
sustainability

Article

A Novel Low-Temperature Non-Corrosive
Sulfate/Sulfide Scale Dissolver

Hany Gamal 1 , Salaheldin Elkatatny *,1 , Dhafer Al Shehri 1 and Mohamed Bahgat 2

1 College of Petroleum Engineering & Geosciences, King Fahd University of Petroleum & Minerals,
Dhahran 31261, Saudi Arabia; g201706870@kfupm.edu.sa (H.G.); alshehrida@kfupm.edu.sa (D.A.S.)

2 Rosewell Energy, 327 El-Horreya Road, Cleopatra, Alexandria 21500, Egypt;
mohamed.bahgat2@outlook.com

* Correspondence: elkatatny@kfupm.edu.sa; Tel.: +966-594-663-692

Received: 4 February 2020; Accepted: 15 March 2020; Published: 20 March 2020
����������
�������

Abstract: The oil and gas production operations suffer from scale depositions. The scale precipitations
have a damaging impact on the reservoir pores, perforations, downhole and completion equipment,
pipeline network, wellhead chokes, and surface facilities. Hydrocarbon production possibly decreased
because of the scale accumulation in the well tubular, leading to a well plugging, this requires wells
to be shut-in in severe cases to perform a clean-out job. Therefore, scale deposition is badly affecting
petroleum economics. This research aims to design a scale dissolver with low cost, non-damaging for
the well equipment and has a high performance at the field operating conditions. This paper presents
a novel non-corrosive dissolver for sulfate and sulfide composite scale in alkaline pH and works
at low-temperature conditions. The scale samples were collected from a production platform from
different locations. A complete description of the scale samples was performed as X-ray diffraction
(XRD) and X-ray fluorescence (XRF). The new scale dissolver was prepared in different concentrations
to examine its dissolution efficiency for the scale with time at low temperatures. The experimental
design studied the solid to fluid ratio, temperature, solubility time, and dissolution efficiency in order
to achieve the optimum and most economic performance of solubility in terms of high dissolution
efficiency with the smallest possible amount of scale dissolver. A solubility comparison was performed
with other commercial-scale-dissolvers and the corrosion rate was tested. The experimental work
results demonstrated the superior performance of the new scale dissolver. The new scale dissolver
showed a solubility efficiency of 91.8% at a low temperature of 45 ◦C and 79% at 35 ◦C. The new scale
dissolver showed a higher solubility ratio for the scale sample than the ethylenediaminetetraacetic
acid (EDTA) (20 wt. %), diethylenetriamine pentaacetic acid (DTPA) (20 wt. %), and HCl (10 wt. %).
The corrosion rate for the new non-corrosive dissolver was 0.01357 kg/m2 (0.00278 lb./ft2) which was
considered a very low rate and non-damaging for the equipment. The low corrosive effect of the new
dissolver will save the extra cost of adding the corrosion inhibitors and save the equipment from the
damaging effect of the corrosive acids.

Keywords: sulfate scale; sulfide scale; scale dissolver; low pH; corrosion rate; environmentally friendly

1. Introduction

The precipitations of the scales on the internal surfaces of the pipelines, surface facilities,
and downhole equipment cause a lot of operational problems and, in severe cases, this might lead
to shutting down the well. In the daily operation reports, scale deposition is very common and is
a nightmare for the production and process engineers. The main problems of the scale depositions are
a reduction in the inner diameter of the production tubes, reduction in the well production and pressure,
surface and subsurface equipment failure, perforations, and formation damage in the reservoir [1–4].
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The wettability of the reservoir rock could be changed due to the deposition of iron sulfide [5]. Not only
the production wells suffer from the scale, but even the water source wells, injection wells, and disposal
wells have scale depositions [5,6]. The scale was deposited on the sand face and plugged part of the
formation pores and, therefore, it will reduce the well productivity or the well injectivity in the case of
production or injection wells [7–9].

Sulfate and sulfide mixture scales are considered to be common scale types in the oil and gas
production due to the different minerals and brines that coexist in the production stream, reservoir
formation water, and injected water in the petroleum reservoir. Formation water in the reservoir and
seawater is an important source for the brines, as it is used for injection operations to enhance reservoir
recovery. Formation water contains sulfate ions with low concentrations, and calcium, and barium with
high concentrations, while seawater contains sulfate ions with high concentrations and barium and
calcium ions with low concentrations. Therefore, the incompatibility between the two types of water
sources will lead to a scale forming as barium sulfate and calcium sulfate [9]. Pyrrhotite (Fe7S8), troilite
(FeS), mackinawite (Fe9S8), pyrite (FeS2), marcasite (FeS2), greigite (Fe3S4), sphalerite (ZnS), galena
(PbS) are different sulfide scales. Hydrogen sulfide gas is considered as a common source of sulfides.
Sulfates as scales are usually precipitated in the oil and gas fields as gypsum (CaSO4.2H2O), anhydrite
(CaSO4), barite (BaSO4), hemihydrate (CaSO4.5H2O), celestite (SrSO4). Sulfide scales are deposited
when hydrogen sulfide reacts with minerals such as iron, zinc, and lead due to the incompatibility of
brines. There are important factors that control the scale deposition, such as operating temperature and
pressure, the chemical reaction equilibria, pH, exposure time for interactions, evaporation, and ionic
strength [10]. Barium sulfate-, calcium sulfate-, and strontium-based scales are the most common scale
types in the oil and gas fields, in addition to oxides and hydroxides (Fe, Mg), carbonates such as (Ca,
Mg, Fe), and sulfides (Fe) [11,12]. The most common sulfide scale is iron sulfide. The locations of scale
depositions differ due to temperature and pressure conditions. Lead and zinc sulfide scales are found
to be deposited in the shallower part of the well completion, control valves, and in the subsurface
safety control valves [13,14]. Sulfate scales were found to be deposited by the seawater injection
operations, and such a scale is one of the hardest scales to be removed as it has low acid-solubility.
The incompatibility of different water sources is the reason behind sulfate scale deposition [15].
The barium sulfate scale is also one of the most common scales in the petroleum industry, as barium
sulfate is one of the drilling mud additives as a weighting material. Mud invasion into the drilled
formation will carry the barium sulfates, depositing them in the formation pores that cause formation
damage and permeability reduction [16]. Calcium sulfate scale is found to be precipitated around the
electrical submersible pump in the well and also in the reservoir zone [17,18]. Strontium sulfate was
commonly related to the surface facilities of oil production. The main source of the strontium sulfate
scale is seawater, which contains strontium ions in its mineral composition [19].

Scale Removal

Scale removal in the oil and gas field is a difficult and complicated operation. Chemical dissolvers
and mechanical removal are usually used together to remove the deposited scales. the design of
the scale dissolver method should consider economic and technical aspects. It should be low-cost,
non-damaging to the surface facilities, well tubed, equipped, and contain reservoir rock. In addition,
it should have a high degree of thermal stability, be environmentally friendly and should not produce
H2S gas after scale dissolution [20,21]. The scale treatment cost is considered to be very high, especially
if it stops oil and gas production [22]. Therefore, scale inhibitors are considered to be an efficient
way to reduce or prevent scale formation and the scale inhibitors have a wide application in oil fields.
Scale inhibitors succeeded in preventing the formation of different types of scales [9,23,24]. The success
of the scale inhibitor function to prevent scale formation depends on the design of the inhibitor’s
composition, the dose, and its efficiency under the operating pressure and temperature conditions.
An inefficient design for the scale inhibitors will lead to scale deposition and the use of the scale
dissolver to remove the scale precipitations [25]. BinMerdhah et al., [9] stated that the scale might be
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deposited due to mixing incompatible brines, pressure and temperature change, or the evaporation
of brines.

Formulating a chemical dissolver to remove such scale types is a very difficult task due to the
variety of minerals that exist in the same well. The reason for that is the different chemical reactions
between the dissolver and the different scale minerals. Many types of scales are water-soluble, such as
sodium chloride, while there are acid-soluble scales, such as calcium carbonate, iron sulfide, and iron
oxide [4]. Another challenge in the removal design is pH control. Calcium and barite sulfate scales
removal are not dependent on the brine pH, however, the scales such as iron sulfide and carbonate
depositions depend on the brine pH. Calcium sulfate has lower solubility at low-pressure conditions,
and is less soluble in a dissolver solution with a high pH [26].

Chemically, many organic and inorganic chemicals are commonly used for scale removal in the
oil and gas fields. The chemical composition of the existing scale is a very important factor for the
dissolver design [27]. In the real field scales, a hydrocarbon layer coats the scale body and prevents the
acid from contact with the scale and, therefore, surfactants are usually used to solve this interaction
matter and enhance the scale–dissolver interactions.

Hydrochloric acid (HCl) is the most common acid used for scale removal in the petroleum
industry [28]. However, using HCl for scale removal cannot dissolve many scale types, expensive,
corrosive, and generates toxic gas H2S and therefore other additives must be added to control the
reaction [5,29–31]. HCl can dissolve zinc sulfide [32], and few iron sulfide scales as troilite and
pyrrhotite; however, pyrite and marcasite are difficult to dissolve with HCl [31]. Sulfate scales such as
barium, calcium, and strontium sulfates were found to have low HCl acid-solubility [22,33].

Acetic acid, formic acid, maleic acid, and citric acid are different types of organic acids and they are
used for scale removal for high-pressure, high-temperature (HPHT) reservoirs instead of HCl [34–36].
However, the organic acids have a lower dissolution efficiency than HCl [35], they are less corrosive
and have a long-time reaction. Chelating agents are considered to be an alternate solution to organic
and inorganic acids for the removal of scale from formations.

Another common scale dissolver is the chelating agents, which are a more environmentally friendly
solution, and less corrosive [37]. The most commonly used chelating agents are ethylenediaminetetraacetic
acid (EDTA), hydroxyethyl ethylene diamine tetraacetic acid (HEDTA), hydroxyethyl iminodiacetic acid
(HIDA), glutamic acid di-acetic acid (GLDA), diethylenetriamine pentaacetic acid (DTPA), nitrilotriacetic
acid (NTA), and methylglycinediacetic acid (MGDA). Studies were performed to provide a scale dissolver
using the chelating agent for the pyrite iron sulfide scale with more than 80% pyrite, the chemical formulation
for the dissolver contained 20 wt. % DTPA at pH 11 with 9 wt. % potassium carbonate as a catalyst.
The formulation succeeded at dissolving the scale with an efficiency of 85% at a temperature of 70 ◦C for
48 h [38,39]. Nitrilotriacetic acid (NTA) is one of the chelating agents used for scale removal, and it has
a biodegradability level higher that EDTA and DTPA [40].

The pH has a great effect on the scale treatment process. The acids that are used for scale
removal with a lower pH will greatly affect the well tubular integrity and increase the corrosion rate.
The treatment design has recently been used to target the green scale removal with a basic pH to protect
the surface facilities and downhole equipment from damage [41,42]. The combination of EDTA with
tetrakis (hydroxymethyl) phosphonium salts (THPS) was studied to provide a scale dissolver with
high pH and that helped to reduce the corrosion rate and the amount of corrosion inhibitor that is
usually added to the removal solution [42]. Ramanathan et al., [43] studied the effect of pH control and
treatment time on the chelating agent. The study determined the optimum pH and time of treatment
for the removal of iron sulfide scale.

The objective of this paper is to introduce a novel non-corrosive dissolver to remove sulfate and
mixed sulfide scale. The novelty in the new proposed non-corrosive dissolver is its high pH value
with a very low corrosion rate, less than the acceptable limit by the oil and gas industry, based on the
recent studies, to provide a basic pH scale dissolver. In addition, the new dissolver efficiently provided
a high dissolution efficiency for the scale at a low-temperature condition of 45 ◦C.
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2. Materials and Experimental Work

Materials Description

Composite scale samples from the sulfate and sulfide mixed scale were collected from an offshore
platform. The platform is produced from a sandstone reservoir with an average depth of 2743.2 m,
average reservoir pressure of 10.34–12.41 MPa, and a temperature range 40–60 ◦C. Field production
has a high water–cut ratio of 70%.

The samples were collected from different locations with different physical shapes. Sample 1 is a dry
rigid scale, has regular shape pieces, and was precipitated near or at the well surface. Sample 2 is a black
metallic scale, with irregular shapes, and has a noticeable hydrocarbon smell. The third sample 3 is a dry
rusty scale, with irregular shape pieces, and does not have a hydrocarbon smell. Samples 2 and 3 were
collected from the production separator. Figure 1 illustrates the collected three samples.

Figure 1. The scale samples as collected from the field.

The mineralogical compositional analysis for the three samples was determined using the
X-ray powder diffraction (XRD). The diffraction pattern was generated by a theta-2theta scanning
diffractometer, while the X-ray fluorescence (XRF) was performed to obtain the elemental composition
of the scale samples. Table 1 lists the XRD of the three scale samples as a component compositional
percentage in each sample. The samples have a high percentage of strontium-rich barite scale,
hokutolite with a chemical formula of (BaPb)(SO4)2 which is a solid-solution binary system of the
barite (BaSO4) and anglesite (PbSO4) [44]. The scale composition also contains lead sulfide (galena,
PbS) with a portion range from 24.5% to 39.3%. Another bulk sample was recovered from an old
plugged pipeline, as shown in Figure 2. The bulk sample weighed an average of 2 kg.

Table 1. X-ray powder diffraction (XRD) analysis of the scale field samples.

Component Chemical Formula Sample 1 Percentage, % Sample 2 Percentage, % Sample 3 Percentage, %

Hokutolite (BaPb)(SO4)2 16.8 13.5 14.4
Barite, Sr-rich Ba0.75Sr0.25SO4 58.7 47.2 50.1

Galena PbS 24.5 39.3 35.5
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Figure 2. Bulk scale sample collected from a plugged pipeline.

The bulk sample was crushed and tested with a magnet. It was found that about 12% of the
sample stuck to the magnet, therefore, this is an indication that the sample has a high percentage
of amorphous iron minerals. The chemical composition of the bulk sample is presented in Table 2.
This shows that the bulk sample contains a composite scale of paraffin wax, asphaltene, chlorides,
calcium carbonate, a mixed iron, lead and zinc sulfides, and mixed barium and strontium sulfates.

Table 2. The chemical composition of the bulk sample.

Composition Weight (wt.) %

Paraffin Wax 3.3
Asphaltene 0.5
Chlorides 2.0

Iron Sulfide 3.5
Lead Sulfide 2.5
Zinc Sulfide 7.6

Calcium Carbonate 4.1
Barium Sulfate 50.0

Strontium Sulfate 26.5

For XRF, results are displayed in Table 3 for samples 1, 2, 3 and the bulk sample, respectively.
As shown in the XRF, the barium (Ba) represents the highest percentage in the chemical composition
in all the samples, followed by sulfur (S), lead (Pb), and strontium (Sr). The remaining as zinc (Zn),
silicon (Si), chlorine (Cl) share the smallest portion in the scale composition. The bulk sample has
calcium (Ca), and iron (Fe) within its composition.

Table 3. XRF analysis of the scale field samples.

Element Sample#1, % Sample#2, % Sample#3, % Bulk Sample, %

Fe 0.00 3.83 0.00 4.40
Ca 0.00 0.00 0.00 17.13
S 23.69 16.16 28.61 12.00

Pb 21.24 30.23 22.84 9.27
Ba 36.45 31.86 30.74 30.52
Sr 17.84 17.63 14.96 21.41
Zn 0.00 0.00 1.30 1.06
Si 0.38 0.09 0.00 1.58
Cl 0.40 0.20 1.56 2.64

As discussed previously in the literature, the reason behind these types of scale depositions
is the incompatibility between the formation water and injected water with different brines [9,15].
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Table 4 shows the water analysis for the water sample from the field and represents a mixture of
different ions. The table shows the chemical analysis of the field water in terms of the ion concentration
and its reacting value. Chemists use the reacting values for two purposes: first, to determine the
accuracy of the water analysis and second, to obtain reliable factors to be used in the construction of
hypothetical combinations for scale prediction. The geo-chemical analysis of the field water enhances
the expectation of the formation of different composite scales.

Table 4. The chemical analysis for the field water.

Ions Mg/L Reacting Value % Reacting Value

Sodium Na 14,800 643.8 27.98
Calcium Ca 7780 388.22 16.87
Barium Ba 956 78.58 3.42
Sulfate SO4 3390 70.51 3.06

Chloride Cl 38,700 1091.34 47.44
Silicon Si 15 0.76 0.03

Bicarbonate HCO3 4.31 0.44 0.02
Lead Pb 432 8.98 0.39

Strontium Sr 619 10.15 0.44
Zinc Zn 81 6.66 0.29

Boron B 14 1.15 0.05
Total Dissolved Solids (TDS) 66,791

The new scale dissolver for the sulfate and sulfide mixture composite scale samples was formulated,
and the chemical composition is listed in Table 5. The scale dissolver is mainly composed of chelating
agents such as ethylenediamine, nitrilotriacetic acid (NTA), ethylenediaminetetraacetic acid (EDTA)
which are the most commonly used chelating agents in the oil field [45]. The formulation of the
new scale dissolver contains chloroacetic acid, which is an organic acid salt, as well as being a basic
component in generating chelating products, in addition to surfactant. The weight percent for the main
components has a lower and upper limit, as the scale dissolver can be mixed in different concentrations.

Table 5. The chemical composition for the new scale dissolver.

Component Weight %

Ethylenediamine 3%–5%
Nitrilotriacetic acid (NTA) 5%–10%

Chloro Acetic Acid 10%–30%
Water 40%–70%

The fluid properties were measured at ambient conditions, with 1.16 specific gravity, and its
pH was 12.5, as the scale dissolver was designed to dissolve the scale at a high pH to protect the
well tubular from corrosion and did not affect the surface pipelines’ integrity. The corrosion effect
is considered to be a damaging effect for most of the commonly used scale dissolver acids [46,47].
The fluid has a clear to slight yellow color with an amine-like odor.

Additionally, commercial chemicals were used to compare the new removal efficiency, such as
EDTA (20 wt. %), DTPA (20 wt. %), and HCl (10 wt. %). The commercial scale dissolver was obtained
from service companies and the dissolution performance was conducted for the new scale dissolver
and the commercial dissolvers.

3. Methods

3.1. Static Solubility Test

This experimental laboratory work was designed to evaluate the dissolution efficiency for the new
scale dissolver at a high pH. While testing its solubility, important parameters could affect the solubility
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optimization, such as the solid to fluid ratio, temperature, static or dynamic condition, solubility time,
and dissolution efficiency, in order to achieve the optimum and most economical solubility in terms of
high-dissolution efficiency with the smallest possible amount of the scale dissolver.

The following procedure was conducted for the bulk sample:

1. Put 100 mL of the scale dissolver in an oven at 45 ◦C for 5 min;
2. Prepare 4.0 g from the bulk scale as determined, with weight as (W1);
3. Add the solid scale to the dissolver solution inside a test tube in the water bath at a temperature

of 45 ◦C for a time duration of 18 to 20 h;
4. Once the test period is completed, remove the test tube to cool down;
5. After the cooling, prepare to separate the remaining solids from the solution by using a filter

paper to filter the test fluid using a vacuum pump;
6. Measure the weight of the filter paper as dry and then filtrate the solution from the solids;
7. Dry the remaining solid in a static oven for 1 to 2 h.;
8. Measure the weight of the solids with the filter paper after drying process as (W2);
9. Measure the weight of the remaining solids (W3 = W2-weight of filter paper);
10. Measure the scale dissolver dissolution efficiency = [(W1-W3)/W1] x 100.

Solubility Test for Fine Sample (5 Mesh Size)

The solubility test was performed for the fine-scale sample of five mesh sizes with a nominal sieve
opening of 4.0 mm. The same procedures were conducted for the mesh size scale samples as for the
bulk sample. However, the solid to liquid ratio was 2.0 g from the fine-scale to 20 mL from the new
scale dissolver. The solid to liquid ratio is considered an important factor in the solubility design [21,48].
The solid amount represents how much of the scale was deposited and plugged the internal pipeline
capacity for the fluid flow. The scale density and volume of the internal tubular diameter are used
together to determine the scale solid weight that has to be removed using the scale dissolver [16,49].
The volume of the scale dissolver is determined from the dissolution efficiency within the solubility
test. A lower amount from the scale dissolver is better from an economic point of view [5].

3.2. Corrosion Test

The scale dissolver that is usually used for the scale removal operation should be tested for its
corrosion to mitigate the surface and the downhole equipment deterioration. The corrosion test is
performed on the scale dissolver fluid by submersing a steel coupon into the scale dissolver and putting
them in an aging cell under the designated pressure and temperature. The exposure time of the steel to
the scale dissolver extends for 6 h to evaluate the fluid ‘seffect on the coupon and to mimic the real field
treatment operation time. The weight loss in the steel coupon after the interaction with the fluid is
calculated and the weight loss per unit surface area of the coupon represents the corrosion rate for that
fluid. A lower corrosion rate is the target for any scale removal design, as it will save the equipment
from damage. At the condition of high temperature, the corrosion inhibitors are added to the scale
dissolver to reduce the corrosion effect on the well tubing and surface lines. In addition, intensifiers are
added to the corrosion inhibitors to enhance the inhibitor’s effectiveness for the treatment with a long
time, or in the case of high acid concentrations, or with the condition of high temperature [50,51].

The corrosion test was performed as follows:

1. Prepare a volume of 350 mL from the new scale dissolver at pH 12.5 and put in the aging cell that
was designed for the corrosion test, as in Figure 3;

2. Use a steel coupon and measure its weight, dimensions in terms of thickness and surface area;
3. Immerse the coupon into the scale dissolver with a wire to allow the fluid to touch all the

steel surfaces;
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4. Close the aging cell and put it into the oven under a temperature of 90 ◦C and ambient pressure
conditions for a time of 6 h;

5. After the designed time, allow the cell to cool outside and, after cooling down, measure the
coupon weight and its dimensions compared to before the fluid exposure;

6. Calculate the corrosion rate as the weight loss per unit surface area of the coupon.

Figure 3. The aging cell used for the corrosion test.

4. Results and Discussion

This section shows the results for the experimental work that was done to evaluate the new scale
dissolver’s efficiency for removing the composite sulfate and sulfide mixture scale sample. The results
show the solubility test results in terms of the scale dissolution efficiency and categorize the different
shapes and sizes used for the scale samples as bulk or fine. A comparison is made between the
solubility efficiency of the new scale dissolver and another commercial scale dissolver that is usually
used in the field treatment.

4.1. Solubility Test Results

The solubility efficiency for the new scale dissolver was performed using different concentrations
of the new scale dissolver to dissolve the scale samples. The fine-scale sample that was used is
a mixture of the previously described small samples 1, 2, and 3 in Figure 1. The bulk sample was
the scale sample collected from a plugged pipeline, as shown in Figure 2. The dissolution efficiency
for the scale samples with different concentrations of the new scale dissolver at 45 ◦C after 18 h is
shown in Figure 4. The results in Figure 4 showed that the five different concentrations of the new
dissolver can dissolve the fine-scale sample with a dissolution efficiency ranging from 44.1% to 81.17%.
As concentration 1 showed the lowest dissolution efficiency, while concentration 3 reached the highest
dissolution efficiency of 81.17%. for the bulk sample, the results showed that concentration 5 had the
highest dissolution efficiency of 69.78%, while concentration 3 had a 52.79% dissolution efficiency.
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Figure 4. The dissolution efficiency for the scale samples with different concentrations of the new scale
dissolver at 45 ◦C after 18 h.

The static solubility test for the fine-scale sample was performed at temperatures of 45 and 35 ◦C
and the solubility time was extended to 20 h. The solubility test was performed using more than one
concentration of the new scale dissolver, as shown in Table 6. The results showed that the new scale
dissolver with concentration 2 showed a dissolution efficiency of 79.4% at a temperature of 45 ◦C,
and achieved a 68.7% dissolution efficiency at a temperature of 35 ◦C. In addition, the new scale
dissolver was used for the solubility of the powder scale sample for 24 h and its dissolution efficiency
was 91.8% from the scale at 45 ◦C and 79% at 35 ◦C.

Table 6. Solubility test results with the new scale dissolver different concentrations at 45 and 35 ◦C.

New Scale Dissolver Scale Sample Time, hr.’s
Solubility, %

45 ◦C 35 ◦C

Concentration-1
Bulk Sample 20

71.18 66.67
Concentration-2 79.37 68.70
Concentration-3 69.54 61.55
Final Formula Mixture with 5 mesh size 24 91.78 79.05

As is clear in Figure 2, the bulk sample has an irregular scale deposition. It is expected that,
in the experiments with concentration 5, the rock sample contains more carbonates and sulfides than
sulfate minerals. For the same scale composition, a fine sample must have a high dissolution capacity
compared to the bulk sample.

The solubility for the mixture scale sample was performed with the common commercial acids
used for scale removal. The comparison results are shown in Table 7, which represents the efficient
performance for the new scale dissolver to dissolve the scale sample with a high efficiency of 71.2%,
and 66.7% under the temperatures of 45 and 35 ◦C, respectively. The EDTA (20 wt. %) and DTPA
(20 wt. %) showed a lower dissolution efficiency than the new scale dissolver under the same solubility
conditions. It is clear from the results that the dissolution efficiency for the new scale dissolver
overcame the dissolution efficiency of EDTA (20 wt. %) and DTPA (20 wt. %) by an average of 2.7
times its value at a temperature of 45 ◦C, while it overcame the dissolution efficiency of EDTA (20 wt.
%) and DTPA (20 wt. %) by 4.4 and 3 times, respectively, at a temperature of 35 ◦C.
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Table 7. Dissolution efficiency with different commercial dissolvers.

Fluid pH Sample Time, hrs.
Solubility, %

45 ◦C 35 ◦C

New scale dissolver 12.5

Mixture 20
71.18 66.67

EDTA (20 wt. %) 12 25.21 15.05
DTPA (20 wt. %) 12 27.16 22.91
HCl (10 wt. %) 0.0 1 8.00

HCl (10 wt. %) was used as a comparative dissolver and showed a dissolution efficiency of 8% for
the scale sample at a low temperature of 45 ◦C and 1 h of exposure time. HCl interacted efficiently
with the carbonate part in the scale.

The new scale dissolver achieved a higher dissolution performance than the HCl (10 wt. %).
The observations from the experimental work demonstrated that the HCl showed no dissolution power
after 1 h of exposure time to the scale sample, and a second observation is that the HCl (10 wt. %)
interacted only with the surfaces of the scale body which contained more carbonate and was not able
to create channels in the body of the scale for more dissolution, but the new scale dissolver was able to.

The scale dissolver was used in a field application to treat a plugged pipeline with scale depositions
that restrict and prevent the fluid flow in the pipelines. The scale dissolver was injected into the
pipeline, and the scale dissolver succeeded in initiating channels in the scale body like the wormholes
created in the reservoir acid stimulation jobs, as shown in Figure 5. The channels helped the scale
dissolver to interact more and more with the scale and achieved effective dissolution efficiency for the
scale with a high pH under low-temperature conditions. Therefore, the pipelines were protected from
the low pH acidity corrosion effect.

Figure 5. Schematic diagram shows the action of the new dissolver against the scale in the pipeline.

4.2. Corrosion Test Results

Actual casing coupons were used in the corrosion test. The new scale dissolver at pH 12.5 was
tested for corrosion at 90 ºC for 6 h using a test vessel at ambient pressure. The corrosion rate was
0.01357 kg/m2 which is below the recommended limit for the corrosion rate by the oil and gas industry.
Therefore, the new scale dissolver performed a non-damaging corrosion effect on the well tubular or
the surface facilities and pipelines.
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5. Conclusions

In this study, a new non-corrosive dissolver with a high pH was formulated to dissolve the
composite sulfate and sulfide mixture scale at low temperatures. The solubility of the new scale
dissolver was performed and compared with other commercial dissolvers. An extensive experimental
work was designed and performed to evaluate the new dissolver performance on a real composite
scale sample and the following conclusions were deduced:

• The new scale dissolver is able to dissolve the composite mixed scale with 91.8% efficiency after
24 h at a temperature of 45 ◦C and the dissolution efficiency reached 79% at 35 ◦C, with a high pH
value of 12.5; therefore, the treatment with the new scale dissolver will not affect the integrity of
the pipelines;

• The new dissolver can be designed in different concentrations to be optimized with different
scale types;

• The dissolution efficiency for the new dissolver showed an efficient solubility performance with
fine-scale samples and bulk ones;

• The results showed that the dissolution efficiency for the new scale dissolver outperformed the
dissolution efficiency of EDTA (20 wt. %) and DTPA (20 wt. %) by an average of 2.7 times its
value at a temperature of 45 ◦C, while it overcame the dissolution efficiency of EDTA (20 wt. %)
and DTPA (20 wt. %) by 4.4 and 3 times, respectively, at a temperature of 35 ◦C;

• The new non-corrosive dissolver outperformed the HCl (10 wt. %) for the scale sample at a low
temperature of 45 ◦C. HCl was found to interact with the carbonate part in the scale sample;

• The corrosion rate for the new low-temperature non-corrosive dissolver was 0.01357 kg/m2,
which is very low and less than the acceptable limit in the oil and gas field;

• The scale dissolver was used in a scale treatment for field application, as it was injected into the
pipeline, and the scale dissolver succeeded in initiating channels in the scale body.
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