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Abstract

:

Oil well cleanup fluids (pre-flushes) are intermediate fluids pumped ahead of the cement slurry; they are able to clean the well walls by removing the filter cake formed by the drilling fluid, and leave the surface water-wet. This work’s main objective was to use biodegradable microemulsion systems as cleanup fluids in order to reduce the environmental impact. Three microemulsion systems were formulated, each composed of an oil phase, a surfactant and three different aqueous phases: glycerol, glycerol:water (mass ratio 1:1), and fresh water. The results show that all microemulsion systems were effective with 100% filter cake removal, with a removal time of less than 60 s. The wettability test and fluid compatibility analyses exhibited advantageous performances, without phase separation, variations in viscosity, gelation, or flocculation. The compressive strength and X-ray diffractometry (XRD) analysis showed the influence of the glycerol on the cement slurry properties, with the compressive strength resistance ranging from 8.0 to 10.7 MPa, and resulted in the formation of portlandite.
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1. Introduction


During the oil well cementing operation, it is necessary to remove contaminants such as the drilling fluid present in the wellbore wall. The contact between the drilling fluid and the cement slurry forms a viscous mixture, which results in poor drilling fluid displacement and weak cement placement [1,2,3]. To avoid such problems, intermediate fluids (pre-flushes or cleanup fluids) are often pumped to prevent or minimize the contact between them [4]. The cleanup fluids, pumped into the wellbore ahead of the cement slurry, are designed to displace the drilling mud from the annulus and make the annular surfaces water-wet [5,6,7].



The cleanup fluids applied in the petroleum industry for filter cake removal formed by non-aqueous drilling fluids (NAF) are basically composed of water, mutual solvent and/or acid, surfactants, or oil. Due to the presence of the highly flammable solvent, contact with the environment can cause serious damage. Some studies have shown the application of microemulsions and nanoemulsions in removing the filter cake formed by non-aqueous drilling fluids [8,9,10,11,12].



Microemulsions are basically composed of a mixture of two immiscible liquids—aqueous and oil phases, surfactants and/or cosurfactant—without the need for a high shear. In other words, they can be formulated with little or no mechanical energy input [13,14]. These systems are considered thermodynamically stable, transparent, or translucent, with low interfacial tension, due to the presence of surfactant compounds at the oil/water interface [15,16]. Previous research has shown the application of microemulsions can be used as cleanup fluids: to solubilize the oil present in the drilling mud [17]; in the filter cake removal and wettability inversion [9,10,11,12,18,19,20].



Therefore, this work aims to use microemulsion systems formulated from biodegradable components to reduce the environmental impact caused by conventional cleanup fluids. The microemulsion systems were formulated from ternary phase diagrams with vegetable oil (pine oil) as an oil phase; Tween 80 (T80) as a surfactant; and the aqueous phase varying among glycerol, aqueous glycerol solution (mass ratio 1:1) and fresh water. Moreover, we also analyzed the efficiency of the cleanup fluids in removing the filter cake formed by the drilling fluid, the wettability inversion from an oil-wet to a water-wet surface, and the compatibility among drilling fluid/cleanup fluid/cement slurry.




2. Materials and Methods


2.1. Microemulsion Systems


Through the ternary phase diagram, containing an aqueous phase, an oil phase, and a surfactant, it was possible to identify the formation of the microemulsion regions. The following components were used to elaborate on the ternary phase diagrams: glycerol, aqueous solution of glycerol (mass ratio 1:1), and fresh water as the aqueous phase (systems 1, 2 and 3, respectively); pine oil as the oil phase; Tween 80 (T80) as the surfactant, which is a nonionic biodegradable surfactant (polyoxyethylenesorbitan monooleate) produced by Dinâmica Química Contemporânea Ltda, Indaiatuba, SP, Brazil.




2.2. Removal Test


Microemulsion-based cleanup fluids were used to remove the filter cake formed by the drilling fluid. Following the test standard [21], 0.200 L of the microemulsion was prepared and heated at 361.15 K. The filter cake was formed by 4 × 10−3 L of drilling fluid film in a beaker. Olefinic-based drilling fluid, kindly provided by Petrobras, was homogenized in a Hamilton Beach mixer for 900 s (Table 1).



The drilling fluid was carefully distributed in a beaker until it fully covered the visualizing frame—composed of 66 squares of 10−4 m2 each—forming a uniform filter cake layer. Posteriorly, the microemulsion was added into the beaker to start the removal test on the Fann 35A viscometer, according to Procelab [22] at a maximum test time of 600 s. The cleanup fluid removal efficiency was then determined using Equation (1):


Removal efficiency = (number of squares removed × 1 × 10−4 m2/66 × 10−4 m2) × 100%



(1)








2.3. Wettability and Contact Angle Measurement


During the drilling fluid displacement using cleanup fluids, it is expected for the latter to alter the wettability of the rock formation. Due to this, the wettability was analyzed through the electrical conductivity and contact angle measurement.



The wettability inversion test was measured by continuously monitoring the electrical conductivity of the fluids, as they were subjected to heating and shearing at atmospheric pressure. The oil-based fluid was used to establish a reference conductance. The conditioned oil-based fluid was placed in the pre-heated mixer cup and stirred. The water-based fluid was then added until the digital conductivity meter indicated a stable water-wetting state. In addition to the digital display, the operator is able to visually ascertain the compatibility of the drilling mud and cleanup fluid during the test. The wettability inversion was measured in a wettability tester Chandler Model 3065, where it was possible to verify the volume of cleanup fluid used for the complete inversion.



The contact angle is considered the best method for analysing surface wettability and it accounts for the thermodynamic equilibrium between the fluid/rock system [23,24]. The adopted methodology was proposed by Wanderley Neto et al., 2019, Silva et al., 2020, and Dantas et al., 2014 [11,12,24]. The sandstone sample (plug) used in these experiments was from the Botucatu Formation (Paraná, Brazil). The Botucatu sandstone’s average porosity is 33%, and the permeability ranges from 2 × 10−15 to 8 × 10−15 m2. The plug was cut into rock disks with a 38 × 10−3 m diameter and 4.0 × 10−3 m length. Initially, the rock was saturated with the non-aqueous drilling fluid used in the previous experiments, then the same samples were immerged in the cleanup fluids. Both steps were carried out at room temperature (298.15 K) for 86,400 s. Finally, the samples were placed on a Krüss K100C Tensiometer and a drop of water was carefully transferred to their surface, and then the contact angle between the rock and the water was measured.




2.4. Fluid Compatibility Test


The compatibility study of the drilling fluid, cleanup fluid and the cement slurry was carried out according to API testing recommendations, because an incompatibility could result in phase separation, sedimentation of solids, cleanup and wettability inversion inefficiency, and fluid destabilization [19]. The test was performed in the proportions (v/v) of 95/5, 75/25, 50/50, 25/75 and 5/95 for cleanup fluid/non-aqueous drilling fluid or cement slurry, and in 25/50/25 (v/v/v) for non-aqueous drilling fluid/cleanup fluid/cement slurry. The rheological behaviors were observed in a Fann 35 viscometer.



The cement slurry was prepared using fresh water and special class A Portland cement (NBR 9831, 2006), used in oil well cementing and preconditioned according to API RP 10B-2 (2013). The composition of the cement paste is shown in Table 2.




2.5. Influence of Cleanup Fluid on the Performance of Cement Slurries


This experiment was carried out on an ultrasonic cement analyzer (UCA), Model 4262, Chandler Engineering, with the objective of simulating the compressive strength of the cement slurry contaminated with cleanup fluids when pumped in an oil well. Standard slurry (STD) containing only cement and water, and other cement slurries contaminated with 1:9 (cleanup fluid/cement) were prepared according to API RP 10B-2, 2013, and the established conditions were 418.7 K, 20.7 MPa for 86,400 s.




2.6. Analysis of Cement Slurries Contamination Using X-ray Diffractometry (XRD)


X-ray techniques were performed to verify the influence of the cement slurries contaminated by the microemulsion systems, using equipment from Bruker, Eco D8 Advance with Cu Kα radiation X-ray tube. The scan was done at a range of 5°–80° with an increase of 0.03°, a step time of 0.3 s, and a rotation of 0.25 s−1 was applied on the sample holder. The software used in the identification was the EVA from Bruker, designed to determine the presented phases.





3. Results


3.1. Microemulsion Systems: Ternary Phase Diagrams


Three different ternary phase diagrams were developed. The ternary point corresponding to 60 wt.% surfactant, 35 wt.% aqueous phase and 5 wt.% oil phase was used for the formulation of the three systems. System 1 is composed of glycerol, T80 surfactant and vegetable oil; system 2 consists of the glycerol/water solution (1:1), T80 surfactant and vegetable oil; and system 3 consists of fresh water, T80 surfactant and vegetable oil, as shown in Figure 1, Figure 2 and Figure 3, respectively. These diagrams show the microemulsion (ME), emulsion and multiphase regions.



Figure 1 refers to system 1 and presents two regions classified according to Winsor (1954) as Winsor II (WII) and Winsor IV (WIV). The Winsor II (WII) region is a water-in-oil microemulsion (W/O), and the Winsor IV (WIV) region consists of a single-phase microemulsion.



The glycerol (1, 2, 3 propanetriol) owns three hydroxyl groups in its constitution, and it gives the characteristic of a highly soluble substance in water and alcohol. The T80 is a nonionic surfactant, and it presents an HLB value (hydrophilic lipophilic balance) of 15, which characterizes it as a soluble-in-water substance. However, due to its viscosity, it was not possible to solubilize the glycerol. In order to increase the solubility of the glycerol in the surfactant, a glycerol/water (1:1 v/v) solution was made (Figure 2).



According to Figure 2, the addition of water to the glycerol reduced the solution‘s viscosity and provided greater solubility with the surfactant. From the diagram, it is possible to verify the appearance of an emulsion region, which normally appears when the surfactant concentration is below the critical micelle concentration (CMC), and it is not enough to solubilize the immiscible liquids (aqueous phase and oil phase).



It is observed from Figure 3 (system 3) that different regions were obtained: Winsor I (WI); Winsor II (WII); Winsor (III), that it is a triphasic region (aqueous and oil phase in equilibrium with the microemulsion); Winsor WIV (WIV); Winsor IV and gel; and, emulsion [25]. Figure 3 showed a greater microemulsion region (WIV) than the other diagrams. This occurred because the surfactant is highly hydrophilic, and therefore, the T80 surfactant exhibited greater solubility with only fresh water in the aqueous phase. The three microemulsified systems with the chosen composition are shown in Figure 4.




3.2. Filter Cake Removal Test


The removal of the filter cake was evaluated by pouring a thin layer of NAF (Figure 5a) into a beaker and then carefully pouring the microemulsion into the recipient to completely clean the residue. It is possible to verify that all systems obtained 100% of NAF removal after less than 60 s (Figure 5b–d).



Notably, the three systems were very effective; however, it is possible to verify (Figure 5b,c) a slight better efficiency of systems 1 and 2 when compared with system 3 (Figure 5d), probably because this system only has fresh water in its aqueous phase, which took a little longer to remove the NAF.




3.3. Wettability Test


Table 3 shows that all cleanup fluids were able to promote a wettability inversion of the NAF filter cake.



For the three studied systems, the inversion test results are quite satisfactory. According to the API standard [21], 0.200 L of drilling fluid must be used, and for a cleaner fluid to be effective, in addition to inverting the rock‘s wettability, the used cleaner fluid volume should be equal to or less than 0.200 L. Table 3 shows that the three systems used cleaner fluid volumes much smaller than 0.200 L.



Since the non-aqueous drilling fluid consists of water droplets dispersed in a continuous oil phase, when the cleanup fluid encounters the drilling fluid, the mud emulsion will absorb water until the water droplets become so large that the external oil layer can no longer contain them, so the emulsion breaks, and the surface becomes water-wet [26], as shown in Figure 6.



Figure 7 shows the immediate contact angle. Figure 7a shows the immediate contact angle of the rock saturated with the NAF, Figure 7b shows the immediate contact angle after treatment with system 1, and Figure 7c for systems 2 and 3. The results indicate that the microemulsified systems 2 and 3 presented a smaller contact angle (θ = 0°) compared with system 1 (θ = 17.1°) and they showed a consistent result with values found in the literature [13].



A low contact angle with the reservoir rock is an important property of microemulsion fluids for these applications. These properties generate good organic material cleaning with minimum mechanic energy [27,28]. It is also noted that the water wettability of the rock, after treatment with the microemulsions, increased with all systems.




3.4. Compatibility Test


Figure 8, Figure 9 and Figure 10 show shear stress (τ) as a function of shear rate (γ) for the cement slurry, pure cleanup fluid, and the mixtures of cement slurry/cleanup fluid for the systems 1, 2 and 3, respectively.



The cleanup fluids exhibit rheological behavior near to water or oil phases [5]. These products act by diluting and dispersing the NAF, in addition to leaving the surfaces water-wet. Therefore, by analyzing the studied systems, it is possible to observe that there was a decrease in the viscosity of the mixture, which presented a lower viscosity than the cement slurry, indicating that there were no peaks of variation in the mixture’s viscosity. These results are satisfactory because according to [29], two or more fluids are compatible when the rheological measurements of mixtures are between the readings of pure fluids.



The compatibility test is also obtained when these fluids (cleanup, NAF and cement), mixed in different proportions, do not present undesirable chemical or physical reactions, according to the API testing recommendations [21] (Figure 11, Figure 12 and Figure 13).



Hence, Figure 14 shows that there was compatibility between the fluids. It is possible to observe that there was no phase separation, excessive viscosity, gelation, flocculation, settling or hardening of the mixture, thus indicating that the formulated fluids are compatible both with the NAF and the cement slurry.




3.5. Influence of Cleanup Fluid on the Performance of Cement Slurries


According to Figure 15, the compressive strength of the cement slurry (STD) was approximately 15 MPa, whereas the cement slurries contaminated with cleanup fluids, in the proportions 1:9 (v/v) (cleanup fluid/cement), presented lower results. System 1, containing only glycerol, presented a resistance of 8.3 MPa, a decrease of 45%. System 2 (aqueous phase—water and glycerol) showed a result near to system 1’s resistance, which was about 8 MPa. System 3, because it only had water, had a resistance of 10.7 MPa, a decrease of only 29%. The results are in accordance with what we expected, since compressive strengths greater than 3.4 MPa (500 psi) were obtained, which favors good zonal isolation [28].



According to [30], establishing cement as a barrier and achieving zonal isolation behind the casing is one of the main goals in any drilling operation. Thus, aiming to continue establishing the structure, it can be concluded that the three systems were satisfactory, as none of them displayed a significant drop in the compressive strength.



The morphology of the pure cement and cement slurries contaminated by the cleanup fluid are shown in Figure 16. There was not any formation of microcavities after the curing time (24 h), which shows that there was no physical interference in the structure of the samples, guaranteeing the performance of the cement in the wellbore wall.




3.6. X-Ray Diffractometry (XRD)


In order to show the phases’ formation, the study considered the samples’ crystallographic evaluation through the X-ray diffraction technique. Figure 17 presents the diffractograms of each sample evaluated: standard slurry (STD) (a), cement slurry/system 1 (d), cement slurry/system 2 (c), cement slurry/system 3 (b), and anhydrous cement (e). The mixed cement slurries evaluated—in the proportions 1:9 (v/v) (cleanup fluid/cement)—were obtained from the compressive strength test.



Figure 17 shows the diffractogram peaks related to the hydrated phases common to Portland cement. The main phase was portlandite Ca(OH)2, whose peaks have a greater intensity in samples (a), (b) and (c), due to the presence of water in these samples, generating this hydration product.



System 1 (diffractogram d) and anhydrous cement (diffractogram e) are samples without water, and therefore the portlandite peaks did not arise in the diffractograms and, consequently, more alite (C3S) appeared in the diffractograms of these samples, which is indicative of non-hydrating behavior. The reaction with water occurs according to Equation (2).


2 Ca3SiO5 (alite) + 6 H2O → C-S-H + 3 Ca (OH)2



(2)







The glycerol present in system 1 is slightly viscous and the sample avoided hydration of the cement paste, consequently, reducing the compressive strength of the systems 1 (only glycerol) and 2 (glycerol/water) in relation to system 3 (only fresh water) (Figure 15).





4. Conclusions


The cleanup fluids formulated in this work are considered eco-friendly and can eliminate the use of toxic agents commonly used in completion operations. At the same time, they meet all the prerequisites required for those products, which are: (1) the studied systems presented good percentages of filter cake removal, in which the system composed with glycerol presented greater removal efficiency in less time; (2) all the systems were effective in the wettability inversion, and the glycerol-based microemulsion, as cleanup fluid, can better promote the change in the wellbore wall from oil-wet into water-wet, which is desirable to promote the quality of cementation; (3) the cement slurry contaminated with microemulsions showed a slight decrease in the compressive strength with the addition of glycerol; (4) systems composed of glycerol/water are better for application as cleanup fluid or pre-flushes, providing a cleaner technology in order to reduce environmental pollution.
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Figure 1. Ternary phase diagram for system 1 (vegetable oil/T80/glycerol). 






Figure 1. Ternary phase diagram for system 1 (vegetable oil/T80/glycerol).



[image: Energies 13 04683 g001]







[image: Energies 13 04683 g002 550] 





Figure 2. Ternary phase diagram for system 2 (vegetable oil/T80/glycerol:water). 
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Figure 3. Ternary phase diagram for system 3 (vegetable oil/T80/fresh water). 
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Figure 4. Microemulsion samples of the systems 1, 2 and 3. 
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Figure 5. Filter cake removal test: (a) thin layer of non-aqueous drilling fluid; (b) removal by system 1; (c) removal by system 2; (d) removal by system 3. 
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Figure 6. Wettability inversion mechanism. 
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Figure 7. (a) Contact angle of the rock saturated with non-aqueous drilling fluids (NAF), (b) contact angle after treatment with system 1, and (c) contact angle after treatment with systems 2 and 3. 
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Figure 8. Rheological behavior of cement slurry/cleanup fluid (system 1) mixture and pure components. 
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Figure 9. Rheological behavior of cement slurry/cleanup fluid mixture (system 2) and pure components. 
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Figure 10. Rheological behavior of cement slurry/cleanup fluid mixture (system 3) and pure components. 
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Figure 11. Rheological behavior of cement/NAF/mixture and cleanup fluid: system 1. 
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Figure 12. Rheological behavior of cement/NAF/mixture and cleanup fluid: system 2. 
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Figure 13. Rheological behavior of cement/NAF/mixture and cleanup fluid: system 3. 
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Figure 14. Compatibility of the cement slurry with (a) system 1, (b) system 2, and (c) system 3. 
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Figure 15. Compressive strength curves for cement slurries contaminated by systems 1, 2 and 3. 
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Figure 16. The morphology of standard slurry (STD) and the cement contaminated with systems 1, 2 and 3 after the ultrasonic cement analyzer (UCA) test. 
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Figure 17. X-ray diffractometry (XRD) for evaluated samples: STD (a), cement slurry/system 3 (b), cement slurry/system 2 (c), cement slurry/system 1 (d) and anhydrous cement (e). 
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Table 1. Composition of the drilling fluid.






Table 1. Composition of the drilling fluid.





	Formulation
	Concentration
	Units





	Olefin
	0.57
	L/L



	Hydrated calcium oxide
	10.00
	2.85 × 10−3 kg/L



	Primary emulsifier (NEW MUL)
	10.00
	2.85 × 10−3 kg/L



	NaCl brine
	0.39
	L/L



	Organophilic Clay
	4.00
	2.85 × 10−3 kg/L



	Filtrate Control (ECOTROL)
	1.00
	2.85 × 10−3 kg/L



	Rheological modifier (HRP)
	1.00
	2.85 × 10−3 kg/L



	Baritine
	80.00
	2.85 × 10−3 kg/L
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Table 2. Composition of the cement paste.






Table 2. Composition of the cement paste.





	Formulation
	Weight (kg)
	Aspect





	Class A Cement
	0.540
	Powder



	Silica
	0.216
	Solid



	Water
	0.285
	Liquid



	Antifoam
	0.00031
	Liquid



	Filtrate controller 1
	0.045
	Liquid



	Filtrate controller 2
	0.024
	Liquid



	Retarder
	0.0077
	Liquid
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Table 3. Wettability inversion results.






Table 3. Wettability inversion results.





	System
	Volume of Cleanup Fluid Used (L)





	1
	0.033



	2
	0.053



	3
	0.037
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