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Abstract 12 

This study addresses the rock-fluid interactions in the carbonate rock acidizing from molecular 13 

and macroscopic insights. After treating the aged rock slices, the desorbed hydrocarbon 14 

chemistry, wettability alteration, and rock dissolution were studied by using the ATR–FTIR 15 

technique, contact angle measurement, and weight loss calculation. To investigate the effect of 16 

companying ions on the acidizing, the acid solutions were prepared with various dissolving salts 17 

(NaCl, Na2SO4, MgCl2, and CaCl2 ) and  HCl concentrations. The acid solutions (concentrations 18 

of 0.05% and 0.2%) with a base of distilled water showed a higher rock dissolution respect to the 19 

ones with a brine water base. The weakest dissolution was observed in the solution with the 20 
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formation water base, showing the inhibition effect of formation water on dissolution. The 1 

acidizing of the aged rock slice increased the rock hydrophilicity. Based on the contact angles, 2 

the Na2SO4 and KCl are prohibiting agents for hydrocarbon desorption. According to ATR-FTIR 3 

characteristic indexes, aromatic hydrocarbons have a greater desorption respect to the aliphatic 4 

ones. The asphaltenes have a higher potential to be desorbed from the rock surface in the 5 

acidizing. It was shown that the NaCl and CaCl2 were more feasible for desorbing the aromatic 6 

hydrocarbons.   7 

Keywords. Acidizing; Desorption; ATR-FTIR spectroscopy; Wettability alteration; Rock 8 

dissolution; contact angle; carbonate reservoir 9 

1. Introduction 10 

It is imperative for each drop of crude oil to traverse the porous medium near the wellbore region 11 

before reaching the surface. Therefore, ensuring the smooth flow of fluid in the wellbore region 12 

is crucial for achieving optimal production capacity [1]. Regrettably, oil wells face a myriad of 13 

challenges, spanning from issues arising during drilling and completion operations to challenges 14 

encountered in the production stages [2,3]. In drilling operations with overbalanced conditions, 15 

the drilling mud enters the oil zone, leading to wellbore damage [4]. The completion and 16 

workover fluids also have the potential to damage the oil zone in a similar way [2]. The damage 17 

to the oil well is not restricted to the drilling and completion. The production could damage the 18 

oil well region through organic scale, inorganic scale, and fine migration [5–9]. There are some 19 

methods for remediation of damage from oil wells, such as acidizing, fracturing, acid fracturing, 20 

microwave, and ultrasonic radiations [10–15]. Acidizing the damaged zone, which is not the 21 

most common stimulation method, dissolves or bypasses the damaged area by creating new 22 
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passages for fluid flow[1]. In acidizing the carbonate reservoirs, the hydrochloric acid with a 1 

concentration of 15 or 28%, including an anti-sludge agent, anti-corrosion agent, solvent, 2 

oxidizers, and scale removal agents, is injected into the oil well region [16,17]. Regarding the 3 

complexity of the acid reactions, the injection rate, injection pressure, and acid volume are vital 4 

parameters in designing acidizing operations [1,18]. Novikov et al. 2022, suggested a rating 5 

matrix to assess the feasibility of acidizing operation based on the experimental studies. The 6 

feasibility of the matrix was proven in pilot field tests, where 8-31% improvement was obtained 7 

respect to the conventional acidizing [19]. In addition, Derendyaev et al. 2022 developed a 8 

statistical approach to anticipate the effectiveness of emulsion acid injections. higher acidizing 9 

efficiency (17–23%.) in two pilot injections proved their suggested approach [20].  10 

Extensive research has been conducted to tackle the hurdles associated with acidizing operations. 11 

In a study by Shafeer et al. 2019, a microemulsion acid solution was proposed as an effective 12 

method for eliminating both organic and inorganic scales produced during the acidizing process. 13 

The formulated microemulsion demonstrated efficiency in addressing both types of scales [21]. 14 

Martyushev et al.2021 used a new emulsion acid that was able to dissolve paraffin deposits aside 15 

from the rock dissolution, leading to higher well productivity. The advantages of the novel 16 

emulsion acid were lower corrosion, more penetration depth, and the ability to diffuse into low 17 

permeability formations due to lower interfacial tension [22]. Ibrahim et al. 2020 used a new 18 

additive (based on natural resin materials) to reduce the reaction rate of HCl solutions. 19 

According to the three-dimensional CT scan, the acid-flooded carbonate core plug showed a 20 

single new passage with a few deviation paths [23]. Karimi et al. 2018 investigated the role of 21 

pre-flush in acidizing operation to modify rock surface wettability. By employing various pre-22 

flush fluids, they suggested using a cationic surfactant of C16TAB surfactant with a 23 
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concentration of 0.5 wet% as an efficient agent for improving the water-wetness of the rock 1 

surface. Based on their study, the presence of a cationic surfactant (C16TAB) in the pre-flush 2 

fluid did not affect the dissolution rate, making the C16TAB a potential additive for acidizing 3 

operations [24]. Al Moajil et al. 2019 used a novel commercial acid formulation to retard the 4 

acid reactions and lower the breakthrough time. The CT-scan image of the flooded core plugs 5 

showed multiple wormholes. While the compatibility tests reported the presence of organic 6 

precipitates, the precipitation did not affect the acidizing stimulation [25].  7 

Using X-ray tomographic and filtration tests, Martyushev et al. 2022 suggested that the mineral 8 

content of carbonate formations (calcium and dolomite) highly influences the performance of 9 

acidizing. They showed that the presence of quartz in the carbonate formation leads to an 10 

increase in the formation permeability [26].  11 

Jafarpour et al. 2019 improved the efficiency of the acidizing operation by introducing a multi-12 

bached acid system. They suggested using a surfactant (GF – 15 MPS) at the 0.5% concentration 13 

of 0.5% as an additive to the HCl solution to improve the acidizing performance in multi-layered 14 

oil zones. The ability of the multi-bached acid for diversion was confirmed in the coreflooding 15 

tests [27].  16 

It is well-understood that acidizing of the carbonate rock dissolves the formation matrix, leading 17 

to opening new pathways for reservoir fluids.  Although many research papers have aimed to 18 

improve the rock-fluid interaction in the acidizing operation, it is not fully understood. This 19 

research aims to investigate the two poorly addressed aspects of acidizing: 1. desorption of 20 

hydrocarbon from the rock surface and 2. the effect of companying dissolved ions on the rock-21 

fluid interactions. In this regard, rock-fluid interactions were studied by examining the rock 22 

dissolution, wettability alteration, and desorption of the hydrocarbon from the rock surface. 23 
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Employing the acid (HCl) solutions with various ion contents enabled us to discuss the effect of 1 

companying ions on acidizing performance. In addition, aside from wettability alteration and 2 

rock dissolution, the ATR-FTIR analysis was employed to address the chemistry of separated 3 

hydrocarbons to know whether the desorption is s selective or not.  4 

2. Materials and Methods 5 

2.1 Materials  6 

2.1.1 Oil sample 7 

The crude oil, which is used in this study was sampled from an oil field in the south of Iran. The 8 

physical properties of the oil samples are shown in Table 1. As shown in Table 1, the employed 9 

oil sample was an asphaltene-rich oil with low API.  10 

Table 1 11 

2.1.2 Rock slice 12 

The rock samples, which originated from chemical carbonate rocks in the sea bed of the Persian 13 

Gulf Sea, were used to be used for conducting the experiments, including rock dissolution, ATR-14 

FTIR, and contact angle measurement.  After extracting tablet-shaped rock slices from the rock 15 

sample using the thawing device, they were washed with toluene and methanol using a soxhlet 16 

device. The washing process was continued for 10 and 2 days for respectively toluene and 17 

methanol washing. After drying the rock slices, regarding their water-wetness wettability 18 

condition, it was required to restore the reservoir wettability condition. In this regard, the rock 19 

slices were saturated with the synthetic formation water, and then, they were kept at 90℃ for 2 20 

days. Afterward, the brine water-saturated slices were dynamically saturated by crude oil. After 21 
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saturating the slices, they were kept at 90℃ for 35 days to restore the reservoir wettability 1 

condition. The petrophysical properties of the rock slices were obtained using core analysis of 2 

the cylindrical core plugs extracted from the rock sample. The petrophysical properties of the 3 

rock slices are shown in Table 2.  4 

While the reservoir formations typically exhibit lower porosity and permeability than the rock 5 

slices analyzed in this study, the experimental rationale necessitated the utilization of rock slices 6 

with minimal impurities. The static acid treatment of these rock slices was carried out without 7 

external pressure. Given the brief exposure time in static tests, employing rock slices with high 8 

permeability proved crucial for expediting the diffusion of acid solution throughout the entire 9 

porous medium. Carbonate rock samples, owing to their chemical origin, are known for their 10 

high purity. Therefore, their inclusion in this study, which seeks to investigate rock-fluid 11 

interactions at a molecular level, was deemed suitable. 12 

To investigate the purity of the employed rock sample, the X-ray fluorescence (XRF) analysis 13 

was used. Based on the XRF result, which is shown in Fig 1, 94.5% of the employed rock sample 14 

is comprised of CaCO3 (s).  15 

Table 2 16 

Fig 1 17 

2.1.3 Acid solutions  18 

To investigate the effect of acid concentration, dissolving ions, and ion concentration, the acid 19 

solutions with various HCl concentrations and ion content were prepared. Although the 20 

concentration of acids used in the conventional acidizing process is 15-28%, using high acid 21 

concentration makes the rock surface uneven. The high roughness of the rock surface makes it 22 
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impossible to conduct the ATR-FTIR tests. Hence, the acid solutions were prepared at two acid 1 

concentrations of 0.5 and 2 g/L. To investigate the effect of companying dissolved ions on the 2 

rock-fluid interactions, the salts of NaCl, Na2SO4, MgCl2, and CaCl2 were added to the acid 3 

solution at concentrations of 1,000 and 10,000 ppm. It should be mentioned that the performance 4 

of salt-rich acid solutions was compared with the acid solution with base water of formation 5 

water and distilled water.  6 

The employed concentrations were selected according to the trial and error of a wide range of 7 

acid concentrations, including 15%. In the high concentrations, the entire rock was dissolved in 8 

the acid solutions, making it impossible for further analysis. By lowering the acid concentration 9 

to an extent (5%), although some part of the rock remained after spending the acid, the rock 10 

surface was completely uneven. Having access to a smooth rock surface is vital for conducting 11 

the contact angle, and more importantly, ATR-FTIR tests. It should be mentioned that the larger 12 

rock slices were also employed to overcome this problem. Unfortunately, the uneven rock 13 

surface was still a serious problem in the static tests with larger rock slices. As a result, using 14 

lower acid concentration was the only choice to conduct the static tests in a way that rock-fluid 15 

interaction is analyzable. 16 

2.2 Methods 17 

2.2.1 Rock dissolution 18 

To investigate the effect of dissolving ions on rock dissolution, the treated rock slice profile was 19 

obtained. To do so, the aged rock slices with identical weight (10 gr) were immersed in the 20 

various acid solutions at a temperature of 90℃. The weight of the treated rock slices was 21 

measured using a digital scale every 30 min. To remove the effect of the salt weights, the rock 22 
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slices were flushed with distilled water and then gently heated to vaporize the water. After 1 

measuring the rock slice weight, it was returned to the acid solution for further treatment. This 2 

procedure was continued until the rock slice weight was not changed due to treatment. At this 3 

point, the rock slice was ready for ATR-FTIR and contact angle measurement.  4 

2.2.2 Contact angle measurement 5 

The wettability is one of the essential parameters controlling fluid flow in the porous medium 6 

[28,29]. To investigate the acid treatment effect on the wettability condition of acid-treated rock 7 

slices, the contact angle measurement was used. The sessile drop method was used to measure 8 

the contact angle. The contact angles were measured when no changes were observed in the 9 

weight of rock slices due to the treatment. The contact angles of the acid-treated rock slices were 10 

compared with the contact angle of the aged one to investigate the effect of acid treatment on 11 

wettability condition.  12 

2.2.3 ATR-FTIR spectroscopy 13 

To study the chemistry of the desorbed hydrocarbon due to acid treatment, ATR-FTIR 14 

spectroscopy was used. While the contact angle measurement investigates the rock slice 15 

wettability condition, it is blind to the chemistry of the desorbed hydrocarbon. Hence, conducting 16 

the ATR-FTIR test is required for studying the changes to the compounds on the rock surface. 17 

The ATR-FTIR spectrums were obtained using a refractometer (PerkinElmer, USA). The 18 

spectrums were obtained in the absorbance configuration. This action was done to make 19 

numerical data extraction possible. The spectrums were obtained in the wavelength range of 600-20 

4000 cm
-1

 with a resolution of 1 cm
-1

.  Using the characteristic indexes, which were suggested by 21 

Karami et al 2022, the Carbonyl/Aliphatic, Carbonyl /Aromatic, Aromatic/ Aliphatic, Aliphatic 22 



9 
 

length, Polar/Aliphatic, and Polar/Aromatic indexes were calculated [11]. The indexes were 1 

calculated by using the integral area from the start to the end of each peak. It should be 2 

mentioned that the integral areas were calculated using Origin software. 3 

3. Results and Discussion 4 

3.1 Rock dissolution 5 

As mentioned before, to investigate the effect of companying ions on rock dissolution, the profile 6 

of weight reduction was obtained. To do so, aged rock slices with identical weights (10 gr) were 7 

treated with an acid solution with various ion content and acid concentrations. The slice weight 8 

was measured in a time step of 30 min until no weight loss was observed. Tables 3-4 show the 9 

weight loss of rock slices treated by acid solutions with time steps of 30 min in terms of 10 

percentage. 11 

Table 3 12 

Table 4 13 

As shown in the weight loss profile in Tables 3-4, the rock dissolution due to acidizing is 14 

influenced by the chemistry of base water (ion content and concentration). Both of the acid 15 

solutions (concentrations of 0.5 and 2 g/L) had a higher rock dissolution respect to the acid 16 

solutions with brine water base. Among the acid solutions with salt-rich base water, the CaCl2 17 

and Na2SO4 salts reduce the rock dissolution with more severity. For instance, in the acid 18 

solutions with a concentration of 0.5 g/L, while the rock dissolutions were 3.06-3.97 and 3.05-19 

3.49% for acid solutions bearing CaCl2 and Na2SO4, other solutions dissolved 3.39-4.84% of the 20 

carbonate rock. In both acid concentrations, the presence of salts in the acid solutions drastically 21 

reduced the rock dissolution, indicating the buffering effect of salts for rock dissolution.  22 
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3.2 Wettability alteration 1 

To study the effect of the acid solution with various companying ion types and concentrations, 2 

the contact angle of the aged/treated rock slice was measured. The aged rock slice was treated 3 

with Hydrochloric acid solutions with two concentrations (0.5 and 2 g/L) and three different salt 4 

concentrations (0, 1,000, and 10,000 ppm). The brine acid solutions were synthesized with single 5 

salts of NaCl, CaCl2, MgCl2, Na2SO4, and KCl to evaluate the effect of individual ions. The 6 

formation water and distilled water-based acid solutions were also used for comparison. Table 5 7 

shows the contact angles of the aged and acid-treated rock slices. As mentioned before, 8 

according to the multiple contact angle measurements, the accuracy of the obtained data is ±0.6°. 9 

Table 5 10 

According to Table 5, the acid treatment of the aged rock slice commonly enhances the rock 11 

hydrophilicity. The contact angle of the treated rock slice depends on the companying ion type 12 

concentration and HCl concentration.  Comparing the contact angles of rock slices treated with 13 

0.5 and 2 g/L acid solutions, increasing HCl concentration enhances the hydrophilicity of the 14 

treated rock slice. As shown in Table 5, among the rock slices treated with identical base waters, 15 

the one treated with the acid concentration of 2g/L has a lower contact angle. For example, the 16 

contact angles of the rock slices treated by acid solution with the base of formation water are 17 

respectively 108 and 67° for HCl concentrations of 0.5 and 2 g/L. Regarding the fact that a lower 18 

contact angle indicates less adsorbed hydrocarbon, the HCl solution enhances the hydrocarbon 19 

desorption.  20 

The ion type and content of the acid solution affect the contact angle of the treated rock slice. In 21 

both acid concentrations, the acid solutions with the base of distilled water have a lower contact 22 
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angle. This observation shows that the presence of ions, regardless of the type and concentration, 1 

reduces the ability of acid solution for desorbing the hydrocarbons. In low acid concentration and 2 

high salt concentration, where the role of ions is more highlighted, the Na2SO4 and KCl salts are 3 

prohibiting agents for hydrocarbon desorption. Among the slices treated by acid solution with 4 

0.5 g/L concentration, the contact angles of slices treated by Na2SO4-rich acid solution are 116 5 

and 105°, while the contact angle of other slices lies in the range of 83-110°. According to the 6 

contact angles, increasing the companying salt concentration, regardless of ion type and 7 

concentration, leads to rock hydrophobicity enhancement. In other words, the presence of 8 

companying ions in an acid solution retards its ability for desorption of the hydrocarbons.  9 

3.3 ATR-FTIR spectroscopy  10 

Although the wettability of the rock slices after the acid treatment was addressed using the 11 

contact angle measurements, no information regarding the changes to the surface hydrocarbon 12 

chemistry was addressed. The chemistry of the rock surface was addressed by the ATR-FTIR 13 

spectrums. To highlight the effect of salt presence in the acid solution, the slices, which were 14 

treated with solutions with a salt concentration of 10,000 ppm and acid concentration of 0.5wt%, 15 

were selected for the ATR-FTIR tests. The ATR-FTIR spectrums are shown in Fig 2.  16 

Fig 2 17 

The peaks in the ATR-FTIR could be subdivided into three groups: hydrocarbon-assigned, rock 18 

mineral-assigned, and peaks common in both hydrocarbons and minerals.  Because the presence 19 

of mineral-assigned peaks in the ATR-FTIR spectrums is inevitable, the mineral-assigned and 20 

common peaks should be excluded from interpretation. The peaks in the range of 2755-3000 cm
-

21 

1
 are standing for the aliphatic hydrocarbons. In addition, the presence of the aromatic 22 
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hydrocarbons could be captured by 3000-3100 and 1566-1668 cm
-1

, which are respectively 1 

standing for C-H and C-C bonds in aromatic rings. The wide peak in the range of 3100-3500 cm
-

2 

1
 indicates the presence of N-H and O-H bonds, representing the polarity of the surface 3 

hydrocarbons. It should be mentioned that carbonyl-based functional groups, such as carbocyclic 4 

acids, ketones, and aldehydes are captured in the wavelength of 1668-1800 cm
-1 

[10,11,30–39].  5 

More information about the ATR-FTIR peak interpretation can be observed in Table 6. 6 

Table 6 7 

After the identification of peaks, which are only assigned to the hydrocarbons, it was necessary 8 

to obtain numerical information from the ATR-FTIR spectrums. The integral areas below each, 9 

from one valley to another one, were obtained using the Origin software. As mentioned before, 10 

the spectrums were obtained in the absorbance mode to facilitate the integral calculation. Using 11 

the equation suggested by Karami et al 2022, the chemistry of the rock surface was characterized 12 

[11]. The indexes of Carbonyl/Aliphatic, Carbonyl /Aromatic, Aromatic/ Aliphatic, Aliphatic 13 

length, Polar/Aliphatic, and Polar/Aromatic were obtained by the corresponding integral areas. 14 

Table 7 shows the obtained characteristic indexes from the ATR-FTIR spectrums.  15 

Table 7 16 

According to ATR-FTIR characteristic indexes, the surface hydrocarbon chemistry is highly 17 

changed after the acid treatment. Besides, the chemistry of the surface hydrocarbons is greatly 18 

influenced by the presence of salts in the acid solution. These observations are consistent with 19 

the major difference between the aged and treated rock slices and the minor deviations among 20 

the treated slices. As shown in Table 7, the Aromatic/ Aliphatic indexes of the acid-treated slices 21 

are lower than the aged one (untreated), indicating more intense desorption of aromatic 22 
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compounds respect to the aliphatic ones as the result of acid treatment. Hence, the acid treatment 1 

of the rock slice led to a reduction of the Aromatic/ Aliphatic index. The Aromatic/Aliphatic 2 

index of the hydrocarbons on the rock surface is proportional to the respective concentration of 3 

aromatic compounds to the aliphatic ones. As a result, the acid treatment enhances the separation 4 

of aromatic compounds from the rock surface. Regarding the fact that during the aging process, 5 

the longer aliphatic chains and larger aromatic compounds, such as asphaltenes, are adsorbed 6 

onto the rock surface, the respective changes of asphaltene and wax compounds could be 7 

deduced from the Aromatic/ Aliphatic index. In this regard, the asphaltene compounds have a 8 

higher potential to be desorbed from the rock surface due to acid treatment.    9 

Among the acid-treated slices, the Aromatic/Aliphatic index of one treated by acid solution 10 

without dissolving ions is higher, representing the contribution of dissolved ions for asphaltene 11 

compound desorption. The acid solutions bearing NaCl and CaCl2 salts were more feasible for 12 

oil desorbing the aromatic hydrocarbons. The carbonyl index trends were similar to the 13 

Aromatic/Aliphatic index. The acid treatment of rock slices led to the reduction of carbonyl 14 

indexes, indicating more feasible desorption of carbonyl-bearing hydrocarbons respect to the 15 

aliphatic and aromatic ones. Based on the carbonyl indexes, the presence of the dissolving ions 16 

reduces the desorption of aliphatic chains. The NaCl and CaCl2 salts were more successful in 17 

improving the desorption of carbonyl-bearing hydrocarbons. The aliphatic length index, which 18 

represents the length of the aliphatic hydrocarbons, was lower in the aged slice. This observation 19 

indicates that shorter aliphatic chains have more potential for desorbing from the rock slices. In 20 

addition, the lower Aliphatic length index of the slice treated by distilled water-based acid 21 

solution showed more affinity of the lighter aliphatic chains for desorption in the absence of 22 

dissolving ions. The polar indexes showed that acid treatment of rock slices desorbed the 23 
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aliphatic chains with more feasibility respect to the aliphatic and aromatic hydrocarbons. Similar 1 

to the carbonyl index, the presence of the dissolving ions leads to more desorption of polar 2 

hydrocarbons. The acid solution bearing NaCl salts was more efficient for desorption of the polar 3 

hydrocarbons (containing O-H and N-H bonds).  4 

Based on the ATR-FTIR analysis, the separation of hydrocarbons from the rock surface is not 5 

only owing to the dissolution of rock grain as a support surface for adsorbing the hydrocarbons, 6 

but the hydrocarbons can also separate from the rock surface due to their chemistry and 7 

interactions with HCl molecules. 8 

Regarding the conducted tests, the presence of the companying ions in the acid solution reduces 9 

the ability of the HCl acid for rock dissolution, wettability alteration toward hydrophilicity, and 10 

desorption of aromatic compounds, such as asphaltene, from the rock surface. Because all of the 11 

mentioned observations reduce acidizing performance, it is recommended to conduct the pre-12 

flush injection in a way that no brine water contacts the acid solution. In addition, using base 13 

water with the minimum salinity for providing the acid solution is highly suggested based on the 14 

findings of this study. 15 

The main limitation of our study is using only static tests to study the rock-fluid interactions. For 16 

further investigation, studying the rock-fluid interaction using dynamic tests is highly 17 

recommended. Besides, this study addresses the interaction of HCl acid and companying ions on 18 

the rock-fluid interactions, while other agents, such as anti-sludge and anti-corrosion additives, 19 

are commonly involved in the acid solution. Investigating the effects of additives on the rock-20 

fluid interactions from macroscopic and molecular insights is suggested for future studies. 21 

4. Conclusion 22 
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1. The rock dissolution due to acidizing is affected by base water composition. Both of the acid 1 

solutions (concentrations of 0.5 and 2 g/L) had a higher rock dissolution respect to the acid 2 

solutions with brine water base. Among the acid solutions with salt-rich base water, the CaCl2 3 

and Na2SO4 salts reduce the rock dissolution with more intensity. The presence of salts in the 4 

acid solutions drastically reduced the rock dissolution, indicating the buffering effect of salts for 5 

rock dissolution. 6 

2. The acid treatment of the aged rock slice increases the rock hydrophilicity. Increasing HCl 7 

concentration enhances the hydrophilicity of the treated rock slice. Among the rock slices treated 8 

with identical base water, the one treated with higher acid concentration has a lower contact 9 

angle. Regarding the fact that a lower contact angle indicates less adsorbed hydrocarbon, the HCl 10 

solution enhances hydrocarbon desorption.  The ion type and concentration of the acid solution 11 

influence the wettability of the treated rock slice. The presence of ions, regardless of the type and 12 

concentration, reduces the ability of acid solution for desorbing the hydrocarbons. Regarding the 13 

obtained contact angles, the Na2SO4 and KCl salts are prohibiting agents for hydrocarbon 14 

desorption. 15 

3. According to ATR-FTIR characteristic indexes, the desorption of hydrocarbon from rock 16 

surfaces is selective. The Aromatic/ Aliphatic index of the aged slice is higher than the treated 17 

ones, showing more desorption of aromatic hydrocarbons respect to the aliphatic ones. The 18 

asphaltene compounds have a higher potential to be desorbed from the rock surface in the acid 19 

treatment. The Aromatic/Aliphatic index of slices treated by acid solution without dissolving 20 

ions is higher, indicating the contribution of dissolved ions for asphaltene compound desorption. 21 

The acid solutions bearing NaCl and CaCl2 salts were more feasible for oil desorbing the 22 

aromatic hydrocarbons.   23 
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4. In the end, regarding the negative effects of the companying ions on the acidizing 1 

performance, it was recommended to prohibit the contact of reservoir brine water with the acid 2 

solution using an efficient pre-flush injection. Moreover, selecting a base water with the 3 

minimum salinity for preparing the acid solution is suggested to maximize the acidizing 4 

feasibility. 5 

References 6 

1.  Economides, M. J. and Nolte, K. G., “Reservoir Stimulation”, Wiley (2000). ISBN-7 

13:  978-0471491927 8 

2.  Ezzat, A. M., “Completion fluids design criteria and current technology weaknesses” 9 

(1990). https://doi.org/10.2118/19434-MS 10 

3.  Millhone, R. S., “COMPLETION FLUIDS FOR MAXIMIZING PRODUCTIVITY - 11 

STATE OF THE ART.”, JPT, J. Pet. Technol., 35(1) (1983). 12 

https://doi.org/10.2118/10030-PA 13 

4.  Fattah, K. A. and Lashin, A., “Investigation of mud density and weighting materials effect 14 

on drilling fluid filter cake properties and formation damage”, J. African Earth Sci., 117 15 

(2016). https://doi.org/10.1016/j.jafrearsci.2016.02.003 16 

5.  Lo, P. A., Tinni, A. O., and Milad, B., “Experimental study on the influences of pressure 17 

and flow rates in the deposition of asphaltenes in a sandstone core sample”, Fuel (2021). 18 

https://doi.org/10.1016/j.fuel.2021.122420 19 

6.  Doryani, H., Malayeri, M. R., and Riazi, M., “Precipitation and deposition of asphaltene 20 

in porous media: Impact of various connate water types”, J. Mol. Liq., 258 (2018). 21 



17 
 

https://doi.org/10.1016/j.molliq.2018.02.124 1 

7.  Pazuki, G. R. and Nikookar, M., “A modified Flory-Huggins model for prediction of 2 

asphaltenes precipitation in crude oil”, Fuel, 85(7–8) (2006). 3 

https://doi.org/10.1016/j.fuel.2005.10.005 4 

8.  Lin, Y. J., Cao, T., Chacón-Patino, M. L., Rowland, S. M., Rodgers, R. P., Yen, A., and 5 

Biswal, S. L., “Microfluidic Study of the Deposition Dynamics of Asphaltene 6 

Subfractions Enriched with Island and Archipelago Motifs”, Energy and Fuels, 33(3) 7 

(2019). https://doi.org/10.1021/acs.energyfuels.8b03835 8 

9.  Tanhaei, H., Hossein, A., Dehaghani, S., and Karami, S., “Investigation of microwave 9 

radiation in conjugate with acidizing as a novel hybrid method of oil well stimulation”, pp. 10 

1–34 (n.d.). https://doi.org/10.24200/sci.2023.62586.7985 11 

10.  Karami, S., Saeedi Dehaghani, A. H., and Hossein Seyed Mousavi, S. A., “Condensate 12 

blockage removal using microwave and ultrasonic waves: Discussion on rock mechanical 13 

and electrical properties”, J. Pet. Sci. Eng., 193 (2020). 14 

https://doi.org/10.1016/j.petrol.2020.107309 15 

11.  Karami, S., Hossein, A., and Dehaghani, S., “A molecular insight into cracking of the 16 

asphaltene hydrocarbons by using microwave radiation in the presence of the 17 

nanoparticles acting as catalyst”, J. Mol. Liq., 364, p. 120026 (2022). 18 

https://doi.org/10.1016/j.molliq.2022.120026 19 

12.  Karami, S., Hossein, A., and Dehaghani, S., “Sensitivity analysis of electromagnetic 20 

stimulation of oil wells using simulation technique and Box-Behnken design”, 29, pp. 21 

1377–1390 (2022). https://doi.org/10.24200/sci.2022.56072.4537 22 



18 
 

13.  Xu, X. and Bao, T., “Research on the removal of near-well blockage caused by asphaltene 1 

deposition using sonochemical method”, Ultrason. Sonochem., 64(September 2019), p. 2 

104918 (2020). https://doi.org/10.1016/j.ultsonch.2019.104918 3 

14.  Hamida, T., “Analysis of capillary interaction and oil recovery under ultrasonic waves”, 4 

Transp. Porous Media, 70(2) (2007). https://doi.org/10.1007/s11242-006-9097-9 5 

15.  Bale, A., Smith, M. B., and Klein, H. H., “Stimulation of carbonates combining acid 6 

fracturing with proppant (CAPF): A revolutionary approach for enhancement of sustained 7 

fracture conductivity and effective fracture half-length”, Proc. - SPE Annu. Tech. Conf. 8 

Exhib. (2010). https://doi.org/10.2118/134307-MS 9 

16.  Mohammadzadeh Shirazi, M., Ayatollahi, S., and Ghotbi, C., “Damage evaluation of acid-10 

oil emulsion and asphaltic sludge formation caused by acidizing of asphaltenic oil 11 

reservoir”, J. Pet. Sci. Eng., 174 (2019). https://doi.org/10.1016/j.petrol.2018.11.051 12 

17.  Kalhori, P., Abbasi, A., Malayeri, M. R., and Mohammadzadeh Shirazi, M., “Impact of 13 

crude oil components on acid sludge formation during well acidizing”, J. Pet. Sci. Eng., 14 

215 (2022). https://doi.org/10.1016/j.petrol.2022.110698 15 

18.  Leong, V. H. and Ben Mahmud, H., “A preliminary screening and characterization of 16 

suitable acids for sandstone matrix acidizing technique: a comprehensive review”, J. Pet. 17 

Explor. Prod. Technol., 9(1) (2019). https://doi.org/10.1007/s13202-018-0496-6 18 

19.  Novikov, V. A., Martyushev, D. A., Li, Y., and Yang, Y., “A new approach for the 19 

demonstration of acidizing parameters of carbonates: Experimental and field studies”, J. 20 

Pet. Sci. Eng., 213 (2022). https://doi.org/10.1016/j.petrol.2022.110363 21 



19 
 

20.  Derendyaev, R. A., Novikov, V. A., Martyushev, D. A., Liu, Z., and Yang, Y., “Acid 1 

treatment of carbonate reservoir with a new dual action microemulsion: Selection of 2 

optimal application conditions”, J. Pet. Sci. Eng., 216 (2022). 3 

https://doi.org/10.1016/j.petrol.2022.110809 4 

21.  Althaf, M. S. M. and Mohammed, E. M. A., “Oil well stimulation for carbonate reservoir 5 

using acidizing techniques”, Int. J. Innov. Technol. Explor. Eng., 8(4S) (2019). 6 

DS2848028419/2019©BEIESP 7 

22.  Martyushev, D. A. and Vinogradov, J., “Colloids and Surfaces A  : Physicochemical and 8 

Engineering Aspects Development and application of a double action acidic emulsion for 9 

improved oil well performance  : laboratory tests and field trials”, Colloids Surfaces A 10 

Physicochem. Eng. Asp., 612(November 2020), p. 125998 (2021). 11 

https://doi.org/10.1016/j.colsurfa.2020.125998 12 

23.  Ibrahim, A. F., Nasr-El-Din, H., and Jiang, L., “HP/HT matrix acidizing treatments of 13 

carbonate rocks using a new retarded HCl acid system”, Int. Pet. Technol. Conf. 2020, 14 

IPTC 2020 (2020). https://doi.org/10.2523/IPTC-19646-MS 15 

24.  Karimi, M., Shirazi, M. M., and Ayatollahi, S., “Investigating the effects of rock and fluid 16 

properties in Iranian carbonate matrix acidizing during pre-flush stage”, J. Pet. Sci. Eng., 17 

166 (2018). https://doi.org/10.1016/j.petrol.2018.03.002 18 

25.  Al Moajil, A., Caliskan, S., Al-Salem, A., and Al-Yami, I., “Aqueous alternative system 19 

to straight and emulsified HCl acids for carbonate acidizing”, Proc. - SPE Int. Symp. Oilf. 20 

Chem. (2019). https://doi.org/10.2118/193551-MS 21 

26.  Martyushev, D. A., Govindarajan, S. K., Li, Y., and Yang, Y., “Experimental study of the 22 



20 
 

influence of the content of calcite and dolomite in the rock on the efficiency of acid 1 

treatment”, J. Pet. Sci. Eng., 208 (2022). https://doi.org/10.1016/j.petrol.2021.109770 2 

27.  Jafarpour, H., Moghadasi, J., Khormali, A., Petrakov, D. G., and Ashena, R., “Increasing 3 

the stimulation efficiency of heterogeneous carbonate reservoirs by developing a multi-4 

bached acid system”, J. Pet. Sci. Eng., 172 (2019). 5 

https://doi.org/10.1016/j.petrol.2018.09.034 6 

28.  Amir Hosseini, M., Kamrava, S., Sahimi, M., and Tahmasebi, P., “Effect of Wettability on 7 

Two-Phase Flow Through Granular Porous Media: Fluid Rupture and Mechanics of the 8 

Media”, Chem. Eng. Sci., 269, p. 118446 (2023). 9 

https://doi.org/10.1016/j.ces.2023.118446 10 

29.  Tajikmansori, A., Hosseini, M., and Dehaghani, A. H. S., “Mechanistic study to 11 

investigate the injection of surfactant assisted smart water in carbonate rocks for enhanced 12 

oil recovery: An experimental approach”, J. Mol. Liq., 325 (2021). 13 

https://doi.org/10.1016/j.molliq.2020.114648 14 

30.  Karami, S., Saeedi Dehaghani, A. H., and Haghighi, M., “Investigation of smart water 15 

imbibition assisted with microwave radiation as a novel hybrid method of enhanced oil 16 

recovery”, J. Mol. Liq., 335 (2021). https://doi.org/10.1016/j.molliq.2021.116101 17 

31.  Yazdani, B., Saeedi Dehaghani, A. H., and Karami, S., “Fundamental study of asphaltene 18 

cracking and desorption from rock surface due to microwave radiation: A molecular 19 

insight into catalytic effect of minerals and asphaltene chemistry”, Geoenergy Sci. Eng., p. 20 

211946 (2023). https://doi.org/10.1016/j.geoen.2023.211946  21 

32.  Buenrostro-Gonzalez, E., Andersen, S. I., Garcia-Martinez, J. A., and Lira-Galeana, C., 22 



21 
 

“Solubility/molecular structure relationships of asphaltenes in polar and nonpolar media”, 1 

Energy and Fuels, 16(3) (2002). https://doi.org/10.1021/ef0102317  2 

33.  Joonaki, E., Buckman, J., Burgass, R., and Tohidi, B., “Exploration of the Difference in 3 

Molecular Structure of n -C7 and CO2 Induced Asphaltenes”, Ind. Eng. Chem. Res., 4 

57(26), pp. 8810–8818 (2018). https://doi.org/10.1021/acs.iecr.8b01634  5 

34.  Scotti, R. and Montanari, L., “Molecular Structure and Intermolecular Interaction of 6 

Asphaltenes by FT-IR, NMR, EPR”, In Structures and Dynamics of Asphaltenes (1998). 7 

https://doi.org/10.1007/978-1-4899-1615-0_3 8 

35.  Daaou, M., Modarressi, A., Bendedouch, D., Bouhadda, Y., Krier, G., and Rogalski, M., 9 

“Characterization of the nonstable fraction of Hassi-Messaoud asphaltenes”, Energy and 10 

Fuels, 22(5) (2008). https://doi.org/10.1021/ef800078u 11 

36.  Bava, Y. B., Geronés, M., Buceta, D., De La Iglesia Rodríguez, D., López-Quintela, M. 12 

A., and Erben, M. F., “Elucidation of the Average Molecular Structure of Argentinian 13 

Asphaltenes”, Energy and Fuels, 33(4) (2019).  14 

https://doi.org/10.1021/acs.energyfuels.8b04318 15 

37.  Molina, D., Ariza, E., and Poveda, J. C., “Structural differences among the asphaltenes in 16 

Colombian light crudes from the Colorado Oil Field”, Energy and Fuels, 31(1) (2017). 17 

https://doi.org/10.1021/acs.energyfuels.6b01887 18 

38.  Tajikmansori, A., Hossein Saeedi Dehaghani, A., Sadeghnejad, S., and Haghighi, M., 19 

“New insights into effect of the electrostatic properties on the interfacial behavior of 20 

asphaltene and resin: An experimental study of molecular structure”, J. Mol. Liq., 377, p. 21 

121526 (2023). https://doi.org/10.1016/j.molliq.2023.121526 22 



22 
 

39.   Rezaei, A., Karami, A., Vatanparast, A., and Sadeghnejad, A., "New molecular and 1 

macroscopic understandings of novel green chemicals based on Xanthan Gum and bio-2 

surfactants for enhanced oil recovery." Scientific Reports, 14(1) (2024). 3 

https://doi.org/10.1038/s41598-024-63244-z 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 



23 
 

 1 

 2 

 3 

List of the Figures 4 

Figure                                                                                                                                        Page 5 

Figure 1. The XRF analysis of employed rock sample. .............................................................................. 24 6 

Figure 2. The ATR-FTIR spectrums of the aged and acid-treated rock slices ............................................ 24 7 

 8 

List of the Tables 9 

Table                                                                                                                                        Page 10 

Table 1 .The physical characteristics of the crude oil ................................................................................. 25 11 

Table 2. The petrophysical properties of rock sample ................................................................................ 25 12 

Table 3. The weight loss of rock slices treated by acid solutions (with various base water) with a 13 

concentration of 0.5 g/L with time steps of 30 min in terms of percentage. ............................................... 25 14 

Table 4. The weight loss of rock slices treated by acid solutions (with various base water) with a 15 

concentration of 2 g/L with time steps of 30 min in terms of percentage. .................................................. 26 16 

Table 5. The contact angles of the aged and rock slices treated by acid solutions with various base water17 

 .................................................................................................................................................................... 26 18 

Table 6. The chemical interpretations of the peaks in the ATR-FTIR spectrums ...................................... 27 19 

Table 7. Obtained characteristic indexes from the ATR-FTIR spectrums .................................................. 27 20 

 21 

 22 

Figures 23 



24 
 

 1 

Figure 1. The XRF analysis of employed rock sample. 2 
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Figure 2. The ATR-FTIR spectrums of the aged and acid-treated rock slices 8 
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Tables 1 

Table 1 .The physical characteristics of the crude oil 2 

Properties API (°) Viscosity (cP) 

(@ temperature 26 ͦ C) 

Acid number 

(mg KOH/g) 

Asphaltene content (%) 

Values 20.65 ˚ 377 0.6 16 

 3 

 4 

Table 2. The petrophysical properties of rock sample 5 

Thickness (cm) Grain density (gr/cm3) Type Permeability (D) Porosity (%)   Properties 

0.8 2.31 Carbonate 3 38.48 Rock slice 

 6 

 7 

Table 3. The weight loss of rock slices treated by acid solutions (with various base water) with a concentration 8 
of 0.5 g/L with time steps of 30 min in terms of percentage. 9 

Solutions Salt Conc (ppm) Salt Type 30min 60min 90min 120min 150min 

#1 1,000 NaCl 

NaCl 

1.41 3.43 4.44 4.84 4.84 

#2 10,000 1.25 2.32 3.04 3.39 3.39 

#3 1,000 KCl 1.1 1.76 3.74 4.62 4.62 

#4 10,000 KCl 1.86 2.42 3.53 4.65 4.65 

#5 1,000 CaCl2 1.26 2.34 3.79 3.97 3.97 

#6 10,000 CaCl2 1.29 1.77 2.58 3.06 3.06 

#7 1,000 MgCl2 1.3 1.86 2.79 3.73 3.73 

#8 10,000 MgCl2 2.1 3.15 3.85 4.2 4.2 

#9 1,000 Na2SO4 0.36 1.65 2.75 3.49 3.49 

#10 10,000 Na2SO4 2.13 2.74 2.89 3.05 3.05 

#11 231,138 FW* 0.89 2.14 2.49 2.67 2.67 

#12 0 - 0.92 2.99 4.37 5.52 5.52 

*FW stands for formation water. 

 10 

 11 
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Table 4. The weight loss of rock slices treated by acid solutions (with various base water) with a concentration 1 
of 2 g/L with time steps of 30 min in terms of percentage. 2 

Solutions Salt Conc (ppm) Salt Type 30min 60min 90min 120min 150min 

#13 1,000 NaCl 12.58 13.56 13.89 14.12 14.12 

#14 10,000 NaCl 11.53 12.36 12.36 13.04 13.04 

#15 1,000 KCl 10.46 11.17 11.73 11.88 11.88 

#16 10,000 KCl 11.23 11.81 12.16 12.34 12.34 

#17 1,000 CaCl2 10.02 10.31 11.34 11.42 11.42 

#18 10,000 CaCl2 10.65 10.98 11.41 11.78 11.78 

#19 1,000 MgCl2 12.32 13.71 13.92 14.02 14.02 

#20 10,000 MgCl2 11.77 12.32 12.89 13.01 13.01 

#21 1,000 Na2SO4 10.89 11.58 11.72 12.13 12.13 

#22 10,000 Na2SO4 10.81 12.07 12.35 12.5 12.5 

#23 231,138 FW* 11.32 12.36 12.76 12.96 12.96 

#24 0 - 15.88 17.12 17.67 17.81 17.81 

* FW stands for formation water. 

 3 

 4 

Table 5. The contact angles of the aged and rock slices treated by acid solutions with various base water 5 

HCl Concentration: 0.5 % HCl Concentration: 2 % 

Solutions Salt Conc (ppm) Salt Type Angle (°) Solutions Salt Conc (ppm) Salt Type Angle (°) 

#1 1,000 NaCl 98.23 #13 1,000 NaCl 57.84 

#2 10,000 NaCl 113.67 #14 10,000 NaCl 81.61 

#3 1,000 KCl 89.59 #15 1,000 KCl 90.4 

#4 10,000 KCl 110 #16 10,000 KCl 112.81 

#5 1,000 CaCl2 86.83 #17 1,000 CaCl2 57.34 

#6 10,000 CaCl2 87.34 #18 10,000 CaCl2 78.6 

#7 1,000 MgCl2 86.48 #19 1,000 MgCl2 68.51 

#8 10,000 MgCl2 93.46 #20 10,000 MgCl2 87.07 

#9 1,000 Na2SO4 105.12 #21 1,000 Na2SO4 77.66 

#10 10,000 Na2SO4 116.7 #22 10,000 Na2SO4 84.03 

#11 231,138 FW* 108.31 #23 231,138 FW 67.86 

#12 0 - 84.4 #24 0 - 54.91 

Aged     123.34 
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* FW stands for formation water. 

 1 

Table 6. The chemical interpretations of the peaks in the ATR-FTIR spectrums [10,11,30–37] 2 

Wavelength (cm-1) Assignments  

3100-3500 N-H, O-H 

3000-3100 C–H stretch in aromatic 

2946-3000 C-H3 asymmetric stretch  

2881-2946 C-H2 asymmetric stretch  

2755-2881 C-H2 symmetric Stretch  

1668-1800 Carbonyl-based groups such as ketones, aldehydes, and carboxylic acids 

1566-1668 Aromatic C=C stretch 

 3 

 4 

Table 7. Obtained characteristic indexes from the ATR-FTIR spectrums 5 

Index/slices  Aged NaCl KCl CaCl2 MgCl2 Na2SO4 FW* No salt 

Carbonyl/Aliphatic 0.286 0 0.097 0.042 0.085 0.086 0.092 0.114 

Carbonyl /Aromatic 0.953 0 0.583 0.312 0.5 0.531 0.567 0.531 

Aromatic/ Aliphatic 0.3 0.138 0.166 0.136 0.17 0.162 0.163 0.216 

Aliphatic length 1.811 2.409 2 2.169 2.247 2.141 2.293 2 

Polar/Aliphatic 2.923 0.6 1.472 1.333 0.987 1.208 1.515 2.378 

Polar/Aromatic 9.721 4.333 8.833 9.75 5.785 7.437 9.297 11 

*FW stands for formation water. 

 6 

 7 
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