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Abstract: Removal of the oil-based filter cake is a complex task especially in horizontal and multilateral
wells. The presence of oil makes the removal process more challenging because the oil coats the
weighting materials and prevents acid–filter cake interaction. Therefore, different additives are
required to change the wettability of the filter cake to enhance the removal efficiency. This paper
introduces a new biodegradable acid system (NBAS) that can efficiently remove oil-based filter
cake in horizontal and multilateral wells where calcium carbonate is used as a weighting agent.
The new biodegradable acid system (NBAS) consists of 50 vol.% biodegradable acid and 5 vol.%
mutual solvent, and the remaining percent is deionized water. High-pressure high-temperature
(HPHT) filtration experiments were performed to evaluate the filter cake removal efficiency and
the retained permeability. The filtration and removal experiments were conducted using real core
samples (Indiana limestone and Berea sandstone) at a temperature of 212 ◦F and 300 psi differential
pressure. Afterward, the NBAS was evaluated by measuring physical properties and conducting
corrosion, compatibility, and thermal stability studies. The obtained results showed that the NBAS
was compatible and thermally stable for more than 48 h at 212 ◦F and 300 psi. The NBAS has a density
of 1.05 g/cm3, viscosity of 1.47 cP, and surface tension of 32 dynes/cm at room temperature. The
corrosion rate of the developed system was 0.03 lb/ft2, which is acceptable according to oil and gas
industry best practices. Removal experiments showed that the filter cake was completely removed
from the core samples. For Berea sandstone, 100% of the permeability was regained, while the
retained permeability for Indiana limestone was 122.5%, confirming the complete removal of external
and internal filter cake as well as core samples stimulation. The new acid system can be considered as
an efficient solution for oil-based filter cake removal that is biodegradable and cost-effective, where
the reservoir permeability can be regained in one-stage only.
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1. Introduction

Overbalanced drilling is the most common technique for drilling oil and gas wells, where the
hydrostatic pressure of the drilling fluid is kept higher than the formation pressure to prevent any
production while drilling. Consequently, the drilling fluid tends to invade the formation, interacting
with the solid and fluid components, causing permanent or removable formation damage. To mitigate
the formation damage caused by the fluid filtrate invasion, drilling fluid formulation should be
optimized by selecting the appropriate loss circulation additives that help form an ideal filter cake, thin
and impermeable, on the wall of the drilled well [1,2]. Figure 1 shows a schematic of the filter cake
through the wellbore. This filter cake saves the integrity of the wellbore during the drilling operation
and reduces the fluid filtrate invasion [3–6]. To avoid any production restraint, the filter cake must be
removed after completing drilling operations and before commencing production [7].
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Davidson et al. [8] and Jiao et al. [9] stated that the well productivity can be significantly reduced
because of plugging the completion screen by drill-in fluid (DIF) solids, which build a rigid barrier
filter cake at the face of the formation. Formation damage is a common issue in the drilling operation
because of poor design of the drill-in fluid, variation in the reservoir quality (porosity and permeability),
lithology, pore-size distribution, and depletion of formation pressure [8].

Formation damage caused by the drill-in fluid is more pronounced in horizontal wells than in
deviated or vertical wells because of the longer exposure to the drilling fluid [10,11]. Removal of the
filter cake and mitigation of the formation damage in horizontal carbonate reservoirs using HCl acid is
a challenging and expensive task because of the large volume of acid consumed due to fast reaction,
the heterogeneity of the horizontal section, and the difficulty of acid placement at the appropriate
locations [12–14].

Oil-based mud is the most common drilling fluid used to drill the reservoir section [15]. However,
removal of a filter cake formed by oil-based drilling fluid is a challenging task as the oily film coating the
weighting materials prevents acid–filter cake interaction. Consequently, some additives are required to
alter the wettability of the filter cake to have a direct interaction between the acid and bridging agents
to enhance the removal efficiency [16].

Many research studies were conducted to remove oil-based filter cake. Al-Anzi et al. [17] stated
that the invert-emulsion filter cake can be uniformly removed using a delayed filter cake breaker. The
organic acid precursor (OAP) is the main component in the delayed filter cake breaker in addition
to water wetting additives [18]. Zubail et al. [19] used an organic acid precursor (OAP) and a water
wetting additive to remove the invert-emulsion filter cake after drilling horizontal wells in Safaniya
Offshore Field in Saudi Arabia. They concluded that the filter cake breaker which contains OAP and
water wetting agents had a uniform distribution in the horizontal section and the breaker was able to
remove the filter cake completely. Zubail et al. [19] stated that one of the main disadvantages of the
OAP system is that it releases acid that can cause corrosion to the screen and the tubular system.

A microemulsion is a very stable homogenous fluid that was formulated by adding alcohol to
surfactant-stabilized oil in water emulsions [20]. It can be used to dissolve the filter cake of synthetic
and oil-based filter cakes in open-hole completions [21]. Microemulsion consists of several phases
separated by a monolayer of surfactant. The average droplet size of the microemulsion is 10 to
100 nm, which is much smaller than conventional emulsions [22–25]. There are many factors affecting
the behavior of the microemulsion phase, such as oil type, surfactant, co-surfactant, salinity, and
temperature. Because wells are not identical, a preliminary study should be conducted in a laboratory
considering the specific conditions of each well [26].
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Invert emulsion drill-in fluid is commonly used to drill Saudi Arabia sandstone reservoirs to
eliminate the formation damage caused by clay swelling. Al-Otaibi et al. [27] developed a single-stage
removal fluid for oil-based filter cake in horizontal wells using single-phase microemulsion. They
concluded that microemulsion was able to remove the invert-emulsion drill-in fluid filter cake with
a high efficiency of 97% in 24 h soaking. They stated that the single-phase microemulsion was
compatible with the invert-emulsion drilling fluid. However, the main advantages of microemulsion
fluids are a reduction in the interfacial tension to near zero, high diffusion coefficient, and high oil
solubilization [26].

Kumar et al. [28] used a single-phase microemulsion fluid where surfactants and co-surfactants
were used to co-solubilize oil and water. They concluded that microemulsion fluids were able
to effectively remove synthetic and oil-based filter cake and the near-wellbore damage. For
successful operations, the microstructure of microemulsion should be characterized to customize the
microemulsions for a certain application [29,30].

Zhou et al. [31] developed a new fluid formulation to remove oil-based filter cake. Their
formulation consists of an oxidant (persulfate salt) and a nonionic surfactant. They stated that the
main parameters that should be optimized are the type and the number of persulfates. They concluded
that the new formulation is cost-effective and can be done in one stage only, with a removal efficiency
up to 98 wt.%, with a minimal effect on the formation permeability.

This study introduces a new biodegradable acid system to remove oil-based filter cake which
contains calcium carbonate as a weighting agent. The new formulation consists of 50 vol.%
biodegradable acid, 5 vol.% mutual solvents, and 45 vol.% deionized water. A complete evaluation of
the new fluid formulation was performed by assessing the removal efficiency, measuring the retained
permeability after the removal process, and conducting compatibility, stability, and corrosion tests.

2. Materials

Invert-emulsion drilling fluid was prepared which contains 210 cm3 of diesel as the continuous
phase and 59.5 cm3 of water as the dispersed phase. Calcium carbonate (30 g) was added as a weighting
material, Invermul (6 g) as a primary emulsifier, and EZ-Mul as a secondary emulsifier (3 g). Lime
(8 g) was used for contamination treatment and to enhance emulsion stability. Geltone (9 g) and
duratone (8 g) were used for viscosity and fluid-loss control, respectively. Table 1 lists the drilling fluid
components used in this study. The drilling fluid has a plastic viscosity of 37.5 cP and a yield point of
30 lb/100 ft2, while the gel strength was 17 lb/100 ft2 at 10 sec, 20 lb/100 ft2 at 10 min, and 23 lb/100 ft2 at
30 min. The minor increase in the gel strength value from 10 min to 30 min indicates the flat rheology
profile of the drilling fluid.

Table 1. The drilling fluid formula used in this study.

Additive Quantity

Diesel 210 cm3

INVERMUL NT 6 g

EZ-MUL NT 3 g

LIME 8 g

Water 59.5 cm3

CaCl2 44 g

GELTONE II 9 g

DURATONE HT 8 g

CaCO3 30 g
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NBAS (new biodegradable acid system) consists of 50 vol.% biodegradable acid, 5 vol.% mutual
solvent, and 45 vol.% deionized water. The biodegradable acid, obtained from a service company, is a
green acid solution synthesized by a catalytic-reagent combination added to HCl. The biodegradable
acid was used to dissolve the formed filter cake. It has a density of 1.05 gm/cm3, a viscosity of
1.47 cP, surface tension of 32 mN/m, and a pH of −1.29. These properties were measured at ambient
temperature. The mutual solvent (Ethylene Glycol Mono Butyl Ether, C6H14O2), obtained from a
chemical service company, was used to alter the wettability of the filter cake to enhance the acid–filter
cake reaction.

Two different core samples were used as filtration medium to simulate the reservoir condition;
Indiana limestone core (2.5” in diameter) with an average diesel permeability of 166.6 mD and average
porosity of 14.77%, and Berea sandstone core (2.5” in diameter) with an average diesel permeability of
133.6 mD and an average porosity of 17.9%. The core was dried for three h at 200 ◦F in the oven, then it
was saturated with the diesel for 24 h under vacuum to be sure that it is saturated 100% with diesel.
Figure 2 shows the core samples photos, and Table 2 list the properties of the used core samples.
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Table 2. Core sample properties.

Property Limestone Sandstone

Diameter, in 2.5 2.5

Permeability with diesel, mD 166.6 133.6

Porosity, % 14.78 17.90

Experimental Procedure

The following procedure was applied to evaluate the performance of the NBAS in removing the
oil-based calcium carbonate filter cake:

• The density, viscosity, and surface tension of the NBAS was measured at ambient temperature.
• Compatibility and thermal stability of the new acid mixture were performed at room temperature

and 212 ◦F for 24 h.
• A corrosion test was conducted at 212 ◦F and 300 psi using steel coupons for 6 h, and the results

were compared with an equivalent concentration of HCl.
• Invert-emulsion drilling fluid was prepared and mixed under ambient conditions using a

three-speed mud mixer.
• Drilling fluid rheology was measured at 120 ◦F and atmospheric pressure.
• High-pressure high-temperature (HPHT) filtration tests were performed using 2.5” core samples

for 30 min at 212 ◦F and 300 psi differential pressure.
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• HPHT removal tests were performed using 200 cm3 of the new acid system to evaluate the filter
cake removal efficiency after 24 h under static conditions.

3. Results and Discussions

3.1. Evaluation of NBAS

The properties of the NBAS were measured at room temperature. These properties are density,
viscosity, and surface tension. NBAS has a density of 1.05 g/cm3, viscosity of 1.47 cP, and surface
tension of 32 dynes/cm.

Compatibility and stability studies were performed at room temperature to evaluate the stability
of the new acid system. A see-through cell was used to evaluate the thermal stability of the acid system
at high temperature (212 ◦F). The acid system was compatible under room temperature and 212 ◦F for
more than 24 h without any change in the fluid system. No evidence of cloud formation was observed.

The corrosion rate was performed using a 100 cm3 solution, which contains 25 vol.% and 50 vol.%
of NBAS at 212 ◦F and 300 psi applied presser using aging cell. Figure 3 shows that the corrosion rate
was 0.032 lb/ft2 when using 50% by volume of NBAS. Whereas it was 0.025 lb/ft2 by decreasing the
concentration of NBAS to 25 vol.% at 212 ◦F. Figure 4 shows the steel coupon before and after the
corrosion test when using 50% by volume of NBAS.
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3.2. Comparison with 10 vol.% HCl

The titration test was performed for the solution of NBAS and it showed that the concentration of
the converted HCl is 20 vol.%. In our experiments, 50 vol.% of NBAS was used, which means that the
active converted HCl is almost 10 vol.%.

The corrosion rate was conducted at 212 ◦F and 300 psi applied pressure using 10 vol.% conventional
HCl, and the results showed that the corrosion rate was very high and bypassed the unsafe region.
Figure 5 shows that the corrosion rate using 10 vol.% HCl was 0.68 lb/ft2, which is very high compared
with the corrosion rate when using 50 vol.% NBAS at the same condition.
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3.3. HPHT Filtration Tests

Filtration tests were conducted to form the filter cake for removal tests. The drilling fluid sample
was poured into a modified HPHT cell that contained two real core samples (Indiana limestone and
Berea sandstone) with 2.5” diameter and around 2” length. Core samples were saturated using diesel.
The filtration experiments were performed at a temperature of 212 ◦F and a differential pressure of
300 psi. The experiment was started, and the filtrate volume was recorded for 30 min. Figure 6
compares the filtrate volume of the invert-emulsion drilling fluid on both Indiana limestone and Berea
sandstone during the filtration test. The total fluid filtrate invading the sandstone core sample was
5 cm3, while it was 4 cm3 in case of the limestone core sample. After the filtration tests, a filter cake
with a thickness of 1.3 mm was formed on the sandstone core sample, while the filter cake thickness
was 1 mm in case of the limestone core sample. Figure 7 shows the core samples with the resulted filter
cake after the filtration test.
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3.4. Filter Cake Removal and Retained Permeability Calculations

The HPHT removal tests were performed at 212 ◦F to evaluate the removal efficiency of the filter
cake using NBAS on limestone and sandstone core samples. The removal tests were conducted by
soaking the core sample with the filter cake in 200 cm3 of NBAS for 24 h. The clean-up fluid contains
50 wt.% NBSA, 5 wt.% mutual solvent, and the remaining percent is de-ionized water. Figure 8 shows
the limestone and sandstone core samples after the removal test. It is clear that the filter cake was
completely removed after 24 h of soaking with NBAS for both limestone and sandstone core samples.
These results confirmed the 100% removal of the external filter cake. To evaluate the removal of the
internal filter cake or the damage after the filtration, the return permeability was calculated.

Sustainability 2019, 11, x FOR PEER REVIEW 7 of 10 

 

 196 
 197 

Figure 7. Core samples after filtration tests: (a) Limestone, and (b) Sandstone. 198 

3.4. Filter Cake Removal and Retained Permeability Calculations 199 

The HPHT removal tests were performed at 212 °F to evaluate the removal efficiency of the filter 200 
cake using NBAS on limestone and sandstone core samples. The removal tests were conducted by 201 
soaking the core sample with the filter cake in 200 cm3 of NBAS for 24 hrs. The clean-up fluid contains 202 
50 wt.% NBSA, 5 wt.% mutual solvent, and the remaining percent is de-ionized water. Figure 8 shows 203 
the limestone and sandstone core samples after the removal test. It is clear that the filter cake was 204 
completely removed after 24 hrs of soaking with NBAS for both limestone and sandstone core 205 
samples. These results confirmed the 100% removal of the external filter cake. To evaluate the 206 
removal of the internal filter cake or the damage after the filtration, the return permeability was 207 
calculated.  208 

A modified HPHT filter cell was used to measure the initial and final permeability using diesel 209 
at room temperature. The final permeability of the sandstone core was 133.6 mD, which is the same 210 
value of the initial permeability, indicating the complete removal of the internal damage after the 211 
removal process, and the retained permeability was 100%. For the limestone core, the initial 212 
permeability was 166.3 mD, while the final permeability was 204.14 mD, and the retained 213 
permeability was 122.5% (Figure 9). These results confirmed that the new acid formulation was able 214 
to stimulate the limestone core sample after removing the external filter cake completely. The 215 
filtration and removal tests were conducted three times to confirm the results. Table 3 summarizes 216 
the filtration and removal test results.  217 

The mutual solvent (5 wt.%) was used to remove the oil film surrounding the solid particles, and 218 
as a result, there was direct contact between the solid particles and NBAS acid. NBAS (50 wt.% 219 
concentration of the removable fluid) contains HCl with a concentration of 10 wt.%, which completely 220 
removed the calcium carbonate from the filter cake, and the remaining amount of acid interacted and 221 
stimulated the core. This explained the increase in retained permeability in the case of limestone. 222 

 223 

 224 

Figure 8. Core samples after soaking with NBAS for 24 hrs at 212 °F: (a) Limestone and (b) Sandstone. 225 Figure 8. Core samples after soaking with NBAS for 24 h at 212 ◦F: (a) Limestone and (b) Sandstone.



Sustainability 2019, 11, 5715 8 of 11

A modified HPHT filter cell was used to measure the initial and final permeability using diesel at
room temperature. The final permeability of the sandstone core was 133.6 mD, which is the same value
of the initial permeability, indicating the complete removal of the internal damage after the removal
process, and the retained permeability was 100%. For the limestone core, the initial permeability was
166.3 mD, while the final permeability was 204.14 mD, and the retained permeability was 122.5%
(Figure 9). These results confirmed that the new acid formulation was able to stimulate the limestone
core sample after removing the external filter cake completely. The filtration and removal tests were
conducted three times to confirm the results. Table 3 summarizes the filtration and removal test results.
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Table 3. Summary of filtration and removal tests results.

Parameter Limestone Sandstone

Filter cake weight, g 3.5 3.9

Filter cake thickness, mm 1 1.3

Removal efficiency, wt.% 125 100

Retained permeability, % 122 100

The mutual solvent (5 wt.%) was used to remove the oil film surrounding the solid particles,
and as a result, there was direct contact between the solid particles and NBAS acid. NBAS (50 wt.%
concentration of the removable fluid) contains HCl with a concentration of 10 wt.%, which completely
removed the calcium carbonate from the filter cake, and the remaining amount of acid interacted and
stimulated the core. This explained the increase in retained permeability in the case of limestone.

4. Conclusions

A new biodegradable acid system (NBAS) was used to remove the calcium carbonate filter
cake formed from invert-emulsion drilling fluids. Based on the results of this study, the following
conclusions can be drawn:
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• A new acid formulation was developed to remove calcium carbonate filter cake in invert-emulsion
drilling fluids. The new formulation consists of 50 vol.% biodegradable acid, 5 vol.% mutual
solvent, and 45 vol.% deionized water.

• The new acid system was found to be very effective in removing calcium carbonate oil-based
filter cake in both limestone and sandstone formations, with a removal efficiency of 125% and
100%, respectively. After the acid treatment, the initial permeability of limestone and sandstone
core samples was completely regained with further stimulation on limestone core samples (122%
retained permeability)

• Compatibility and stability results confirmed that the new acid system is compatible and thermally
stable for more than 24 h under a temperature up to 212 ◦F with an acceptable corrosion rate of
0.03 lb/ft2 according to oil industry best practices, which makes this new acid formulation a good
candidate for the removal of calcium carbonate filter cake in invert-emulsion drilling fluids.
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