder was 

then dissolved in NaOH solution. 1N HCl was then added to adjust to neutral pH. 19g/L humic 

acid (HA) concentrate solution was then prepared. The concentrate was then diluted in 0.5% NaCl 

to prepare a 2000ppm humic acid (HA) solution.  

    For adsorption experiments, 0.25g synthetic calcite powder was mixed with 20 mL of either a 

2000ppm HA solution or DI water (control sample). The sample was sonicated using Branson 

probe sonifier and then placed into a stainless-steel vessel for aging in 90oC for 1 day. The high 

temperature facilitates faster adsorption of humic acid onto the mineral surface. Afterwards, the 

treated calcite powder was separated from the solution by centrifuge and then transferred into a 

centrifuge tube for cleaning. Each time, a 15mL DI water was added to the tube and the rock 

powder was dispersed by vortex mixing. Then the rock was separated by centrifuging and cleaned 

with another 15mL fresh DI water. After four rounds of DI water cleaning, the DI water was clear 
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and colorless after the rock was separated. Then, the rock was dried in 90oC before it was used for 

zeta potential measurement. Finally, 0.2g pre-treated synthetic calcite powder (pretreated with 

humic acid or DI water) was dispersed in 20mL 4dSW3S brine (composition see Table 1) for zeta 

potential measurement. The brine was pre-equilibrated with calcite in advance in a closed vessel 

without air contact for at least 3 days, ensuring that the pre-treated calcite was in equilibrium with 

the tested brine. 

3. Model Development and Discussion 

3.1. Review of Basic Model Assumptions (same as previous work by Song, et al.21)  

A generalized double layer model is used. The basic assumptions are the same as in our previous 

published model. The two major surface species are >CaOH-0.75 and >CO3H+0.75 (site density 

4.95nm-2 for each). The reason for fractional charge of the species is that the >Ca (calcium atom 

exposed at the surface of calcite) ideally has + 1/3 charge (one binding site vacant out of six 

sites) if the calcite (1 0 1 4) face is exposed. The assumption is reasonable since the (1 0 1 4) face 

is generally considered as the most abundant face of calcite27,28. We therefore assume a value 

0.25 (>Ca+0.25) in this work, as is described in previous works21,27,28. Because of charge 

attraction, >CaOH-0.75 and >CO3H+0.75 can bind with oppositely charged ions in the brine and 

become other charged surface complexes. Nine basic surface reactions are defined in Table 2. 

PHREEQC is used for thermodynamic equilibrium calculation. Model parameter fitting is done 

by coupling PHREEQC and PEST29 25 to fit the experimentally determined zeta potential 

measurements. Electrostatic double layer model with explicit calculation of the diffuse layer 

composition (-diffuse_layer) is used in PHREEQC. 
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To calculate the zeta potential of a rock in a particular brine, the surface concentration of all 

charged surface species as well as the surface charge density of the rock are first calculated using 

the optimized intrinsic equilibrium constants (9 fitting parameters) and the solution ionic 

composition (obtained from PHREEQC). Then the surface potential is calculated from the surface 

charge density based on Grahame equation. Finally, the zeta potential is calculated from surface 

potential based on Debye-Huckel equation. Note that Debye-Huckel equation provides a good 

estimation of zeta potential when the surface potential is lower than 25mV. In some cases where 

the calculated surface potential is slightly higher than 25mV, the accuracy of the calculation may 

be affected by the assumption of Debye-Huckel equation. Moreover, slip plane distance xs is 

needed in order to convert surface potential to zeta potential. The expression for xs from the work 

of Heberling et al.27 is used in this work. 𝑥" = 0.1/𝐼).*. I is the ionic strength (M) of the solution. 

𝑥" (nm) is the slip plane distance. Assuming such expression of 𝑥" is valid, the surface potential 

and zeta potential can be related with a constant coefficient 0.71 regardless of the ionic strength of 

the solution. 

Table 2 Surface complexation reactions in the model 
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3.2. Parameter Optimization for A Wide Range of Ionic Strength 

Based on the previous zeta potential results at the constant 0.1M ionic strength, a set of model 

parameters was found by model fitting. The model could successfully fit all the measurement at 

0.1M ionic strength21. However, when the model is used to predict the synthetic calcite zeta 

potential over a wide salinity range, there was discrepancy between the model prediction and 

experimental measurements for the low ionic strength range (0.01M~0.001M). Note that the zeta 

potential data in brines at various salinities (0.001M ~ 0.5M) are not used in the model parameter 

fitting. Instead, these data are only used to examine the accuracy of the model prediction of the 

original model under various salinity conditions (Figure 1).  

To optimize the model for application over a wider range of salinities, we included into the 

model parameter fitting the data shown in Figure 1, along with the other previous 34 zeta potential 

data at 0.1M ionic strength, and re-fit the surface binding reaction equilibrium constants. After re-

fitting, the model calculation becomes more accurate for the whole salinity range (Figure 2 and 

Figure 3) while some of the model parameters have changed slightly (maximum variation of logK 

= 0.24, see  

Table 3). 
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Figure 1 Model prediction (before parameter optimization) of synthetic calcite zeta potential in 

brines at varying ionic strengths (air equilibration). Note that these data in brines with various 

ionic strength (0.001M, 0.01M, 0.3M, 0.5M) are not included in the model parameter fitting. 

 

Figure 2 Model prediction (after parameter optimization) of synthetic calcite zeta potential in 

brines at various ionic strengths (air equilibration). 
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Figure 3 Model prediction (after parameter optimization) of synthetic calcite zeta potential in 

brines at constant ionic strength 0.1M (air / pure CO2 equilibration). The experimental data in 

this figure was reported in the work of Song et al. 21 

 
Table 3 Comparison between optimized and old model parameters 
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After the parameter optimization, the binding constants for most ions remain unchanged. 

However, IB(Ca2+), IB(CO32-) and IB(HCO3-) have variation, with the log10K value varying around 

0.16~0.24, indicating that the optimization with varying salinity data is essentially an adjustment 

of the contributions of Ca2+, HCO3- and CO32- for the calcite surface charge formation. Moreover, 

the relative magnitude for the same type of ions remains similar to the previous set of parameters. 

For example, IB (Ca2+) > IB (Mg2+), IB (CO32-) > IB (SO42-), IB (divalent) >> IB (monovalent). 

In sum, the binding constants for the same type of ions (valency, the sign of charge) are still 

negatively correlated with the hydrated radius of the ions. Therefore, the parameter optimization 

does not change any findings reported in the previous work. 

When ionic strength of MgCl2 brine increases from 0.001M to 0.3M, the zeta potential of 

synthetic calcite remains relatively constant in the measurement while the model predicts a slowly 

increasing trend (Figure 2). The zeta potential remains relatively constant due to the effects of two 

contrary factors: increasing positive surface charge and decreasing Debye length. Due to the 

increasing adsorption of strong potential determining ion Mg2+ when MgCl2 concentration 

increases, the surface charge density σ increases. However, the Debye length 𝜆- decreases due to 

the increasing ionic strength. The former factor contributes to increasing surface potential while 

the latter factor makes the surface potential decrease based on Grahame equation whose simplified 

expression for low potential cases (y0<25mV) is shown in Equation 1. σ is surface charge density. 

𝜖 and	𝜖)  are absolute permittivity and relative permittivity of water, respectively. 𝜆-  is Debye 

length. 𝜓) is surface potential.  

σ =
𝜖𝜖)𝜓)
𝜆-

																																							(𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧	𝟏) 
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As a result of the two contrary factors, it is reasonable to observe the zeta potential (related to the 

surface potential with a constant coefficient independent of the ionic strength) being relatively 

constant when the ionic strength of MgCl2 brine increases. In the model calculation, the role of 

Mg2+ adsorption is slightly exaggerated therefore a slowly increasing trend is predicted. Similarly, 

for the case of increasing Na2SO4 ionic strength, the higher c(SO42-) contributes to the more 

negative zeta potential and the transition from positive value to negative value. However, the 

increasing ionic strength limits the magnitude of the negative zeta potential. 

When ionic strength of NaCl solution increases from 0.001M to 0.1M, the zeta potential of 

synthetic calcite decreases monotonically, as a result of the compression of electrical double layer. 

However, zeta potential of synthetic calcite greatly increases when ionic strength of NaCl brine 

increases from 0.1M to 0.5M, which is an indication of higher surface charge density because of 

cation adsorption. Otherwise, if the surface charge density has remained unchanged, the surface 

potential has to monotonically decrease due to the double layer compression at higher ionic 

strength based on Grahame equation. 

     The contributions of Ca2+ and Na+ surface binding to the increasing surface charge of calcite 

need to be further investigated because either Ca2+ (present due to calcite dissolution) or Na+ 

adsorption can result in the increasing surface charge density. Therefore, the equilibrium Ca2+ 

concentration and the concentration of the two charged surface species, >CaOH…Ca+1.25 

and >CaOH…Na+0.25, are calculated in PHREEQC. Moreover, a contribution analysis is 

performed for >CaOH…Ca+1.25 and >CaOH…Na+0.25 to determine which ion contributes more to 

the increasing surface charge. The contribution of a surface specie i is defined as the product of its 

valency zi and the surface molar fraction of i. The definition is shown in Equation 2. [>CaOH-



Page 17 of 36 
 

0.75]0= [>CO3H+0.75]0= 8.22 × 10?@ mol/m2 (determined by site density 4.95 nm-2). The 

contribution analysis based on this definition is first proposed in the work of Song, et al.21 

 

   

 

The equilibrium Ca2+ concentration along with the contribution of >CaOH…Ca+1.25 

and >CaOH…Na+0.25 are plotted in Figure 4. As the NaCl solution becomes more concentrated, 

the equilibrium Ca2+ concentration increases monotonically as a result of increasing calcite 

solubility. In the NaCl ionic strength interval where the calcite zeta potential increases (0.1M ~ 

0.5M), the equilibrium Ca2+ concentration rises slightly from 0.8mM to 1.1mM. However, the 

contribution of >CaOH…Ca+1.25 decreases slightly in spite of the small increment of equilibrium 

c(Ca2+). This reduction of Ca2+ adsorption is due to the stronger electrostatic repulsion between 

the charged calcite surface and Ca2+ ion as the positive charge of calcite becomes stronger. Since 

the Na+ concentration increases more dramatically than Ca2+, the contribution of >CaOH…Na+0..25 

increases in spite of the stronger electrostatic repulsion. Such observation indicates that calcite zeta 

potential increases primarily due to Na+ adsorption when c(NaCl) increases from 0.1M to 0.5M.  

(Equation 2) 

contribution(i) = frac(i) i zi

frac(i) = [surface specie i]
[>CaOH −0.75 ]0

(cationic surface species)

frac(i) = [surface specie i]
[>CO3H

+0.75 ]0
(anionic surface species)



Page 18 of 36 
 

 

Figure 4 Equilibrium Ca2+ concentration and contribution of two important surface 

species, >CaOH...Ca+1.25 and >CaOH...Na+0.25. 

We further examine the impact of high concentration of Na+ on calcite surface charge 

formation (Figure 5) because a high concentration of Na+ (up to 5M) is relatively common as the 

formation brine for carbonate reservoirs. The purpose of such prediction is to help correlate the 

role of high salinity initial brine to the oil-wet properties of carbonates after contacting oil. We 

recognize that the electrical double layer may possibly collapse when the ionic strength is as high 

as 5M, therefore the value of zeta potential may be inaccurate, however, the surface charge density, 

calculated by the surface ion adsorption, can still provide important information about the calcite 

surface chemistry. Based on the model prediction, the surface charge density of synthetic calcite 

will dramatically increase, roughly an order of magnitude, when the NaCl concentration rises from 

0.1M to 5M. Even though sodium ions are not thought to influence surface charge when present 

at low concentrations, they should be considered as a weak potential determining ion, which can 

be influential if present at high concentrations, such as 5M. The significantly higher surface charge 
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of calcite in 5M NaCl can result in greater attraction with the typically negatively charged oil, so 

the high salinity NaCl brine is expected to favor oil wetting the calcite. 

 

Figure 5 Model prediction of synthetic calcite surface charge and zeta potential in NaCl 

solutions at ionic strength up to 5M (air equilibration). 

3.3. Model Extension for Natural Carbonates with Surface Impurities 

The zeta potential of several natural carbonates including Iceland spar, Indiana limestone and 

SME rock are compared with synthetic calcite (see Figure 6 and Figure 7). The samples for data 

represented in Figure 6 are prepared in 0.1M brines in an open system (400ppm CO2 equilibration) 

and in Figure 7 are prepared in seawater-based brines in a closed system. As shown, the Iceland 

spar has almost an identical zeta potential as synthetic calcite in all brines while for Indiana 

limestone and SME rock have a much more negative zeta potential compared with synthetic calcite, 

as previously reported in the literature25. 
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Figure 6 Zeta potential of synthetic calcite and natural carbonates in various I=0.1M brines in an 

open system (air with 400ppm CO2) 

 

Figure 7 Zeta potential of natural carbonates in various seawater-based brines in a closed system 

The surface elemental composition of all three natural carbonates are analyzed by scanning 

electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX). The major elements 

are summarized in Table 4.  
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Table 4 Surface elemental composition of the tested natural carbonates by EDX 

(mol %) Iceland spar Indiana limestone SME rock 

CaCO3 >99.9 93.0 86.7 
SiO2 <0.1 3.8 2.6 

MgCO3 <0.1 1.0 9.7 
BaCO3 <0.1 0.5 0.4 
Fe2O3 <0.1 0.3 0.2 
Al2O3 <0.1 0.3 0.3 
Others <0.1 1.1 0.1 

 

Since the Iceland spar surface is expected to be free of impurities, the model accurately predicts 

the zeta potential of the mineral in all tested brines (Figure 8). However, there is a significant gap 

between the experimentally measured zeta potential of natural carbonates (Indiana limestone/SME 

rock) and the SCM, which can be attributed to the presence of impurities on the surface of natural 

minerals.  

 

Figure 8 Comparison of the zeta potential measured experimentally and determined via the 

SCM for Iceland spar in various brines. 
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In order to determine if the negative charges on natural carbonates come from inorganic 

compounds, such as silica, or from the adsorbed organic contaminants, such as carboxylate acids, 

EDX analysis is performed. The EDX results, given in Table 4, show that the inorganic impurity 

is primarily silica in the two tested natural carbonates (Indiana limestone and SME rock). The 

silica impurity surface reactions reported by Buckley, et al.30 and Brady, et al. 31 are added into the 

model (Table 5). The silica surface site density is 2.3 sites/nm2. The surface area (m2/g total solid) 

is assumed to be the surface percentage of silica (from EDX) multiplied by the calcite surface area 

(3m2/g). The following assumptions are also made to the SCM: (1) inorganic impurities other than 

silica are assumed to be negligible, which is reasonable for the tested minerals based on the EDX 

analysis (2) the magnesium ions on the mineral surface has the same binding constants as the 

calcium ions, so that the binding constants for MgCO3 is set to be identical to those determined 

for CaCO3. This will be valid when the quantity of magnesium ions on the surface is insignificant. 

After these simplifications, the surface composition of the natural minerals for the SCM is listed 

in Table 6. 

Table 5 Additional silica impurity surface reactions 

surface reactions equilibrium constants (log10K) 

>SiOH = >SiO- + H+ -4.0 30 

>SiOH + Ca2+ = >SiOCa+ + H+ -9.7 31 

 

Table 6 Simplified natural carbonate surface composition for modeling 

mol % Indiana limestone SME rock 

CaCO3 96% 97% 

SiO2 4% 3% 
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If we only consider the inorganic silica impurities, the SCM calculation does not match the 

measured zeta potential of Indiana limestone or the SME rock. Figure 9 is an example of model 

calculation results for Indiana limestone (~4% silica) in 0.1M NaCl brine (air equilibration). By 

considering the presence of silica impurity, the zeta potential of the calcite surface decreases 

slightly, but remains positive, which does not model the measured result of Indiana limestone. 

Therefore, the presence of organic impurities, especially adsorbed carboxylic acids, must be taken 

into account. 

 

Figure 9 Comparison between model calculation (if only silica is included) and measurement 

of Indiana limestone zeta potential in I=0.1M NaCl (air equilibration, 400ppm CO2) 

To include organic impurities, a certain surface coverage of adsorbed carboxylic acids is 

assumed. No desorption reactions are considered in the SCM because the zeta potential of natural 

carbonates is typically quite stable, irrespective of how many times the rock power is washed with 

water. The adsorbed carboxylic acid is assumed as A-n where the n is the number of carboxylic 

groups in one acid molecule. The contaminated surface sites are >CO3H… A-n+0.25, as previously 

described. Therefore, if the acid A is a monocarboxylic acid, such as naphthenic acid, the 

contaminated sites are >CO3H… A-0.75. If the acid A is a poly-carboxylic acid, for example, fulvic 
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acid or humic acid (assumed to be n=6), which is abundant in the soil and can potentially alter 

calcite surface charge significantly, the sites are >CO3H… A-5.75. The molecular structures from 

the literature 32–34 for all acids are shown in Figure 10. Both the cases of n=1 and n=6 are 

considered in the SCM to demonstrate the role of the number of carboxylic groups. Both the 

naphthenic acid (from crude oil) and humic acid/fulvic acid (from soil) are possible sources of 

organic impurities for the natural carbonates, so they are taken as the examples. The carboxylic 

group number n=6 is chosen based on the hypothesized model fulvic acid structure in Figure 10. 

It is important to note that in reality both fulvic acid and humic acid are mixtures and may have 

carboxylic group numbers that vary. The surface coverage percentage (of the cationic sites >CO3H 

+0.25) is the adjustable parameter in the model to fit the zeta potential in all six brines (one parameter 

determined with a six data point iterative fitting). The surface coverage percentage is determined 

independently for Indiana limestone and SME rock. The inorganic silica impurities are also 

included in the SCM, as described previously. 

 

Figure 10 Model structure of naphthenic acid, humic acid and fulvic acid in the literature32–34 
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With the consideration of both inorganic silica and organic carboxylic acid impurities, the 

SCM successfully matches the zeta potential measurements for both Indiana limestone and SME 

rock. However, the required organic impurity coverage percentage varies depending on if 

naphthenic acid (n=1) or fulvic/humic acid (n=6) is chosen as the impurity source (  
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Table 7). Figure 11 and Figure 12 are representations of the calculation results for Indiana 

limestone and SME rock under the assumption that fulvic/humic acid (n=6) is the impurity source. 

With this carboxylate acid, the >CO3HA-5.25 surface coverages are 3.1% and 7.9% for Indiana 

limestone and SME rock, respectively. Figure 13 and Figure 14 are representations of the 

calculation results when assuming naphthenic acid (n=1) is the impurity. With naphthenic acid, 

the > CO3HA-0.25 surface coverages are 19.4% and 49.0% for Indiana limestone and SME rock, 

respectively. When the adsorbed carboxylic acid has multiple carboxylic groups, less surface 

coverage is required to reach the same negative charge. Comparing SME rock and Indiana 

limestone, the impurity coverage for the former is higher than the latter, possibly due to the 

previous exposure of the SME rock to more diverse and strongly binding organic impurity sources 

within the reservoir, compared with Indiana limestone, which is a carbonate outcrop. Moreover, 

the fitting for the Indiana limestone is better than that for the SME rock, which can be explained 

by fewer magnesium ions on the mineral surface of Indiana limestone.  The assumption that the 

surface magnesium sites are identical to calcium sites affects the model accuracy more 

significantly when the surface magnesium content is higher. 
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Figure 11. Comparison between model prediction and experimental measurement for Indiana 

limestone zeta potential in various brines, assuming 3.1% fulvic/humic acid surface coverage. 

 

 

Figure 12. Comparison between model prediction and experimental measurement for SME rock 

zeta potential in various brines, assuming 7.9% fulvic/humic acid surface coverage. 
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Figure 13. Comparison between model prediction and experimental measurement for 

Indiana limestone zeta potential in various brines, assuming 19.4% naphthenic acid coverage. 

 

Figure 14. Comparison between model prediction and experimental measurement for SME rock 

zeta potential in various brines, assuming 49.0% naphthenic acid coverage. 
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Table 7 Summary of all surface species site densities for both tested rocks 

*Surface coverage (%) of the organic impurity (>CO3HA-x), which is the model parameter for 

fitting 

Such model calculation demonstrates the possibility of fitting the zeta potential of natural 

carbonates by considering the surface organic impurity coverage.  The assumption that a single 

type of carboxylate acid is present on the mineral surface is inaccurate. In reality, a mixture of 

several different carboxylic acids with different carboxylic groups should be present on the natural 

carbonate surface. However, the calculations based on this SCM successfully provides a basis for 

accounting for the zeta potential discrepancy between synthetic calcite and natural carbonates.  The 

SCM also provides an estimated range for the organic impurity surface coverage. Moreover, the 

relative significance of inorganic impurity and organic impurity on wettability alteration are well 

rock type 
organic impurity source (assumption) 

fulvic/humic acid (n=6) naphthenic acid (n=1) 

Indiana limestone 

CaCO3 (96%) 
>CaOH-0.75     4.95 nm-2 
>CO3H+0.75     4.80 nm-2 (96.9%) 
>CO3HA-5.25   0.15 nm-2 (3.1%*) 
 
SiO2 (4%) 
>SiOH            2.3 nm-2 

CaCO3 (96%) 
>CaOH-0.75     4.95 nm-2 
>CO3H+0.75     3.99 nm-2 (80.6%) 
>CO3HA-0.25   0.96 nm-2 (19.4%*) 
 
SiO2 (4%) 
>SiOH            2.3 nm-2 

SME rock 

CaCO3 (97%) 
>CaOH-0.75     4.95 nm-2 
>CO3H+0.75     4.56 nm-2 (92.1%)  
>CO3HA-5.25   0.39 nm-2 (7.9%*)  
 
SiO2 (3%) 
>SiOH            2.3 nm-2 

CaCO3 (97%) 
>CaOH-0.75     4.95 nm-2 
>CO3H+0.75     2.52 nm-2 (51.0%)  
>CO3HA-0.25   2.43 nm-2 (49.0%*)  
 
SiO2 (3%) 
>SiOH            2.3 nm-2 
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delineated. The organic impurities are found to be more important than the inorganic impurities 

for explaining the negative zeta potential measurments of natural carbonates. 

3.4. Experimental Support for Humic Acid Adsorption on Calcite  

In order to further validate the importance of organic impurities on the zeta potential of 

carbonates, a model system is designed with synthetic calcite and a carboxylic acid.  Humic acid, 

extracted from a humus sample, is used as the model carboxylic acid. Humic acid is chosen over 

fulvic acid because it is soluble in basic solutions, but insoluble in acidic solutions, making it easier 

to extract from the humus. Note that other naturally existing organics with carboxylic groups are 

also possible sources of surface organic impurities for carbonates. Depending on the source of a 

particular carbonate rock sample, the primary organic impurities will be different. Naphthenic acid 

and asphaltene instead of humic acid/fulvic acid may be the primary source of impurities in the 

cases of oil reservoir rocks. Synthetic calcite samples were pre-treated in a 2000 ppm humic acid 

solution or DI water (as a control) at 90oC for a day for investigating the effect of humic acid 

adsorption. After the pre-treatment, the rock powder was cleaned with DI water several times and 

dried before use, as previously described in Section 2.3. The humic acid treated calcite turned dark-

yellow while the DI water treated calcite remained white (Figure 15). The dark yellow color 

remained even after several rounds of water cleaning and sonication, indicating humic acid 

adsorption on the calcite surface.  
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Figure 15 Synthetic calcite after treatment of 2000ppm humic acid or DI water for a day in 90oC 

 

Zeta potential measurements of the treated synthetic calcite samples in 4dSW3S brine in a 

closed system without air contact along with the comparison to other two natural carbonates are 

summarized in Figure 16. Pre-treating the synthetic calcite sample with 2000ppm humic acid is 

shown to drop the zeta potential significantly, from +5mV to -19mV, in modified diluted seawater 

(4dSW3S). The adsorption of humic acid makes the synthetic calcite surface even more negatively 

charged than the other two natural carbonates, potentially because of higher surface coverage of 

humic acid on the calcite after the treatment with concentrated humic acid solution. Note that the 

humic acid adsorbs onto the rock surface during the pretreatment and the zeta potential is measured 

in a humic-acid-free solution so the more negative zeta potential is a direct evidence of humic acid 

adsorption and demonstrates its ability to alter the surface charge of carbonates. Moreover, the 

surface complexation model successfully predicts the zeta potential of the control sample (DI water 

treated) even though this data is not included for any parameter fitting. The SCM is also used to 

calculate the surface coverage of humic acid for the 2000ppm HA treated synthetic calcite. The 
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HA surface coverage for the 2000ppm HA treated calcite is 21.5%, much higher than that for the 

other two natural carbonates.  

 

Figure 16 Zeta potential of pre-treated synthetic calcite (in HA or DI water) as well as the other 

two natural carbonates in 4dSW3S (a modified diluted seawater) in a closed system. The SCM 

prediction is also provided.  

4. Conclusions 

The presented surface complexation model successfully fits synthetic calcite zeta potential 

over a wide range of ionic strengths (0.001M to 0.5M) after parameter optimization. The model is 

then used to predict the surface charge of synthetic calcite in concentrated NaCl solutions (up to 

5M) to reveal the role of high salinity in determining calcite wettability. A weak potential 

determining ion Na+, which is indifferent when present at low concentration (<0.1M), is found to 

dramatically increase the positive surface charge density of synthetic calcite and can result in oil-

wetness of the calcite surface when contacting the oil phase.   
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The model also successfully fits the zeta potential of natural carbonates (Indiana limestone, 

SME rock and Iceland spar) in all tested brines by including the inorganic (silica) impurity surface 

reactions and the organic carboxylic acid surface coverage. The roles of inorganic impurity and 

organic impurity are demonstrated quantitatively by modelling. Inorganic impurities alone cannot 

explain the significant gap between the zeta potential between synthetic calcite and natural 

carbonates. The organic impurity coverage has to be considered in the fit to experimental 

measurements. The surface coverage percentage of organic acid for each mineral is a function of 

the number of carboxylic groups in the acid molecule. Both naphthenic acid (assuming 1 

carboxylic group) and fulvic acid (assuming 6 carboxylic group) are possible sources of surface 

impurity and both of them are tested as model organic impurity in the SCM. Our SCM successfully 

fits all 63 zeta potential data of four different carbonate materials (synthetic calcite, Iceland spar, 

Indiana limestone and SME rock) in a wide range of ionic strengths (0.001M~0.5M) brines with 

divalent ions.  

The adsorption of humic acid on synthetic calcite surface and its effect on altering the zeta 

potential are also validated by experiments. Synthetic calcite pre-treated with humic acid is shown 

to be more negatively charged compared to the control sample in the same brine (4dSW3S, a 

modified diluted seawater). The presented SCM is a helpful tool for understanding the carbonate 

wettability and such model that works for both synthetic calcite and natural carbonates has not yet 

been reported. 
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