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ABSTRACT The surface complexation models (SCM) are used successfully for describing the
thermodynamic equilibrium between the pure calcite surface (carbonate and calcium sites) and

brine solutions. In this work, we show that the model parameters that are reported for the calcite-
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brine system are not applicable to the natural carbonates. We adjust the SCM reaction equilibrium
constants by fitting the model to the zeta potential data that are reported for the pulverized Stevns
Klint chalk. Then, we use the model, implemented in PhreeqcRM geochemistry package coupled
with a finite volume solver, to predict the breakthrough composition of different ions in the
chromatographic experiments on the intact Stevns Klint chalk cores. Again, the model falls short
in predicting the reactive transport of brine in a natural carbonate, implying that zeta potential data
is not enough for optimizing the SCM model parameters for the reactive transport applications.
We propose an optimization procedure that fits the coupled SCM-transport model parameters to
the chromatographic (single-phase core flooding) data. The zeta potential measurements are
implemented in the optimization scheme as nonlinear constraints. We then use the optimized
model to study the thermodynamic equilibrium between the oil and chalk surfaces in presence of
different brine compositions, including the dissolution and precipitation of minerals. We represent
the chalk-oil interactions by acid-base equilibrium reactions between the calcium and carbonate
sites on the chalk surface and carboxylic acids and amine bases on the oil surface, respectively.
Comparing the model results to a data set of the spontaneous imbibition experiments for chalk
shows that the remaining oil saturation in the imbibition experiments is correlated with the number
of bonds between the amine and carboxylate groups on the oil surface and the carbonate and

protonated calcium on the chalk surface.

Introduction

Reducing the remaining saturation of oil in a water-flooded core by injecting brine with modified
electrolyte concentrations, is previously demonstrated in numerous experiments for various
rock/oil/brine compositions in different temperatures and pressures (e.g., ! #). The mechanism by

which oil is mobilized in presence of brine with a modified ionic composition is not yet understood



2, Migration of fine particles >, rock dissolution ’, and surface charge modifications due to ion-

8-10 are among the possible mechanisms. Each one

exchange and surface complexation reactions
of these mechanisms, although still under investigation, is relatively well known. Various
mathematical and thermodynamic models exist that can adequately (e.g., fine migration) and often
accurately (e.g., dissolution/precipitation) describe the underlying physics of each process. The
major gap, however, is a link between the physical aspects of these mechanisms and the transport
properties (i.e., relative permeability) of the aqueous and oleic phase in porous media. Until now,
this gap is filled by using empirical relations, often with one or few unknown parameters that are
later estimated by fitting the model to the core flooding experimental data (also known as history
matching 14,

The other major issue in the mechanistic models, particularly in the interactions of rock-oil-brine
which are described by ion exchange or surface complexation models, is the uncertainty of the
physical parameters. For instance, the adsorption of ions on the surface of calcite can be described

17 each

accurately by surface complexation models '>!®. These models come in different flavors
with its own sets of assumptions and limitations. Moreover, each model requires several
equilibrium constants that are often only measured for a very specific system. Since these models
are the foundation of the mechanistic models of the modified salinity water flooding, the choice of
model and its physical parameters can dramatically affect the transport properties of oil and water
in porous media and the predictive capabilities of the model.

In this work, we attempt to address both problems; first we suggest a procedure for optimizing
the SCM parameters by fitting the model to the chromatographic experiments and zeta-potential

measurements, considering the dissolution of the chalk (calcite) surface and the possible

precipitation of anhydrite in presence of sulfate ion. We also investigate the influence of silica and



k'820 on the surface charge of

clay particles, that is observed on the surface of the North Sea chal
the chalk particles and the adsorption of ions in the chromatographic tests. Secondly, we apply the
model to a set of spontaneous imbibition tests to predict the thermodynamic equilibrium between
the oil and chalk surfaces in presence of different brine composition, to find a correlation between

the surface properties of oil and carbonate (predicted by the model) and the remaining oil saturation

(measured experimentally).

Mathematical model
The mathematical models are presented here in two subsections. First, we describe the
thermodynamic equilibrium model for the chalk-brine-oil system. Then, we present the model for

the multi-component reactive transport of brine in a carbonate porous medium.

Chalk-oil-brine interactions

It is generally accepted that oil and rock surfaces interact through a water-film. The ions in the
water film get adsorbed on the functional group such as hydroxylated calcium or carbonate on the
chalk surface '* and the carboxylic acids or amine bases on the surface of oil 2!. These functional
groups can also undergo the dissociation and protonation reactions that change the surface charge.
Moreover, the adsorption/desorption of ions to/from the surface can change the three dimensional
structure of the surface, i.e., precipitation/dissolution !”. It is previously shown that a surface
complexation model, which “gives a molecular description of the adsorption of ions using a
thermodynamic equilibrium approach” 7, provides promising results in fitting the experimental
results of the adsorption of ionic species on the pure crystalline chalk samples. A detailed review

and formulation of the surface complexation models can be found elsewhere *'. In this work, we



use a diffuse-layer model, with the equilibrium reactions that are shown in Table 1. The stability
constants for these reactions for the system of brine and calcite are measured '>'®2?? or estimated
7% by various investigators and repeated here in Table 2for convenience. For the oil-brine system,
there are no reported measurements in the literature to the best of our knowledge. Therefore, we

8,23

follow other investigators and use the equilibrium constants of the analog aqueous phase

reactions of the carboxylate and amine groups.

Table 1. Surface complexation reaction between the ionic species in brine and the oil and chalk

surface sites

Surface site # Surface complexation
Carbonate: 1 >CO3H € >COs +H'
>COsH 2 >COsH + Ca?" €= >C0O;Ca" + H'

3 >COsH + Mg?* €= >COsMg" + H'

Calcite: 4 >CaOH + H" €= >CaOH;"

>CaOH 5 >CaOH € CaO +H"

6 >CaOH," + COs* €= >CaCO; + H.0

7 >CaOH," + S04 € >CaS04 + H.0

8 >CaOH," + HCO3” €= >CaHCOs3 + H,0O

-NH 9 -NH+H" € -NH,"

-COOH 10 -COOH+H'<€<-> -COO +H"

11 -COOH + Na* € -COONa + H"

12 -COOH +K" €= -COOK +H"

13 -COOH + Ca*" €= -COOCa" + H*

14 -COOH + Mg?" €= -COOMg" + H'

15 -COOH + Ba** € -COOBa" + H"




Table 2 shows the stability constants and the standard enthalpy of reaction for the surface

complexation reactions between the surface sites of chalk and the ionic species in brine. For the

oil phase, we use the LLNL database of PHREEQC for the reactions between the metal ions and

the acetate ion.

Table 2. Equilibrium constants for the chalk-brine surface complexation reactions; please note

that some of the constants are not reported in the cited publications, e.g., for sulfate reaction. These

values are either estimated from the analog reactions or replaced by values reported in other

references. The enthalpy of reactions are estimated using the Van’t Hoff equation for the

equilibrium reactions reported by Hiorth et al. 7 at different temperatures. Please see the original

manuscripts for more details. The reactions stoichiometry are shown in Table 1

Reforences 3 27 T3 75 7 g 75
Reaction # logk AH [ LA

mol
1 49 -51 -51 -49 -0.67]8.706 8.86 -37.91
2 -3.16 -2.6 -1.7 -2.8 -3.16|15.67 21.708 15.67
3 -3.17 22 22 22 -3.17|1741 13.833 17.41
4 129 11.8 11.5 122 129 |-82.71 -68.83 -82.71
5 -17 -7 -12 -17  -17 0.0 0.0 0.0
6 332 49 56 49 332 | 14091 10.717 14.91
7 2.1 21 289 289 1.64 |14.44 18.725 -1.49
8 096 096 1.66 1.61 0.96 |13.51 14.933 13.51

Single-phase multi-component reactive flow in carbonate



The multi-component reactive flow of brine in a carbonate porous medium can be written as

0
E(q)ci +(1-9) pa,q; )+ V.(u,G)+V.(-eDVG) =R, (1)
where ¢ [-] is the porosity, ¢, [mol/m’] is the molar concentration of species i in the aqueous
phase, p, [kg/m?] is the density of the rock, a, [m?/kg] is the specific surface area of the porous

medium, @; [mol/m?] is the concentration of the adsorbed species i, U, [m/s] is the velocity vector

of the water phase, D; [m?/s] is the diffusion coefficient of species i in the aqueous phase, and R;
[mol/(m3.s)] is a source/sink term. The relation between the concentration in the aqueous phase

and the concentration on the surface comes from the SCM that is described in the previous section.

Dissolution and precipitation

The dissolution and precipitation of calcite (CaCO3) and anhydrite (CaSQOs) are suggested to
change the recovery of oil from chalk cores. Anhydrite is not directly found in chalk, but can form
due to the reaction between the sulfate-rich injected brine and the calcium-rich insitu brine.
Various mechanisms including the formation and migration of fine particles are suggested to
explain these experimental observations. Precipitation of anhydrite generates fine particles that
may increase the production of oil *>*® or damage the porous medium 2°. Mathematical modelling
of the fine migration phenomenon is outside the scope of this paper. However, from a
thermodynamic point of view, we compare the accuracy of various thermodynamic models, i.e.,
Debye-Hiickel, 27, and Pitzer ?® with the more sophisticated Extended UNIQUAC model ?°! in
predicting the solubility of anhydrite and calcite in brine at reservoir conditions.

The dissolution/precipitation of calcite decreases/increases the number of surface sites, which

affects the adsorption and desorption of ions to/from the chalk surface. Moreover, the dissolution



of anhydrite can affect the recovery of oil by increasing the sulfate content in the aqueous phase
which consequently alters the wettability of chalk. Hence, we include the dissolution/precipitation

of calcite and anhydrite in our transport model.

Oil-chalk interactions

According to Buckley et al. *2, when a water film is present between oil and rock and in the
absence of heavy polar components in the oil phase, e.g., asphaltenes that can precipitate on the
rock surface, the only mechanisms for the adsorption of oil on the chalk surface is the acid-base
interaction of the charged complexes that are formed on the surface of oil and chalk. These
interactions can also occur between the surface complexes that are masked by the potential
determining ions. In this work, we only consider the acid-base interactions, which can be described

by the following reactions:

>CaOH; + —COO™ «» >CaOH, —-COO-, logk,, =—-1.51, AH =4.96 kJ/mol  (2)
>CO; +—NH; <> >CO, —NH, -, Iogkeq =1.76, AH =-25 kJ/mol 3)

The equilibrium constants for the above reactions are estimated from the analogous aqueous
phase reactions. The interactions between the complexes that are masked by the potential
determining ions will be covered in a future work. The activity of each surface species in the above
reactions are assumed to be equal to their mole fraction, i.e., the fraction of a surface type that is
occupied by one of the reactants in reactions (2) and (3). The standard state is defined as a mole

fraction of one, i.e., when a surface species fully occupies a given surface site >,

Optimizing stability constants for the surface complexation reactions
The stability constants that are reported for the chalk-brine surface complexation reactions are

measured for the pure crystalline calcite samples. However, a chalk reservoir sample is not



composed of pure calcite, and the stability constants need to be adjusted for the model to more
accurately represent the brine-chalk interactions. To that end, we optimize the stability constants
of the surface complexation reactions (see Table 1) to fit the predicted surface charge to the
measured zeta potential of the Stevns Klint chalk reported by 4%, Zhang and co-workers used
the Stevns Klint chalk samples that was milled in a ball mill for 48 hours to make a 4.0wt%
suspension of chalk in a 0.573 mol/l NaCl solution. They adjust the concentration of the potential
determining ions by adding concentrated solutions of CaCl,, MgCl,, or Na;SOs4, and keep the pH
constant at 8.4 by adding few drops of HC1 or NaOH. They measure the zeta potential at different
PDI concentrations using an AcoustoSizer from Matec applied science. Zhang et al. did not report
whether their experimental set-up is open to the atmosphere; however, the negative value of the
zeta potential measured in the absence of sulfate at pH 8.4 indicates the presence of carbonate and
bicarbonate ions in the solution, which is the result of the dissolution of the atmospheric CO; in
the suspension *®. Therefore, we assume that the suspension is in equilibrium with the atmospheric
CO; with a partial pressure of 39 Pa. The zeta potential cannot be directly calculated from a surface

1. 25

complexation model. However, Megawati et al. = suggested the following relation for estimating

the zeta potential, i.e., the potential at the shear plane (£ [V]) is calculated by assuming that the

shear plane is located at a known distance from the stern layer surface potential:

é’:y/(l(g):y/oexp(—lcglk‘_l), 4)
where k™ [m] is the Debye length, and K, [m] is assumed to be 3x107!° m. We found that using

the above assumption only slightly changes the results.



For fitting the SCM model to the zeta potential measurements, we minimize the following
objective function (OF;) by changing the model parameters no more than +£20% of their original

value:

OFg _ Z[(é/iexp _é/icalc )2’ (5)

subject to the following set of nonlinear constraints:

é/icalcgiexp >0 fori :1,..., NC' (6)

In the above equation, N; denotes the number of data points (here 76) and the superscripts ‘exp’
and ‘calc’ denote the experimental and calculated values of the zeta potential, respectively. It is
important that the model does not predict a positively charged surface for a chalk surface that is
negatively charged, and vice versa, since the surface charge is shown to be directly related to the
recovery of oil in the carbonates 3%, Therefore, we define the nonlinear inequality constraints

40 which utilizes the

shown by Eq. (6). The objective function is written in Julia language
PHREEQC reaction module PhreeqcRM *! with the help of a Julia wrapper JPhreeqc.jl **. For the
minimization, we use the SLSQP algorithm **** for nonlinearly constrained gradient-based
optimization from the NLopt package *°.

Effect of clay on the surface potential

The presence of nanometer scale clay crystals that is observed on the surface of chalk can have a
considerable effect on the average charge of the chalk surface. We include different amount of
clay in our surface complexation model. The surface complexation reactions of the Kaolinite

146

edges, reported by Brady and Krumhansl™ is used to represent the clay particles. We assume that

the clay nanocrystals are homogeneously distributed on the chalk particles. We then calculate the

10



average surface charge by

o= (1_ Wclay ) a‘calciteo-calcite + Wclayaclayo-clay (7)
(1_ Wclay ) Qarcite T Wclayaclay

where Weiqy [-] is the mass fraction of clay in chalk sample, aci.y [m?/g] is the specific surface area

[C/m?] and &

clay

of clay, o [C/m?] is the average surface charge of chalk, and & [C/m?] are

calcite
the surface charge of calcite and clay surfaces, respectively. The surface potential (y, [V]) of the

chalk particles can be calculated by

1
2

v, = Zgarcsinh (o-(&c;ogRTl ) j (®)
where F'[96485.33289 C/mol] is the Faraday constant, R [8.314 J/(mol.K)] is the gas constant, T

[K] denotes temperature, &, [8.854187817x107'2 C/(V.m)] is the vacuum permittivity, & [-] is the

dielectric constant of the solution, and / [mol/m?] denotes the ionic strength.

Results and discussion

In this section, we first present the result of the optimization of the surface complexation model
parameters. Then we use the optimized parameters to model the single phase reactive flow of brine
in chalk (e.g., chromatographic experiments *’) and demonstrate how sensitive the breakthrough
curves of different ions are to the model parameters. Then we tune the model parameters to the
chromatographic experimental data of flow of brine in chalk and use the tuned model parameters
to find a relation between the recovery of oil when changing the salinity of the injected brine and
the number of bonds between the carboxylate group on the oil surface and the protonated calcium

sites on the chalk surface.

Optimized parameters of the surface complexation model

11



We use the experimental data of Zhang et al.>

, who measured the zeta potential of a 4 wt%
mixture of pulverized Stevns Klint chalk particles in brine with different ionic compositions. They
do not report whether the system is open to the atmosphere during the measurements. Therefore,
we assume that the system is in contact with the atmospheric CO». The carbonate and calcium site
densities (Ceaicium and Ccarbonate), 1.€., numMber of surface sites per unit area of the chalk surface, are
not reported. Therefore, we use the surface densities of 2.0 to 5.0 #/nm? ’. The specific surface
area of chalk (natural calcite) is reported as 2.0 m?/g “'®. However, we study the effect of the
specific surface area on the optimization results, by varying it from 2.0 to 5.0 m%*/g. We run the
optimization routine for each pair of specific surface area and surface site density of chalk.

The results of fitting the diffuse-layer surface complexation model to the zeta potential data are
reported in Table 3. Note that the concentration of sulfate and carbonate ions are kept almost
constant in the zeta potential measurements of Zhang et al.*>. Therefore, the equilibrium constants
for the reactions 7 and 8 are not modified by the optimization algorithm. As it was previously
observed by Hiorth et al.’, a better fit (lower sum of square of errors) is obtained by using a surface
site density of 2.0 #/nm?. Increasing the total surface area slightly reduces the error, but it does not
result in a significant better fit. Overall, the fit has a normalized error of 4.75 mV which is not
excellent but acceptable. The nonlinear constraint of Eq. (6) enables the calibrated model to predict
the sign of the zeta potential (and surface charge) correctly. None of the equilibrium constants that

are reported in the literature (see Table 2) can predict the correct sign of the surface charge for the

whole range of experimental data that is used in this study.

Table 3. Optimized parameters for the equilibrium constants of calcium and carbonate surface
complexation reactions; the stoichiometry of reactions 1-8 are shown in Table 1; optimization

errors are calculated using a t-test with numerically-estimated Jacobian matrix.
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Acalcite (M?/g) 2 2 3 3 4 4 5 5

Ccalciums Ccarbonate 2 5 2 5 2 5 2 5

(#/nm?)
Reaction

Equilibrium 1 -4.00£0.0000 -4.05 -4.00 -4.03 411 -4.05 -276 -4.02

constant 2 -2.47+0.0000 -2.55 -2.55 -2.55 255 255 -1.20 -2.55
3 -2.38+0.0008 -2.61 -2.60 -2.62 -246 -2.60 -1.10 -2.62
4 14.08+0.0000 16.71 14.17 14.02 1445 16.79 1447 18.01
3 - - - - - - - -

17.09+£0.0002 16.95 1736 17.53 16.81 2346 17.14 1743

6 3.33+0.0000  3.28 3.15 3.23 3.40 3.29 3.39 3.20
7 1.45+0.0001 1.45 1.45 1.45 1.45 1.45 1.45 1.45
8 0.48+0.0000  0.48 0.48 0.48 0.48 0.48 0.48 0.48

error (mV) 4.78 582 488 583 475 581 475 582

The optimum values of zeta potential are plotted against the experimental data in Figure 1, with
and without the nonlinear constraint of Eq. (6). The solid blue line depicts the zero error, i.c.,
calculated zeta potential is equal to the measured values. The unconstrained optimization (Figure
1-b) gives a better fit of the model to the experimental data. However, near the point of zero-charge
(i.e., zeta potential of zero) the model predicts the sign of the surface charge incorrectly. On the
other hand, the model parameters obtained from the constrained optimization produces larger error
in the prediction of the zeta potential on the chalk surface. This error may fall within the range of
the uncertainty of the measured zeta potentials; since the measurement errors are not reported by
Zhang et al. ¥ we cannot confirm this, even though large errors are observed during the
measurement of the zeta potential specially for a suspension that is close to coagulation condition,
i.e., with an absolute value of zeta potentials below 30 mV *3. A larger discrepancy can also be

observed between the model prediction and the experimental data for the negative values of zeta

13



potential. This can be attributed to the dissolution of the atmospheric CO; in the solution during
the zeta potential measurements. Moreover, other SCM’s with different complexation reaction can

be considered, e.g., Song et al.*’ to find the best model that represents the chalk-brine interactions.

Optimized-constraint Optimized
@ o © Op

20

20

10 4 10 4

-10 A -10 A

-20 1 I
-2IO -]10 lI) lID 2ID -2IO -]10 lI) lID 2ID
Calculated zeta potential [mV] Calculated zeta potential [mV]
Figure 1. Measured values of zeta potential plotted against the calculated values using a diffuse

Measured zeta potential [mV]
Measured zeta potential [mV]

(b)

20

layer surface complexation model with the reaction equilibrium constants that are optimized: (a)

with and (b) without the nonlinear constraints of Eq. (6).

Effect of clay on the zeta potential calculations

The effect of the presence of 0.2 wt% and 1.0 wt% of clay particles (in the form of Kaolinite
edges) are shown in Figure 2. The clay nanoparticles on the surface of chalk are negatively charged
at pH 8.4, which decreases the calculated average zeta potential of the chalk surface. According to
our SCM model, in the absence of clay particles, the negative surface charge for chalk surface can
only be attained in presence of carbonate and sulfate ions (or in impractically high pH). However,
if a substantial amount of clay is present on the chalk surface, the chalk surface can be negatively
charged even in the absence of carbonate and sulfate ions in the brine. Although the amount of

clay on the Stevns Klint outcrop samples is not determined by Zhang et al.?, the fact that they

14



observed negative values of zeta potential only in presence of sulfate and carbonate ions indicates

that the amount of clay on the chalk surface is probably negligible.

@ 0.0%clay

204| @ 0.2% clay
@ 1.0%clay

10 ~

“n
O

&
!'o 2{ 10 0 10 20

Calculated zeta potential [mV]

Measured zeta potential [mV]

Figure 2. Effect of clay particles on the calculated zeta potential of the chalk surface; the green
and brown square markers show the calculated zeta potential in presence of 0.2 wt% (see Hjuler
and Fabricius'®) and 1.0 wt% Kaolinite edge, respectively, versus the measured zeta potential on

the Stevns Klint chalk surface.

Effect of thermodynamic models on the prediction of solubility

The experimental solubility of anhydrite in water at different temperatures and a maximum
pressure of 8 bar are shown in Figure 3. The experimental data is compared with the predictions
of three thermodynamic model, i.e., Davies ** and Pitzer *°, both from PHREEQC and the well-
established Extended UNIQUAC from the ScaleCERE software *3!. The results show that at
lower temperatures, both Davies and Pitzer models overestimate the solubility of anhydrite by
around 20%. However, both models give a reasonable approximation of the solubility at higher
temperatures (which are close to the reservoir conditions). This observation becomes important

when we consider the high computation cost of the more complicated Pitzer and Extended

15



UNIQUAC, compared to the simple Davies model. In the computationally expensive simulation
of the reactive flow in porous media, one can use the simple Davies (or alternatives) without
compromising the accuracy.

The effect of higher pressures on the activity of the ionic species in the liquid phase and the
solubility is discussed elsewhere >*>2. Here we emphasize that the Davies model does not consider

the effect of pressure on the solubility and must be used with caution at higher pressures.

2500 \
\ e phreeqc 4.0 1 — = phreeqc (1 bar)
\ — pltzer‘ - pitzer (1 bar)
\ \.\ ® Experiment S, B Experimental (1 bar)
St .\.3\ \ == E-UNIQUAC ' —— phreeqc (100 bar)
e\ = pitzer (100 bar)

3.0 1 Experimental (100 bar)

1500 A

1000 A

Anhydrite solubility [ppm]
Calcite solubility [mol/I]

500 1

0 T T T T T T T 1
60 80 100 120 140 160 180 200

Temperature (C) Temperature (C)

Figure 3. Experimental data for the solubility of anhydrite (left) and calcite (right) in water at
different temperatures; for anhydrite the pressure is 8 bar (red circles); for calcite, the system is in
equilibrium with CO; at 1 bar (green squares) and 100 bar (red circles); the lines show the
prediction of solubility by the Davies, Pitzer, and Extended UNIQUAC models, as indicated in

each figure.

Modeling the single-phase flow of brine in chalk

16



We use finite volume method to discretize the advection-diffusion Eq. (1) to a system of
algebraic equations. The diffuse-layer surface complexation model in PhreeqcRM describes the
relation between the concentration in the aqueous phase (¢;) and on the chalk surface (g;). Similar
to Nick et al. 3, the operator splitting technique is implemented, which first solves the advection
equation, then the diffusion equation and finally the reaction equations (surface complexation
model). The initial and boundary conditions are similar to those described in the experimental
work of **. In their experiments, they first saturate a Stevns Klint chalk core (0.037 m diameter,
0.070 m length, porosity of 0.49, and permeability of 0.002x10'? m?) with a 0.573 mol/l NaCl
solution (with no Ca and Mg ions). Then, with a rate of 0.2 ml/min, they inject a brine solution
that contains Ca, Mg, and SCN" tracer and measure the concentration of the ions at the outlet in
different times.The concentration of the initial and the injected brine is shown in Table 5.

Table 4. Values of the equilibrium constants optimized to fit the zeta potential measurements and

the adjusted values to match the concentration history in a chromatographic experiment

Reaction # 1 2 3

Equilibrium constant ~ -4.00 -2.47 -2.38

(zeta potential)

Equilibrium constant ~ -4.50 -1.29 -2.04

(concentration history)

Table 5. The initial and injected brine compositions in the chromatographic experiments of Zhang

et al. 3

Concentration | Na" K" Mg | Ca™ Cr HCOs™ | SO4% |SCN | pH
(mol/l)

17



Injected 0.504 | 0.0 0.013 ]0.556 |0.0 0.0 0.0 0.013 |84

Initial 0.573 0.0 0.0 0.0 0.573 | 0.0 0.0 0.0 8.4

In our simulations, the diffusion coefficient is assumed to be the same for all the species. It is
obtained by fitting the model to the tracer concentration history. Figure 4-a shows the
concentration history of Ca?*, Mg?*, and SCN". One can observe that the surface complexation
model, with parameters that are tuned to the zeta potential data, is not able to correctly capture the
adsorption and desorption of calcium and magnesium on the chalk surface. By adjusting the
equilibrium constants for the reactions 1 to 3, the model matches the measured concentration
history of the ions, as shown in Figure 4-b. The adjusted equilibrium constants are shown in Table
4. The difference between the old and the new values shows that the equilibrium constants for
reactions 1 and 3 are only slightly adjusted. However, the new equilibrium constant for reaction 2
is lower than its old value by a factor of 50%. One explanation is that the zeta potential is measured
for a pulverized chalk, which can potentially change the surface properties of the original outcrop
core. Therefore, the parameters that are obtained by fitting the surface complexation model to the
pulverized chalk samples are not necessarily representative of the brine-chalk interactions in an
intact core.

Additionally, we study the effect of the chalk specific surface area and the surface site densities.
As expected, by increasing the value of these parameters the breakthrough of the Ca and Mg ions
is delayed, 1.e., the predicted breakthrough curves shift to the right. The results are shown in Figure
5 as the outlet concentration of each ion, C [mol/m?], divided by the inlet concentration Co

[mol/m?] versus the number of injected pore volumes (PV) of brine.
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Ca
Mg
tracer
Ca
Mg
tracer

0 1 2 0 1 2
PV iniected PV injected
Figure 4. The measured (shown by markers) and calculated (shown by solid lines) normalized
concentration history of Ca*", Mg?*, and SCN" (tracer) ions at the outlet of a Stevns Klint chalk
core versus the number of injected pore volumes of brine: (a) the equilibrium constants fitted to

the zeta potential data; (b) the equilibrium constants for reactions 1 to 3 are slightly adjusted to

obtain a better match. The data is extracted from Figure 2 of Zhang et al. 34

Ca
Mg
tracer
Ca
Mg
tracer

1.0+

c/co

0.5 1

0.0 1
0 1 2 0 1 2
PV iniected PV injected
Figure 5. Normalized concentration history of Ca**, Mg?", and SCN" (tracer) ions at the outlet of

a Stevns Klint chalk core for a specific surface area of: (a) 1 m?/g and (b) 3 m*/g. The experimental

data is from Zhang et al.**

Effct of clay on the adsorption of ions on the chalk surface
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Figure 6 shows the effect of the presence of different amounts of Kaolinite edges in chalk on the
adsorption of calcium and magnesium in the chromatographic tests of Zhang et al.>*. By increasing
the amount of clay from 0.1 wt% to 2.0 wt% and 5.0 wt%, the breakthrough of both Mg and Ca
ions are further delayed, which is an indication of a higher adsorption of the metallic ions on the
clay particles. However, considering the large surface area of the clay particles, i.e., 15 m?/g, the
presence of clay particles does not considerably affect the metal uptake compared to other physical
parameters of the system, e.g., the specific surface area of calcite. Comparing these results with
the dramatic effect of clay particles on the chalk surface potential, it can be concluded that at the
temperature and pH range of these experiments, the interaction of the potential determining ions
with the chalk surface is not affected by the presence of clay particles; however, small amount of
clay particles that are evenly distributed on the chalk surface, dramatically decrease the zeta
potential and surface charge of the chalk particles due to the larger equilibrium constant of the

deprotonation reaction of the clay particles.
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Figure 6. Effect of clay particles on the adsorption of Ca and Mg ions on the surface of chalk. The
solid, dashed, and dashed-dotted lines show the adsorption history on a chalk core that contains

0.1 wt%, 2.0 wt%, and 5.0 wt% clay, respectively.

Oil recovery from the modified salinity brine-flooding in chalk

In the previous section, we show that the adsorption and desorption of ions on the surface of
chalk can be described by a surface complexation model, although the model parameters need to
be tuned to the single-phase flow experimental data. In this section, we use the optimized model
parameters for the single phase flow experiments to study the imbibition experiments of Fathi et

13%. They cut 7 cm long core plugs with a diameter of 3.81 cm from an Stevns

al.  and Zhang et a
Klint outcrop block (porosity of 45%, permeability of 1-2 mD, and specific surface area of 2 m?/g),
cleaned the core with 250 ml of distilled water at 50 °C, and aged it with crude oil with the
procedure described by Puntervold et al.*. The composition of the formation water is similar to

the Valhall field, with a total dissolved solid of 62.80 g/1. The imbibing brine is made by modifying

the ionic composition of the artificial seawater, as shown in Table 6. The crude oil is a mixture of
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an acidic reservoir stabilized crude oil and 40 vol % heptane, centrifuged and filtered to separate
its asphaltene content, with a total acid number of 1.90 mg KOH per gram oil'. The base number
of the oil in the experiments of Fathi et al.! is zero. Zhang et al.>*, however, used two different
types of oil which contains both acidic and basic components. The number of carboxylic acid and

amine sites on the oil surface can be estimated by

AN
1000a0i1MWK0H’

CCOOH = 0602 X 106

BN

= 0.602 x 10° ,
CNH 1000a,,MWon

where 0.602 X 10° is the conversion factor from [mol/m?] to [#/nm?], ccoon [#/mm?] and cnu
[#/nm?] denote the carboxylic acid and amine site densities, AN [mg KOH/g oil] and BN [mg
KOH/g oil] denote the acid and base number of oil, respectively, MWy oy [56.1 g/mol] is the
molecular weight of potassium hydroxide, and a,# [m?/g] denotes the specific surface area of oil.
The core initially is saturated with 10% formation water and 90% crude oil. Then the core is
immersed in the imbibing fluid at different temperatures, i.e., 100, 110, and 120°C at a pressure of
10 bar. Instead of modeling the whole imbibition process, we confine our interest to the ultimate
recovery in the imbibition test, i.e., when the imbibed water in the core reaches a saturation at
which the capillary pressure is zero and no more oil can be recovered. We solve the surface

complexation model for the system of chalk, imbibing brine, and the initial oil in the core, to find
the amount of >CaOH; and >COj on the surface of chalk and ~COO™ and —NH; on the surface

of oil. These values serve as the initial condition for the reactive system described by Egs. (2) and
(3). Since the equilibrium constants for these reactions are not reported in the literature, we use the

equilibrium constant of the analog aqueous phase for these reactions. The composition of the
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species >CaOH, —COO - and >CO, — NH, — is an indication of the tendency of the oil phase to

adsorb on and consequently remain in the chalk.

Table 6. Composition of the formation and the imbibing brine in the imbibition tests of Fathi et

al. !
Ions FW | SW SWONaCl | SW4NaCl | dSW1600 | dSW10000 | dSW20000 | SWOT | SW1/2T | SWIT
(mol/1)
HCO;™ | 0.009 | 0.002 | 0.002 0.002 0.000 0.001 0.001 0.002 | 0.002 0.002
Cr 1.07 | 0.525 | 0.126 1.726 0.027 0.158 0.314 0.583 | 0.538 0.492
SO& 0.00 | 0.024 | 0.024 0.024 0.001 0.007 0.014 0.000 | 0.012 0.024
SCN- 0.00 | 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 | 0.012 0.024
Mg2+ 0.008 | 0.045 | 0.045 0.045 0.002 0.013 0.027 0.045 | 0.045 0.045
Ca2+ 0.029 | 0.013 | 0.013 0.013 0.001 0.004 0.008 0.013 | 0.013 0.013
Nat 1.00 | 0.450 | 0.050 1.650 0.023 0.135 0.269 0.460 | 0.427 0.393
K+ 0.005 | 0.010 | 0.010 0.010 0.001 0.003 0.006 0.010 | 0.022 0.034
Li+ 0.000 | 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 | 0.012 0.024
Ionic
strength | 1.112 | 0.657 | 0.257 1.857 0.033 0.197 0.393 0.644 | 0.647 0.649
TDS
(gD 62.80 | 33.39 | 10.01 103.53 1.67 10.02 20.00 33.39 | 33.39 33.39

Figure 7 shows the remaining oil saturation after imbibition test plotted against

>CaOH, —COO - concentration, i.e., the number of bonds between the protonated calcium and

the carboxylate group per unit contact area. The remaining oil saturation on the y-axis is obtained
from the imbibition experiments of ! and the concentration of the carboxylate ion adsorbed on the
protonated calcium is calculated by means of our surface complexation model that is tuned to the
single phase core flooding data (seeTable 4). The base number of the oil that is used in the

imbibition experiments is zero; hence, the adsorption of amine groups on the carbonate sites does
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not need to be considered. The equilibrium constant for the reaction described by Eq. (2) is
obtained from the Gibbs energy of the analog aqueous phase reaction and is not adjusted to obtain
the correlation depicted in Figure 7. This correlation shows that by decreasing the number of strong
bonds between the oil and the chalk surfaces, the remaining oil in the imbibition experiments is
decreased, i.e., the recovery of oil increases. In these particular experiments, this is done by
lowering the salinity and increasing the sulfate concentration in the imbibing brine. The sulfate ion
is adsorbed on the surface of chalk, which decreases the number of available protonated calcium
sites that can react with the carboxylate ions and bind the oil phase to the chalk surface, as shown

in Figure 8.

0.75 4

:0:]

Solpe

SDIOO 10{500
> CaOH, — COO — [#/um?]
Figure 7. The relation between the oil recovery (shown as the oil saturation at p.~0) with the
number of bonds between the carboxylate ion on the oil phase and the protonated calcium site on

the chalk surface; the solid lines only shows the trend of the data and is not an actual fit. The

experimental data is obtained from Fathi et al. !.

24



0.75

So(pc = 0:'

0.50

0 200000 400000 600000 800000
> CaSO, [#/um?]
Figure 8. The measured remaining oil saturation in the imbibition tests of Fathi et al. ! versus the

calculated concentration of adsorbed sulfate on the chalk surface.

Figure 9-a and -b show the measured remaining oil saturation in the imbibition experiments of

1.3* versus the calculated calcium-carboxylate and carbonate-amine bonds between the

Zhang et a
surface of chalk and oil, respectively. The total number of acid-base bonds, which is the summation
of the calcium-carboxylate and carbonate-amine bonds are shown in Figure 9. Once again, a
correlation can be observed between the number of bonds and the amount of oil that is left behind
in the imbibition experiments, even with the different types of oil that are used by Zhang et al. 3.

There are a number of data points that do not follow, marked by a dashed square in Figure 8-a and

-b that do not follow the observed trend, that requires further investigation.
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Figure 9. The calcium-carboxylate and carbonate-amine bonds between the chalk and the oil

surfaces versus the remaining oil saturation in the imbibition experiments of Zhang et al.>*. The

oil contains both acidic and basic components.
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Figure 10. Measured remaining oil saturation in the imbibition experiments®* versus the calculated

total number of acid-base bonds between the chalk and the oil surfaces.

We must point out that the correlation shown in Figure 7 and Figure 10 does not necessarily

indicate that we have discovered the true mechanism behind the effectiveness of the modified
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salinity water flooding. However, it is one step further towards the derivation of a mechanistic

model with fewer empirical relations and parameters.

Conclusions

In this work, we present a diffuse-layer surface complexation model to describe the chemical

interactions in the chalk-brine-oil system, including the adsorption of oil and chalk and the

dissolution/precipitation of carbonate and anhydrite. The key findings of this study are as follows:

At lower pressure and at the reservoir temperature, the simple Davies model is adequate
for the prediction of the solubility of anhydrite and calcite. At higher pressures, more
sophisticated and computationally expensive alternatives need to be considered.

The equilibrium constants for the surface complexation reactions that are reported in the
literature are measured for the pure crystalline calcite and are not able to predict the zeta
potential of chalk particles in brine.

The reaction equilibrium constants that are fitted to the measured zeta potential of
pulverized chalk in brine are not suitable for modeling the reactive transport of brine in
chalk. The parameters need to be tuned to fit the breakthrough curves of different ions.
The presence of small amounts of clay particles reduces the calculated surface charge
and zeta potential of the chalk surface, but does not considerably affect the adsorption of
the potential determining ions (Ca and Mg) on the chalk surface.

A correlation between the remaining oil in the imbibition tests and the number of bonds
between the carboxylate group on the oil surface and the protonated calcium sites on the

chalk surface is suggested based on the developed model and the tuned parameters.
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ABBREVIATIONS

SCM, Surface Complexation Model.

PV. Pore Volumes
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