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This study aims to numerically determine the roles of the geochemical 

reactions during the injection of a strong acid into a sandstone sample. As 

a case study, we used laboratory results of hydrochloric acid (HCl) injection 

into a sandstone core plug sample from the literature. As the exact cement 

composition of the implemented sandstone was not available, two probable 

cement compositions were considered (i.e., calcite and dolomite cement). 

A fully-implicit model, coded in Python, was used to simulate the 

underlying geochemical reactions during the HCl injection (i.e., 

equilibrium and kinetical reactions). In addition, the reactive surface area 

and porosity-permeability changes of the rock sample were included in the 

model. The modeling results show that dolomite cement matched better 

than calcite cement with the experimental acidizing data. A perfect effluent 

pH prediction was therefore achieved when the reactive surface area was 

considered as a function of mineral volume fraction. Moreover, a detailed 

analysis of the dissolution/precipitation rate of different minerals involved 

in simulations was provided. The presented model improves our 

understanding of sandstone acidizing by determining dominant reactions. 

Introduction 

Predicting the behavior of an invading fluid in hydrocarbon reservoirs is of great importance. 

Among invading fluids, those that react with reservoir rocks or fluids (e.g., acidizing) are the 

most complex cases. Continuum-scale reactive transport models at the core scale are and will 

remain the only tools suitable for making long-term predictions of natural systems [1]. 

Identifying dominant reactions during an acidizing process in porous media is the key to 

success. These reactions vary based on injected acids and rock composition. Some reactions 

may have a negative impact on the acidizing process [2]. Even those reactions that contribute 

to rock dissolution should be controlled because an excessive amount of dissolution might result 

in an instability of rock structure [3]. Therefore, it is crucial to know the mechanisms of 

reactions, their thermodynamics, and kinetics. 

Hydrocarbon reservoirs are generally divided into carbonate and sandstone formations. The 

former is commonly composed of calcite or dolomite, while the latter has more complex 

compositions. In carbonate acidizing, it is essential to control the operation to create stable 

wormholes [4, 5]. In sandstones, however, the main factor determining the efficiency of an 
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acidizing process is permeability increment by removing some minerals such as carbonate 

cement and clays and reducing the possibility of byproduct precipitation [6-8].  

Choi [9] conducted an HCl injection into a sandstone core. They also proposed a three -

mineral model approach (i.e., quartz, anorthite, and kaolinite) to simulate this process and 

provided an appropriate prediction of pH changes. However, their model failed to accurately 

predict the concentration of effluent species. Moreover, their study did not determine the exact 

composition of the sandstone core. Benson [10] considered a four-mineral model (i.e., quartz, 

kaolinite, calcite, K-feldspar) to simulate potential reactions during the experiment of Choi [9]. 

They used the GEM-GHG simulator that considers aqueous reactions to be locally in 

equilibrium. This simulator can calculate the rate of heterogeneous reactions using a general 

reaction-rate equation. Despite valuable progress compared to the model of Choi [9], the results 

of this model for the concentration of  Ca2+, Al3+, and H4SiO4  (in some of the injection periods) 

were different than the experimental results. Kazempour and Alvarado [11] proposed another 

four-mineral model (i.e., quartz, kaolinite, dolomite, and K-feldspar) for predicting the 

composition of the same sandstone rock. They simulated the process of HCl injection by 

Geochemist’s Workbench Professional (GWB). They assumed that quartz takes part in an 

equilibrium reaction while the other three minerals (i.e., dolomite, kaolinite, and K-feldspar) 

take part in kinetic reactions. Despite implementing various models to predict the behavior of 

acidizing in this sandstone sample, none of the aforementioned studies in the literature could 

predict the effluent concentrations precisely. The main uncertain parameter in this acid injection 

experiment, which was not considered, was the cement type. Cement type directly influences 

the geochemical reactions during acidizing in sandstones. Furthermore, a fixed value for the 

reactive surface area was only implemented in most of those models, while this parameter can 

be a function of mineral volume fractions and porosity during reactions. 

In this study, the role and impact of cement composition on acidizing behavior of the 

sandstone sample are evaluated. We consider two different rock compositions with a four-

mineral approach to investigate the behavior of dominant reactions during the acidizing of the 

sandstone sample. The experimental results of Choi [9] are used for comparison purposes. The 

HCl injection into the sandstone core is modeled via a fully implicit reactive flow model 

developed in Python. The porosity is updated based on the dissolution/precipitation rates of 

minerals, and the permeability is modified based on porosity changes. A modified equation is 

proposed for the evolution of the reactive surface area (RSA), and the reaction rate constants 

for each reaction are determined. In our new RSA model, the evolution of minerals during 

dissolution and precipitation is considered a function of mineral volume fractions and porosity, 

respectively. This is followed by a complete description of the minerals' temporal dissolution 

patterns and reaction rates. 

Materials and methods 

2.1. Statement of the Problem  

In this study, HCl injection into a sandstone core plug sample is modeled. The dominant 

reactions are considered, and the concentration variation of species across the core is 

investigated. To evaluate our introduced model, we use the experimental data of Choi [9], who 

conducted an HCl injection into a sandstone rock sample. The experiment details are discussed 

in section 2.4. The pH and the concentration of four species (i.e., Ca2+, Al3+, K+, and Si) were 

measured at the outlet of the core sample. Unfortunately, their study did not determine the exact 

composition of the sandstone core. Therefore, the proposed models for explaining the dominant 

reactions are mainly based on analyzing the concentration of the produced ions and pH changes.  
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This study considers two different compositions for the sandstone rock; the model I: 69.5% 

quartz, 2.5% K-feldspar, 5% kaolinite, and 5.3% calcite, and model II: 70.2% quartz, 2.5% K-

feldspar, 5% kaolinite, and 4.6% dolomite. In the first model (model I), the sandstone carbonate 

cement is composed mostly of calcite (the same minerals were considered in Benson [10]). In 

contrast, the second model (model II) is mainly composed of dolomite. The HCl injection into 

both rock compositions is modeled and compared with the experimental data. The impact of 

dissolution on RSA is investigated as well (section 2.3). This study aims to quantitatively clarify 

the effect of the carbonate cement composition on the concentration of the produced ions. 

Moreover, we provide information regarding the changes in each mineral during the stimulation 

process.  

2.2. Definition of Dominant Reactions 

Determining the slow and fast-reacting minerals and their reaction rates is crucial to 

investigate the structural changes of porous media during acidizing. These reactions determine 

the acid consumption rate and affect minerals' dissolution patterns. Table 1 represents the 

conventional reactions of the available minerals in the sandstone rock during HCl injection. 

These reactions indicate the interaction of aqueous species with the available rock minerals. 

Table 1. Considered reactions during HCl injection into the sandstone core 

 No. Minerals Dissolution/Precipitation Reactions of Minerals Log(Keq) [12, 13] 

The involved 

reactions in 

both models 

(1) Quartz SiO2(S) + 2H2O ⇌ H4SiO4 -3.98 

(2) K-feldspar KAlSi3O8(S) + 8H2O ⇌ K+ + Al(OH)4
− + 3H4SiO4 -20.57 

(3) Kaolinite Al2Si2O5(OH)4(S) + 6H+ ⇌ 2Al3+ + 2H4SiO4 + H2O 7.43 

Considered 

in model 1 
(4) Calcite CaCO3(S) + H+ ⇌ Ca2+ + HCO3

− 1.85 

Considered 

in model 2 
(5) Dolomite CaMg(CO3)2(S) + 2H+ ⇌ Ca2+ + Mg2+ + 2HCO3

− 3.53 

 The main homogeneous reactions (reactions inside the aqueous phase) are presented in 

Table 2. The homogeneous reactions have a high rate and are considered to achieve an 

instantaneous equilibrium at any moment (i.e., time step) [14, 15].   

Table 2. Equilibrium reactions in the aqueous phase 

Equilibrium Reactions Log(Keq) [12, 13] 

Al(OH)4
− + 4H+ ⇌ Al3+ + 4H2O 22.70 

CO3
2− + H+ ⇌ HCO3

− 10.33 

CaOH+ + H+ ⇌ Ca2+ + H2O 12.78 

Ca(HCO3)+ ⇌ HCO3
− + Ca2+ -1.10 

OH− + H+ ⇌ H2O 14.00 

CaCl2 ⇌ Ca2+ + 2Cl− 0.64 

HCl ⇌ H+ + Cl− 0.71 

Table 3 summarizes the forward reaction rate constants and the initial RSA of the minerals 

in both models. 

Table 3. Forward reaction rate constants and the initial RSA of the minerals 

No. Mineral 
Forward Reaction 

Rate Constant (kf) 

Initial Reactive Surface Area AS,0 (m2/ m3) 

Model I Model II 

1 Quartz -6.32 695,000 702,000 

2 K-feldspar -6.72 25,000 25,000 

3 Kaolinite -7.43 50,000 50,000 

4 Calcite -1.27 53,000 -- 

5 Dolomite -1.67 -- 46,000 
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As,0 of each mineral is calculated as a function of the initial volume fraction of that mineral 

(As,0 = Vs,0 ×  106). 

2.3. Numerical Model Formulation 

Eqs. 1 and 2 show the main transport equations of the system. Eq. 1 originated by considering 

the mass balance for a slightly compressible fluid flow. The second transport equation is written 

for the convective-diffusive transport of species in the system. This equation is acquired by 

writing the mass balance for the primary and secondary species [15]. This final format needs to 

be solved just for the primary species. The concentration of the secondary species is calculated 

by exploiting the mass action law equation.  
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(2) 

in Eqs. 1  and 2, ρ and Cl are the fluid density and compressibility; Nx is the number of the 

selected secondary species (Xi), φ and Cr represent the porosity and the compressibility of the 

rock; vij is the stoichiometric coefficient of the primary species of j divided by that of the 

secondary species of i in an aqueous reaction; P and ux indicate the pressure and velocity of the 

fluid; and 𝑅𝑗
𝑚𝑖𝑛 as well as 𝑅𝑖

𝑚𝑖𝑛 are the reaction rates of the primary and secondary species in 

heterogeneous reactions. By developing our model in Python, Eqs. 1 and 2 are simultaneously 

solved for all of the primary species that are available in the system. 

A specified concentration of acid (HCl) is injected into a core from the left boundary at a 

constant rate. Cinj is the concentration of the injected components, uinj is the inlet velocity of the 

fluid, and Patm is the atmospheric pressure. The considered number of grid points is 50 in our 

study, which is determined by sensitivity analysis. As it is specified in Eqs. 1 and 2, the pressure 

of the grid blocks and the concentration of the species are the main unknown parameters. The 

unknowns of the nonlinear partial differential equations are solved fully implicitly by 

implementing the Newton-Raphson method. More information concerning the details of the 

modeling approach can be found elsewhere [16, 17]. 

The RSA of a mineral (i.e., the part of a mineral surface that is exposed to a reaction) changes 

with the progress of the reaction [18]. This can be originated either from the evolution of a 

mineral structure during the dissolution or from covering the surface of a mineral during the 

precipitation process. Using Eqs. 3 and 4 in our model, it is assumed that the RSA is a function 

of mineral volume fraction during the dissolution and porosity during the precipitation process.  
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where, Am,0 is the initial RSA of minerals and Vm is their volume fraction, and φ is the porosity 

of the system. The primary form of these two equations can be found elsewhere [19]. In our 

modeling approach, we used these modified forms (i.e., Eqs. 3 and 4) to receive a better match 

with the experimental results. Am,0 of each mineral can be considered to be a function of the 
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volume fraction of that mineral (𝐴𝑚,0 = 𝑉𝑚,0 × (104𝑜𝑟106)) according to [10]). These values 

are presented in Table 3. 

Different reaction rate models were defined for heterogeneous reactions (i.e., the reactions 

in Table 1) of our model. From each homogeneous reaction in Table 2, one species was selected 

as the secondary species, and its concentration was calculated by mass action law. This 

approach results in fewer unknown parameters and increases the simulation speed [15]. Except 

for the dolomite dissolution, we used the stoichiometric coefficients as the order of reactions 

concerning each species. The forward reaction rate of dolomite dissolution was considered a 

function of the H+ concentration. 

The simulation starts with reading input data such as fluid and rock properties and the 

stoichiometric coefficients of reactions. Then, the pressure distribution and ions concentration 

are computed by applying the Newton-Raphson method. A variable time step is considered, 

and it is updated during simulations. It is always kept lower than the maximum value defined 

by the user. Whenever any convergency problem occurs, the time step is automatically 

decreased. At the next simulation step, the volume fraction of minerals and porosity of all grid 

blocks are explicitly updated. This process continues until the final simulation time reaches. 

2.4. Experiment Details 

 During the injection process [9], HCl was injected into a sandstone core at a constant rate 

(Q=2 cc/minute). The length of the core was 22.47 cm, and its diameter was 2.49 cm. The initial 

porosity and permeability were measured at 0.177 and 56 md, respectively. At the first step, an 

11 PV of 3% wt NaCl solution was injected into the core until a stable pressure drop was 

achieved. The purpose of this NaCl injection was to measure the permeability of the core 

sample.  Afterward, a 259 PV of the HCl solution with an initial pH of 1 (CHCl = 0.1 Molar) 

was injected. There were also several shuts-in during the injection of this acidizing process. 

The pH of the fluid that had left the core (effluent) was recorded versus time. The concentration 

of the four species of Si, Al3+, Ca2+ and K+  in this fluid was measured by the inductively coupled 

plasma (ICP) method at different time intervals. 

Results and Discussion 

3.1. Prediction of Effluent Species 

In this study, the impact of the rock composition on the dissolution process is quantitatively 

investigated. The uncertain parameters are found in a way that acceptable results are obtained. 

Fig. 1 compares the results of cement-type models I and II with the concentration of Al3+, 

H4SiO4, and K+  from the acidizing experiment. Comparing the predictions of the model with 

different cement types (Model I and II) with the experimental data demonstrates that both 

models provide a good forecast for the concentration of Al3+, H4SiO4, and K+. Moreover, the 

predictions are not sensitive to the cement composition. 
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Fig. 1. Comparison of the modelling results with the experimental data for the concentration of different species, 

considering two other models for the cement composition of the sandstone core (M-I and M-II represent Model I 

and II, respectively) 

K-feldspar is the only source of K+, and the dissolution of this mineral results in the 

production of this ion (the second reaction in Table 1). Therefore, finding the reaction rate 

constant of K-feldspar (based on the concentration of K+) is straightforward. However, the 

concentration of the other two species (i.e., Al3+ and H4SiO4) does not depend on a single 

mineral. The dissolution of K-feldspar and kaolinite can affect the concentration of Al3+ (by 

producing Al3+) and Al(OH4)
-, respectively (the second and third reactions in  Table 1Error! 

Reference source not found.). In the same way, the concentration of H4SiO4 depends on the 

reactions of three minerals of quartz, K-feldspar, and kaolinite (the first through third reactions 

in  Table 1Error! Reference source not found.). Therefore, finding the reaction rate constant 

of these three minerals is a more challenging task. According to Fig. 1, the cement composition 

of Models I and II provides similar results for the concentration of Al 3+, H4SiO4, and K+. The 

type of carbonate cement (calcite and dolomite) differs in these two models. According to the 

reactions of 4 and 5 in Table 1, the dissolution of calcite or dolomite does not directly produce 

any of these three species. Therefore, the predictions of both models for the concentration of 

these three species are very similar.    

Fig. 2 compares the prediction of both cement models (i.e., Model I and II) with the 

experimental data. Moreover, we have compared our prediction with the results of former 

simulations in the literature (i.e., Benson [10] and Kazempour and Alvarado [11]) for the 

concentration of calcium ions. According to this figure, assuming dolomite (i.e., Model II) 

rather than calcite (i.e., Model I) as the carbonate cement results in a more truthful prediction 

[Ca2+]. The prediction of our second model (Model II) for the concentration of this ion is more 

accurate than the results of other published simulations presented in this figure. According to 

the stoichiometry of the fourth reaction in Table 1, if one mole is consumed with calcite, one 

mole of Ca2+ is produced. However, two moles of H+ are required to produce the same amount 

of Ca2+ from a dolomite dissolution (the fifth reaction in Table 1),. This procedure explains the 

lower amounts of Ca2+ production when the dolomite cement composition is considered. Thus, 

the output results of this model are closer to the experimental results.  
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Fig. 2. Comparing the results of our models (i.e., Model I and II) with the experimental data and former 

simulations in the literature (i.e., Benson [10] and Kazempour and Alvarado [11]) for the concentration of 

calcium ion 

3.2. Prediction of the Outlet pH 

Fig. 3 indicates the simulation results and the experimental data for the pH of effluents. The 

effluent pH slightly decreases until almost 140 PV injections of the HCl solution. This is 

because of the calcite/dolomite dissolution and a decrease in their volume fraction. According 

to Eq. 4, the RSA of the forward reaction is considered to be a function of the second power of 

the volume fraction of the minerals. Therefore, the RSA of calcite/dolomite decreases by its 

dissolution. Thus, the amount of unreacted H+ increases in the effluent, and the outlet pH 

slightly decreases. By using the primary form of Eq. 3, in which the RSA of the mineral 

dissolution was a function of both porosity and the volume fraction of that mineral, the effluent 

pH of the system did not show a decreasing trend in this injection period (i.e., injected pore 

volume < 140) and deviated from the experimental values. Therefore, this refined form of RSA 

(i.e., Eq. 3) is more acceptable during this period. When there is no calcite/dolomite left in the 

core (injected pore volume of acid > 170 in Fig. 3), the effluent pH approaches close to that of 

the injected solution (i.e., the effluent pH decreases to 1). 
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Fig. 3. Comparison of the simulation results with the experimental data for the pH of the outlet fluid, 

considering two different models for the composition of the sandstone core 

3.3. Analyzing the Dissolution Behaviour of Rock Constitutes 

It was considered that the heterogeneous reactions (listed in Table 1) are reversible. The 

concentration of the involved species in a reaction determines the net rate of that reaction, which 

can be positive (for dissolution) or negative (for precipitation). Fig. 4 shows the reaction rate 

of minerals and their volume fractions along the core during the entire period of acid injection. 

The x-axis indicates the core length, and the y-axis represents the pore volume number of the 

acid solution injected into the core. In other words, the y-axis can be representative of time.  
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(c) 

     

(d) 

  

Fig. 4. The volume fraction (left) and the reaction rate (right) of the four minerals across the core versus the pore 

volume of the injected acid. (a) Quartz; (b) K-feldspar; (c) Dolomite; (d) Kaolinite 

According to Fig. 4, the minerals have experienced different evolution ways. Fig. 4a 

indicates that quartz undergoes dissolutions in the areas near the inlet face (distance from the 

inlet < 1 cm). However, at the downstream parts of the core, the volume fraction of this mineral 

increases because of its precipitation. This precipitation originates from excessive H4SiO4 in 

the solution produced during K-feldspar dissolution (the second reaction in Table 1). The 

precipitation of quartz was also observed in simulations conducted by Choi [9] when they 

assumed the three minerals of anorthite, kaolinite, and quartz as the core components.  

K-feldspar has experienced a uniform dissolution (Fig. 4b). The reaction rate of this mineral 

at all grid blocks is almost equal, resulting in a uniform distribution of this mineral across the 

core in each time step. According to Fig. 4c, dolomite dissolution follows a face dissolution 

regime. When the volume fraction of this mineral approaches zero in one grid, H+ ions move 

toward the downstream sections. Otherwise, they are consumed in reactions with dolomite in 

that grid, and no considerable amount enters the core's downstream areas. This dissolution 

regime originated from the high reaction rate of dolomite in contact with the HCl solution. The 

reaction rate of dolomite in Fig. 4c has approached zero in all sections of the core after almost 

170 PV injections of the HCl solution, which confirms that there is no dolomite left in the rock 

for further dissolution.  

Kaolinite (Fig. 4d) has experienced the lowest change compared to the other three minerals. 

Its volume fraction slightly decreases over time. At the end of injection, the areas near the inlet 

have a lower volume fraction of kaolinite in comparison with the downstream sections of the 

core. This mineral is not the only source of Al3+. The main part of Al3+ is produced from the 

dissociation of the complex of Al(OH4)
- that was generated during the dissolution of K-feldspar. 
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Conclusion 

This study highlights the impact of initial cement composition on simulation results of 

sandstone matrix acidizing with hydrochloric acid. It is assumed that the sandstone sample was 

composed of four minerals (i.e., quartz, anorthite, kaolinite, and carbonate cement), and two 

carbonate cement composition models were considered for the core sample. The difference 

between these two models is in the type of carbonate cement (i.e., Model I: calcite cement, 

Model II: dolomite cement). The results are as follows, 

• Considering dolomite as the carbonate cement of the core resulted in achieving an 

excellent agreement between the simulation results and the experimental data.  

• HCl completely dissolved the dolomite cement inside of the rock. Moreover, K-feldspar 

underwent a uniform dissolution but in much smaller quantities. Furthermore, kaolinite 

(slow-reacting mineral) experienced a slight dissolution.  

• Quartz experienced both dissolution and precipitation. It was dissolved at upstream core 

sections and precipitated at downstream areas. The reason was the generation of 

excessive values of H4SiO4 in the solution (because of K-feldspar dissolution) that 

derived the quartz reaction in the backward direction. 

The forward reaction rate of dolomite is directly related to the second power of the dolomite 

volume fraction, and it was independent of the system porosity. This assumption resulted in a 

better match with the experimental outlet pH data. 

Nomenclature 

AS,0 Initial reactive surface area (m2/ m3) 

ICP Inductively coupled plasma 

kf Forward reaction rate constant  

P Pressure 

Q injection rate 

RSA reactive surface area 

 
 

reaction rates of the primary species 

 
 

reaction rates of the secondary species 

 

velocity of the fluid 
 

volume fraction of minerals 
 

porosity 
 

stoichiometric coefficient of the primary species of j divided by that of the 

secondary species of i 
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