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ABSTRACT 

In various industrial operations, deposition of mineral scale can result in a significant 

financial loss and seriously impair operational integrity and safety. Thus, the prevention 

and suppression of mineral scaling is of great importance to the soundness of these 

industrial operations. However, the traditional method of applying chemical inhibitors 

requires a considerable manpower and resources and poses safety risks. Recently, an 

attach-and-release strategy has been proposed to provide an alternative approach in 

applying chemical inhibitor for pipeline scale control in a more economical and safer 

manner. One benefit of this novel method is the ability to predict the actual efficiency 

of the chemical inhibitor as well as the effect of the scaling metal ions and flow rate on 

inhibitor release behavior. Moreover, this method can eliminate the continuous inhibitor 

injection, leading to an enhanced operational safety. This study comprehensively 

evaluates a number of physiochemical parameters on the attachment and release of scale 

inhibitors from pipeline inner surfaces. It was found that the formation of Ca-DTPMP 

solid can have a profound impact on both attachment and release of DTPMP from the 

pipe surfaces. Moreover, modeling efforts have been undertaken to obtain mechanistic 

understanding associated with the attachment and release processes. The results 

obtained from this study can promote the actual field application of this method for 

pipeline scaling control. 
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CHAPER 1 INTRODUCTION 

Mineral Scales are inorganic deposits formed on the inner surface of water-transporting 

pipelines, seabed resource mining, resource transportation and other production and 

processing systems. Generally, they occur in pipeline-based systems. There are many 

types of scales, and different types of scale have different formation mechanisms. The 

most common types of scale include carbonate and, sulfate scales. The formation of 

carbonate scaling is caused by changes in conditions such as temperature and pressure 

during processing. On the other hand, the cause of sulfate scaling is the mixing of 

immiscible aqueous solutions, resulting in scaling. One example is the mixing of 

solution with high sulfate concentration and another solution with high calcium and 

barium ion concentrations. Mineral scales will mainly affect industrial production and 

resources, liquid and gas transportation facilities like oil fields, water transportation, 

and various transportation pipelines. In oil field operations, mineral scale is one of the 

most significant issues in liquid-related operations. The scale in the reservoir and 

production system will not only greatly affect the efficiency of the production operation, 

but also cause serious damage to the equipment. The most common oilfield scales 

include carbonate scale, sulfate scale, and other sulfides, as well as salt rock scale, etc. 

The reasons for the formation of each type are different, and various conditions need to 

be considered to inhibit its formation. 
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The goal of this research is to study the conditions for the composition of different types 

of scales, and the degree to which these conditions affect the formation of scale. At the 

same time, the best way to inhibit the formation of different kinds of scales will be found 

according to the structural characteristics of different kinds of scales. It will also learn 

to use saturation ratio to predict the formation trend of scale, and then use corresponding 

methods to solve the problem of scale. However, this study has limitations, because this 

research is conducting research in a laboratory environment. But in fact, the reason for 

the formation of scale is more complicated. Therefore, this experiment can only explore 

the relatively key factors that are currently known to affect the scale, and cannot find 

more complicated causes that affect the formation of scale. This study focuses on 

studying the formation, influencing factors, and prediction of inorganic mineral scale. 

The results from this study can be applied to related equipment to reduce the negative 

impact of scale on production efficiency and equipment. 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1 Impact of Mineral Scale  

In fact, the scale will greatly reduce the porosity of the reservoir in production systems 

such as oil fields, thereby reducing the efficiency of production wells, but will also cause 

serious impacts in many other aspects. For example, in a pipeline transportation system, 

the deposited solids will affect the flow rate of the pipeline, resulting in a greatly 

reduced flow rate (Chen et al., 2005; Zhang et al., 2015). In more severe cases, the 

pipeline may even be completely blocked. The urban drainage system will also be 

affected by scale, especially the wastewater pipes of some factories which contain a lot 

of metal elements. The harmful wastewater discharged into the environment can cause 

immeasurable harm. It will be also found that scale will still exist in drinking water 

pipes even the drinking water has been filtered and inspected, the ions in the water can 

still form scale. Although the amount is small, it will still exist over time. Scale clogs 

pipes, accumulates dirt, and pollutes drinking water. 

 

 
Figure. 2.1 The Impact of Scales 
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2.2 Introduction to Formulas for Predicting Scaling Tend 

If an insoluble salt such as barium sulfate（BaSO4） is appended to the aqueous solution. 

The scale saturation ratio (SR) can be used to predict the formation, SR value could be 

calculated the by the equation (Tomson et al., 2009) 

SR = 
(Ba²⁺)(SO₄²‾)

Ksp(T,P)
                       (2.2.1) 

where, 

(Ba2+) and (SO4
2-) refer to the aqueous activities of barium and sulfate 

Ksp refers to the barium sulfate’ s solubility product 

Ksp(T,P) indicates that the function of both temperature and pressure of solubility 

product 

SI = log10(SR) = log10

(Ba²⁺)(SO₄²‾)

Ksp(T,P)
               (2.2.2) 

When SI = 0, the solution is saturated with scale mineral, and water cannot dissolve 

more minerals at a given temperature and pressure. When SI < 0, the solution is not yet 

saturated with scale mineral, and water can dissolve more minerals within its dissolution 

range. When SI > 0, it is easy to oversaturate. The mineral will precipitate out until its 

concentration in the solution reaches an equilibrium state. 

 

2.3 Common Scales Types Found in Industrial Operation 

General scales in oil fields could be divided into "pH-sensitive" scales and "pH-

independent" scales. Although sulfate scales do not have a close functioning 

relationship with pH, the formation of sulfate scales is not sensitive to pH. But the 

response of inhibitors is usually sensitive to pH. So this issue will be discussed in detail. 

Carbonate and sulfide scales are acid-soluble, so the pH of the brine has a great 
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influence on their tendency to scale. At the same time, when the constant T is constant, 

the solubility of all mineral scales will decrease as P decreases, especially for divalent 

ions (Kan and Tomson, 2012). 

 

2.3.1 Carbonate Scales 

Calcite. Calcite is one of the most familiar types of known scales. Its essence is mainly 

CaCO3, but it usually contains a certain amount of magnesium or iron carbonate, so its 

average expression may be Ca0.8-1.0(Fe,Mg)0.2-0.0CO3. Calcite scale is generally formed 

on account of reduced pressure caused by the production. With the significant pressure 

drop from the reservoir to the surface facility, when the pressure drop makes the 

pressure lower than the bubble point, carbon dioxide will be removed from the solution 

and the pH value will increase, which will eventually lead to precipitation of calcite. 

Besides, the pressure drop will also reduce the solubility of calcite in the solution. Both 

of these methods will affect the precipitation of calcite in the solution. On the other 

hand, because calcite solids have poor solubility at high temperatures, if only the 

temperature is increased, it will also cause calcite to precipitate. 

 

In the flowing brine, there will be a certain amount of iron ions in the composition of 

the scale. This kind of precipitated iron usually comes from corrosion products in 

production wells and natural siderite, FeCO3, or other substances in the reservoir. At the 

same time, the calcite lattice can be replaced by most divalent metal ions, such as 

strontium (Sr2+), manganese (Mn2+), etc. (Deer et al. 1983). This is also based on the 

study by Alsaiari et al. (2010) on the same method of calcium carbonate, and found that 
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calcium ions have an important effect on the iron carbonate, while ferrous ions have no 

significant effect on calcium carbonate’ s solubility. Therefore, although the calcite scale 

is mainly based on calcium carbonate, it contains other metal ions, so the formation and 

inhibition of this scale still need further discussion and research. 

 

Dolomite. The mineral name of dolomite is Ca0.5Mg0.5 (CO3). Dolomite can gradually 

form in geological structures over time, but the study also shows that it has not been 

observed in production facilities. Not only that, as far as research knows, it is currently 

impossible to precipitate dolomite in the laboratory. However, according to the study 

(Kan and Tomson, 2012), it is found that SI has a great correlation with the dissolution 

balance of dolomite and can indicate whether the solution may be saturated with 

dolomite. 

 

Siderite. According to research, the formation rate and corrosion rate of FeCO3 at low 

temperatures are very slow. But when the temperature improve to around 100°C, the 

formation rate of FeCO3 will increase. And at about 90 to 110°C, FeCO3 will begin to 

decompose to form a better anti-corrosion film called magnetite (Fe3O4). This proves 

that the relationship between FeCO3 and Fe3O4 is proportional to temperature 

(Sontheimer et al. 1981; Dunlop et al. 1985; Tomson and Johnson 1991). But there are 

also different opinions between them. In the absence of corrosion, due to the 

corresponding Ksp, the ratio of Ca2+ to Fe2+ is 100:1, but basically, pure FeCO3 has been 

found in many fields. This is the important first proposed by Sontheimer et al. (1981) 
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The phase precipitation is generally FeCO3 instead of CaCO3 (Tomson and Johnson 

1991; Greenberg and Tomson 1992). 

 

In oil fields that produce a large amount of brine, there is a high probability of obtaining 

such metal oxides, phosphates, and other precipitates in the production and 

transportation industry (Ikeda et al. 1985; Burke and Hausler 1985). Moreover, the 

demand for corrosion control will increase the scale production and amount of brine 

produced, and the link between scale and corrosion control will become closer. 

 

2.3.2 Sulphates Scales 

Barite. Barium sulfate (BaSO4) is called barite. When it is rapidly formed from liquid 

production, it usually has strontium ions, so its average chemical formula is probably 

Ba0.88Sr0.12SO4. At the same time, radium ions (226Ra2+) will also be incorporated into 

the lattice of barite to produce natural radioactive materials (NORM, or called 

technologically enhanced NORM, TENORM), which is the main source of natural 

radioactive materials. 

 

The solubility of barite generally reduces as pressure and temperature decrease, so a 

decrease in pressure and temperature between reservoir and surface will cause an 

addition in barite precipitation. Generally speaking, all minerals in the reservoir are in 

equilibrium with unpolluted natural water. According to the U.S. Geological Survey 

(USGS), a large number of wells have been compared between logging (barium) and 

logging (sulfate) (Kharaka et al. 1988). It appears that under the same downhole 
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conditions, the saltwater produced is similar to recrystallization The stone is saturated. 

However, low concentrations of Ba2+ and SO4
2- ions are difficult to be measured, which 

may also be one of the reasons that affect the experimental data. But it is also believed 

that when a single block is produced, as long as the well is not flooded with water, the 

brine in the reservoir is saturated with barite. At the same time, the SI value of barite 

increases with the decrease of T and P values, which proves that the barite scale rarely 

nucleates and nucleates on the production pipeline of a single wellhead in a single area 

due to a typical drop in temperature and pressure (Zhang et al., 2015). 

 

Barite scale generally occurs in the mixing of saltwater in multiple different areas. For 

example, the concentration of barium in salt water in one area is high, while the 

concentration of sulfate in salt water in another area is high. When they are mixed, a 

barite scale will form nearby. In this case, the SI value of barite may be particularly high, 

which will cause oversaturation. At this time, regardless of the concentration of the 

inhibitor, it may be difficult to inhibit the formation of scale. If a scale is formed at the 

wellbore, it will also damage the inner wellbore. These situations often occur. 

 

The above-mentioned water injection can cause incompatible water to mix and produce 

barite precipitation, especially at sea. Barite usually has the greatest impact on the 

injection and production wells. Kan and Tomson used ScaleSoftPitzerTM (SSP 2009) 

to determine the precipitation method of barite in three production wells based on the 

SI value of the brine produced. 
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1. At 120°C, if the SI value of barite in the tube is higher than w1.5, the barite 

solid may precipitate instantaneously. If barite forms a nucleus and adheres to 

the surface of the steel, seed growth will occur on the steel and the barite solids 

will quickly precipitate and accumulate on the production pipeline at the 

deepend of the well. If no scale inhibitor is added, the SI value of barite at 

120°C is approximately in the range of 0.3-1.5, then barite precipitation at the 

deepend of the well will occur. Due to the low solubility of barite, the barite 

scale is usually small but difficult to detect. Moreover, the growth kinetics of 

this kind of scale on the pipe will be very fast, and will gradually accumulate 

and accumulate at the bottom of the pipeline into scale. However, due to the 

difficulty of detection, the slow accumulation of minerals usually makes the 

saltwater reaching the surface of the ground be detected as a balanced state, 

leading people to mistakenly believe that there is no precipitation problem. 

 
Figure 2.3.2.1 Barite Scaling for seawater injection with scale mass and saturation index. 

Obtained from ScaleSoftPitzerTM 2009 software package. 
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Figure 2.3.2.2 The Relationship of saturation index of barite and scale deposition kinetics. 

Adopted from Kan and Tomson with permission from the Society of Petroleum Engineers (SPE). 

 

2. When the SI value of barite in the bottom hole area is less than about 0.3, the 

nucleation problem may be delayed. When the brine flows through the pipeline, 

all other conditions are the same, and the SI value of barite will increase as the 

pressure and temperature decrease. The rate of nucleation and growth of scale 

accumulation will also increase. However, Kan and Tomson (2015) found that 

when the temperature is lowered, the barite nucleation and precipitation rate 

will also decrease, which may cause barite tend to nucleate and extend up to 

the surface of the pipe, or reduce the temperature to completely Prevent 

nucleation and scaling. Therefore, scale either gradually forms towards the 

headspace of the pipe, or it does not form at all. 
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Calcium Sulfates. There are usually three crystal formulas for the calcium sulfate scale. 

At low temperatures (about 40-90°C in room), the stable calcium sulfate phase is called 

gypsum (CaSO4·2H2O). At moderate temperatures, the hemihydrate (CaSO4·1/2H2O) 

known as the "Stucco of Paris" is often detected in brine containing high concentrations 

of TDS. Above about 120°C, it is usually called anhydrous calcium sulfate (CaSO4). 

The salt composition of brine and other specific chemicals has the most important 

influence on temperature. It is beneficial to form the solid calcium sulfate with a high 

salt concentration at given temperature, and there are few hydrated water molecules in  

crystal. It is still not possible to figure out the actual relevant details, so it is difficult to 

predict its formation. 

 

However, when methanol or MEG is a useful hydrate inhibitor since it could reduce 

water activity, it is found that the temperature of anhydrite is far lower than predicted at 

that time. At the same time, similar to the previous barite, the formation of calcium 

sulfate is also caused by the mixing of incompatible brines. Therefore, it is inferred that 

the calcium sulfate precipitation is likely to be caused by the precipitation of saturated 

calcium sulfate brine due to the precipitation of the reservoir layer, and for the brine 

treatment in the membrane filtration process, such as heaters, the temperature rise 

during these processes leads to precipitation. produce. (Kan et al. 2002; Kan et al. 2003; 

Kan et al. 2010). 
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Celestite. Celestite is the mineral name of SrSO4. Compared with the calcium sulfate or 

barium sulfate mentioned above, there are relatively few studies on the solubility of 

lapis lazuli salt (Kaasa 1998). And according to research in different literature, there are 

probably two reasons for the difference in the solubility of celestite: there is a certain 

particle that controls the minimum size of solubility and the sensitivity of celestite 

mineral surface poisoning. According to the Pitzer model, Monnin and Galinier (1988) 

found that the solubility of celestite in NaCl is good, but the solubility in sulfate brine 

is not high. This solubility in a complex solution matrix seems to be due to the 

interaction of Sr2+/SO4
2- ions (Collins and Davis 1971; Reardon and Armstrong 1987; 

Felmy et al. 1990; Howell et al. 1992). However, this still requires detailed research to 

make a conclusion. 

 

2.3.3 Other Types Scales 

Halite. Halite is also called NaCl. According to Pitzer's theory, when maximum 

temperature is 300°C, the prediction of the salt rock scale should be correct. At 122°F 

or 50°C, the solubility of halite is 6.275molal or 322.6g/L, which is derived by Pitzer 

based on the thermodynamic data of NaCl (Pitzer et al. 1984). It can be learned that 

when the downhole production brine is close to saturation, a small temperature drop 

will cause the salt rock to precipitate. However, TDS brine below 320,000 mg/L will 

not form salt rock under normal oilfield conditions. Therefore, the salt rock scale may 

have an impact on gas wells that produce pressure drops while cooling and contain high-

concentration TDS brine. It should be noted that the high solubility of hydrochloride 

will cause the precipitation of NaCl to have a large mass. When the salinity SI exceeds 
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0.0, the scale will quickly block the well. On the other hand, if methanol is present, the 

solubility of the hydrochloride will decrease, and when the TDS value is low 

(approximately equal to or greater than 180,000 mg/L), the brine scale may be a 

problem (Kan et al. 2003). 

 

Silica. The silicate scale is one that appears less frequently and exists in "lower" 

temperature production. Because the chemical properties of silica and silicate in rocks 

and reservoir brines are very complex, it is difficult to analyze their properties, such as 

the "low temperature" of the morphological conditions. The solubility of silicate 

generally increases monotonically with temperature. (As the temperature decreases, 

almost all of the produced water is supersaturated with silicate) So when the temperature 

is below 300-400°F, silicate will form. But we rarely see silicate precipitation. This is 

because the silica monomer in the solution will gradually polymerize into larger 

polymers, but lower temperatures are needed in this reaction to be much slower. And 

this temperature may be close to 400-500°F. 

 

Sulfides. The sulfide scale generally includes FeS, FeS2, CaS, and PbS. Sulfide minerals 

are generally produced in acid fields that produce large amounts of hydrogen sulfide 

(H2S) gas. For example, many gas fields containing more and hotter H2S containing 25% 

or more. H2S is corrosive to most steels and easily forms metal sulfide deposits. Even 

in the depths of low-sulfide saltwater, zinc sulfide (ZnS or sphalerite) is formed. 

However, these are only idealized states when discussing sulfides, and their solid 
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content is difficult to detect in actual situations. At present, there are not many studies 

on controlling acid-soluble FeS convert to acid-insoluble FeS2, but because these 

materials play a very important role in production, there are also many researchers 

(Okocha et al. 2008; Sun et al. 2008; Okocha and Sorbie 2010; Kan and Tomson 2012) 

are developing basic knowledge for a better understanding of sulfide scale control. 

 

2.4 Different Kinds of Scales in Tunnels and Their Treatment Methods 

 

2.4.1 Sediment Analysis 

So far, the sediments found in the tunnel are generally divided into four types, red 

sediment, white sediment, black sediment and weathering，which will be shown below. 

 

Figure 2.4.1 Precipitate in Drainage Hole (Woo and Yoo, 2004): (a) Red Sediment (b) White 

Sediment (c) black Sediment (d) Efflorescence. 
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The red sediment is mainly produced near rivers and rivers. Because weathered soil has 

an important connection with it, it usually remains deep in the tunnel section. When it 

settles on the drainage facility, it will cause the drainage facility to malfunction. 

 

The white sediment’ s inflow is mainly in mountainous and hilly areas. Since the 

grouting used to consolidate the foundation of the fault zone flows in with the 

groundwater, especially the junction of the tunnel and the excavation box. This mixed 

inflow water will flow into the tunnel at the entrance of the tunnel. 

 

The black sediment is generally found in tunnels near subway stations. This is the 

sediment formed by the mixture of red and white sediments and water, which are 

generally formed in the drainage facilities connected to the tunnel of the station building. 

 

Efflorescence is slowly formed inside the drain pipe. This is because the soluble 

components and water in the concrete gradually transfer to the surface, and then 

precipitate and precipitate through evaporation or absorption by carbon dioxide. The 

study found that the weathering is not obvious in the areas with large groundwater 

inflow and good drainage flow, while the weathering in areas with small inflow is not 

obvious. The same is true for white sediments, with a large number of white crystals 

accumulating on the sidewalls of drainage outlets with low groundwater flow. These 

conditions deteriorate the function of the drain hole. Therefore, leakage will generate 

drainage pressure and cause safety problems inside the tunnel. 
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2.4.2 Basic Technology for Treating Scales 

The technology for treating scale in the tunnel still needs more research. However, the 

technology for preventing scale in industrial facilities other than tunnels has made great 

progress. There are two main types of anti-scaling technologies, physical methods, and 

chemical methods. Among them, physical methods accounted for 90%. 

 

Physical methods. Physical methods include the ultrasonic method, Quantum Stick, 

magnetization device method, and Water Jet. Among them, ultrasonic equipment 

requires a lot of time to prepare and build. The water Jet has much accessory equipment, 

which needs to be on-site for security. However, this equipment may cause many 

construction problems for the tunnel.  

 

Quantum Stick is a kind of Brownian motion related technology, mainly using molecular 

vibration technology., which controls and eliminates fouling through interference 

vibration. It can reduce the amount of scale in the water, however, the scale sticking to 

the wall will dissolve (or reduce). Figure 2.4.2.1 shows Quantum Stick’ s mechanism. 

The process is as follows (Jung et al. 2013): 

Stage 1: When the value of the scale is greater than solution which is saturated, a large 

number of scale will be deposited with the vibration is higher. 

Stage 2: After installing the Quantum Stick, the interference wave will reduce the 

vibration amplitude of the scale. 

Stage 3: If the vibration value of the scale is lower than the value of the solution which 

is saturated, the scale will dissolve in the water. 
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Figure 2.4.2.1 Quantum Stick Theoryof Stage 1, 2 and 3. 

 

Magnetic method is a method of using a magnetic device to transform calcite’ s calcium 

carbonate particles to aragonite. In this way, the particles will not stick to the pipe or 

the device’ s inner surface, but will only float in the water and go with the 

water(Gabrielli, 2001). According to Kobe et al. (2001), the magnetic device has the 

effect of removing scale in the heat exchange system. Also, xx also carried out electron 

microscopy and X-rays to find that the calcium carbonate molecules in the solution had 

changed. 

 

 
Figure 2.4.2.2 Magnetizing device (Gabrielli et al., 2001). 
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Electromagnetic treatment has proven to be an alternative to chemical methods to treat 

scale deposits. The magnetic field has been revealed to reduce the pH initial value of 

the solution by researches, which will directly affect the formation and growth of scale. 

Under certain conditions, controlling the pH value of the solution can eliminate the 

impact of magnetic method on the formation of scale. In the magnetic field, pH is very 

important in the inhibition mechanism of scale (Parsons et al. 1997). 

 

Chemical methods. Chemical methods are generally detergents and scale inhibitors, but 

these will cause water pollution and cost a lot of money to maintain. In addition, a very 

expensive ion exchange method can be used. 

 

To meet the operability and cost, the Quantum Stick of the physical method and the 

magnetization method to change the calcium carbonate particles to control the 

formation of scales. These methods are used to remove scales on boilers and industrial 

systems by Fathi et al. (2006) and Cefalas et al. (2008). This fairly new method has 

alleviated the clogging of drainage holes in most antique tunnels in South Korea. In 

order to inspect its descaling effect, Jung et al. (2013) also conducted field and 

laboratory simulation tests on Namsan Tunnel 3 in Seoul (This case will be mentioned 

later). 
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2.5 Treatments of Different Kinds of Scale in Actual Cases 

 

2.5.1 Carbonate Scales 

Due to blockages and sediments, the drainage holes in the old tunnels in the urban areas 

of South Korea have been blocked. The hydraulic function is greatly reduced, which 

leads pore water pressure to increase, accelerated leakage, and ultimately serious 

damage (Reddi et al., 2000, Shin et al., 2002). To study the function and impact of 

reduced drainage on the tunnel structure, KICT (2009) investigated and analyzed 

tunnels of Korean railway (R1 to R8) and subway (S1 and S2). These tunnels have been 

in use for about 10-70 years, and have many degradation reasons such as concrete 

spalling and elimination. 

 

Table 2.5.1 Outline for An Old Tunnels Survey in Korea (KICT, 2009) 
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2.5.2 Site survey and laboratory test of Namsan Tunnel 3 in Seoul 

Jung et al. (2013) selected Seoul Namsan Tunnel No. 3 as the target tunnel for this 

experiment, and used quantum rods and magnetic equipment for maintenance to solve 

the problem of blockage of drainage holes. 

 

The geological structure of this area is the Great Northern Orogenic Belt, caused by 

intrusive granite faults. Since the completion of the tunnel, many studies and 

investigations have found that it has serious structural problems, including weathering 

caused by neutralization and cavities on the back of the lining. In 2005, lightweight 

concrete was also used to fill the cavities, but as time passed, the leaching and 

weathering of the lightweight concrete caused limescale to accumulate in the tunnel 

drainage system. Even if new drainage holes are provided in the old drainage holes to 

improve the drainage effect, the weathering phenomenon also blocks the drainage holes 

of these drainage holes. 

 

Site Survey 

 

Figure 2.5.2.1 Scale in Namsan tunnel 3: (a) Icicle shaped scale in duct and (b) scale in drainage 

pipe.（Jung et al. 2013） 
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The use of chemical analysis and SEM (Scanning Electron Microscope)-EDS (Energy 

Dispersive X-ray Spectroscopy or EDX) analysis to study the sewage and scale 

generated by the clogged drainage hole found that CaCO3 plays a crucial part in 

establishing the configuration of scale particles and solid elements. At the same time, 

the chemical analysis results of the wastewater confirmed the scale of MgSO4 exsiting 

CaCO3, Ca4+, Mg, and other alkaline substances (SO4, etc.), as shown in Table 2.4.1. It 

can be determined that malignant fouling is probably caused by a large amount of SO4. 

 

Table 2.5.2 Chemical components from outflow. (Jung et al. 2013) 
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Laboratory Test 

Through the indoor test of the soil and concrete lining through the Nanshan No. 3 tunnel, 

the anti-scaling effect of the basic technology was analyzed. The basic technology is the 

case 1: Quantum Stick, case 2: the magnetic device, and case 3: the unprocessed . Jung 

et al. (2013) conducted SEM and XRD analysis on these two cases to ensure the 

feasibility of the basic technology and analyzed the weight of drainage holes including 

accumulated scale. 

 

In the field test, a large amount of CaCO3 flowed out, and a large amount of white 

sediment was formed, and its elements were all from the water effluent from the 

drainage hole. After detection, the scale formation situation after different kinds of 

technical treatments is obtained. 
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Figure 2.5.2.2 Field test results according the time: (a) after 36 days (non-applied), (b) after 155 

days (non-applied), (c) after 317 days (non-applied), (d) after 36 days (magnetic device applied), 

(e) after 155 days (magnetic device applied), (f) after 317 days (magnetic device applied), (g) after 

36 days (Quantum Stick applied), (h) after 155 days (Quantum Stick applied), (i) after 317 days 

(Quantum Stick applied).（Jung et al. 2013） 

 

 

Finally, Jung et al. (2013) concluded that both the device of magnetization and Quantum 

Stick to control the ingredient of oxide scale. The device of magnetization can transform 

the composition of calcium carbonate; when there is a speed limit, the magnetization 

device has little effect, but Quantum Stick can function reasonably, and regardless of 

the flux flowing in the drain hole, it can effectively prevent scale produce. 
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2.5.3 Sulfate Scales 

Inorganic precipitations are one of the issues that have a great impact on the production 

flow in the oil field and various production process. According to many studies, there 

have been many cases of oil well scales like barium sulfate (Mitchell et al., 1980, 

Lindlof and Stoffer, 1983, Vetter et al., 1987, Shuler et al., 1991), if Failure to control 

its formation will greatly reduce the productivity of production facilities and increase 

equipment maintenance costs. 

 

It is considered that the most efficient and cost-effective method to solve these scale 

problems is chemical anti-scaling measures by continuous injection of inhibitors or by 

squeezing to prevent the near-wellbore scales (Laing et al. 2003). The severity of the 

fouling problem depends on the rate of scaling and chemical inhibitors. Mazzollnl et al. 

(1992) found that after the seawater-breakthrough period, the precipitation problem of 

barium sulfate will become more serious because formation water and seawater are 

incompatible with each other. Therefore, scale-inhibiting chemicals are mainly used to 

prevent and control the BaSO4 scale problems. 

 

The addition of anti-scaling agent can delay, reduce or prevent scale. The inorganic 

phosphates, organic phosphorus compounds and organic polymers are the most useful. 

Among the most often used as commercial scale inhibitor used to control mineral 

fouling in the industry are polyphosphonate carboxylic acid (PPCA) and diethylene 

triamine penta (methylene phosphonic acid) (DETPMP) (Bezemer and Bauer, 1969). 
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Types of scale inhibitors 

BinMerdhah (2012) compared three different performance types of scale inhibitors. 

DETPMP and PPCA are widely used in Malaysia.  

1. PPCA: Poly-Phosphino Carboxylic Acid; 

2. DETPMP: Diethylenetriamine Penta, (methylene phosphonic acid); 

3. PBSI: Phosphonate-based Scale Inhibitor. 

Through the Core saturation and Core flooding test, the method of depositing scale in 

porous media to reduce permeability has been studied, and the scale inhibition effect of 

BaSO4 oilfield scale inhibitor was studied. When temperature increases, it will decrease 

the precipitation quality of BaSO4 scale, which proves that the solubility of BaSO4 

increases when temperature increases. The experiment observed that the crystal content 

of BaSO4 on the inlet side was higher than that on the outlet side, indicating that there 

was more precipitation on the inlet side. It is inferred that most of the fouling ions are 

deposited as soon as they are mixed in the front stage, and only a few ions are deposited 

from the flow of the backstage, so there is less fouling downstream of the core. Finally, 

it is also proved that PPCA is the best inhibitor in water formed by the high 

concentration of barium ions. 

 

2.5.4 Application of BaSO4 Scale Inhibitors in Rangely Weber Sand Unit 

Rangely Weber Sand Unit (RWSU) is located in northwestern Colorado. It covers an 

area of 19,000 acres and cumulative produces oil a lot. In 1933, the California Company 

(in Chevron America now) discovered the Weber Reservoir, and it was not until 1944 

that the development began and the second water injection program was implemented 
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in 1958. With the maturity of water injection technology, BaSO4 and CaCO3 scales 

gradually appearing in production wells. The occurrence of BaSO4 scale is due to sulfate 

ion concentration decrease by injected freshwater. At problem producers, the water in 

the sand with barium ions is mixed with the water in the sand with a high sulfate 

concentration, thereby exceeding the solubility of BaSO4 and forming scale. At the same 

time, changes in pressure and agitated fluid can also cause precipitation to form. But in 

the end, RWSU used phosphonate and phosphate scale inhibitors to successfully control 

the BaSO4 scale problem in the water flooding process. 

 

When the CO2 pH value decrease or CO2 pressure increases, the brine pH value will 

decrease. A typical injection well has a very small pressure range. Since CO2 is mixed 

with the injection well water, CO2 and brine are injected into the injector, so the pH 

value will be exepcted to increase. This will affect the effect of the scale inhibitor. At 

the same time, carbonate minerals can be dissolved in reservoir by CO2, after increasing 

the concentration of various elements in the produced water. This will increase the 

scaling of CaCO3 (Shuler et al. 1991). In order to develop an economical and effective 

scale inhibitor, the most ideal scale inhibitor must be able to inhibit the generation of 

BaSO4 scale under low pH and neutral conditions. Because the scale inhibitor treatment 

is usually carried out before the CO2 enters, and the heterogeneity of the reservoir may 

lead to the co-production of neutral pH brines. The production of low phosphine delays 

the precipitation of calcite downhole, but this scaling has become a bigger problem for 

the dissolution of CO2 gas and the increase in pH. 
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2.6 Scale Inhibition by Use of Scale Inhibitor and Treatment 

Scale inhibitor is a chemical substance that can reduce the rate of scale forms and 

precipitates. Preventing the nucleation and growth of fouling mineral crystals is its main 

function. Chelating agents are other than scale inhibitors. Chelating agents react 

stoichiometrically with the scale ions of the solution. The chemical scale inhibitor can 

accurately prevent the nucleation and formation of scale at a specific concentration or 

lower, so it is also called a threshold scale inhibitor. Although there are many substitute 

technologies, the application of scale inhibitors is still the most important anti-scale 

technology today. The most commonly used one is amino phosphonate, which has good 

effects in the laboratory or on-site. 

 

2.6.1 Principle of Operation 

According to the spiral growth mechanism of Burton et al. (1951), it thinks that the sites 

of scale deposition continuously spirally grow, which is to form new sites on a flat 

surface and overcome the required activation energy. The anti-scaling mechanism of the 

scale inhibitor relies on its adsorption to the key parts of the surface of the scale crystals, 

thereby preventing the scale from more serious spiral growth. This prevents the 

precipitation of bulky particles from the produced brine. Another type of dispersant 

inhibitor prevents crystals from coalescing into greater particles and depositing on the 

surface of the system. 
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2.6.2 Common Oil Field inhibitors 

Under normal conditions, there are two types of antifouling agents: polymer and non-

polymer/low polymer. Scale inhibitors usually form insoluble scale mineral salts. For 

example, most phosphates are considered good calcium salt inhibitors because they 

form insoluble salts with calcium. Polymeric scale inhibitors can well inhibit nucleation 

and dispersion, while non-polymerization inhibitors (such as amino phosphonates) can 

better prevent crystal creation. 

 

Polyphosphates and phosphate esters：Both of these can prevent the formation of scale. 

Under suitable brine conditions, some inhibitors can also solve barite scale. Because 

phosphate is more resistant to acidic conditions, people generally use polyphosphate to 

treat boiler water. 

 

Phosphonates：2-Butane phosphate-1,2,4-tricarboxylic acid (PBTCA) is a common 

excellent substance mainly used to inhibite calcite scale. 1-Hydroxyethylene-1,1-

diphosphonic acid (HEDP) is another phosphate that is often mentioned. 

 

Aminophosphonates：To greatly improve the metal binding capacity of phosphate 

molecules, amine groups are often introduced into its structure, which can better inhibit 

sulfate scale and carbonate scale. Among them, bis-hexamethylene triamine-pentyl 

(BHPMP) has good tolerance to calcium, and diethylenetriamine-pentyl (DTPMP) is a 

good inhibitor of calcite and barite. There is generally amino tris (methylene phosphonic 

acid) (ATMP) with low biodegradability, low toxicity, and low bioaccumulation. 
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However, in environmentally sensitive areas, other green inhibitors need to be used to 

replace them. These three are the most widely used. 

 

Phosphino Polymers and Polphosphinates: Common scale-control phosphinated 

polymer in oil fields is polyphosphinated carboxylic acid (PPCA). Phosphorus makes 

PPCA easy to analyze and increases its inhibitory properties and calcium compatibility. 

In addition, the phosphorus group enhances the adhesion of PPCA to the underlying 

rock and prolongs the extrusion life. 

 

Green Inhibitors: Green inhibitors are gradually replacing low-biodegradable scale 

inhibitors, which is a major trend at present. There is no clear definition of green anti-

scaling agent. Frenier and Ziauddin (2008) summarized four aspects in the evaluation 

of inhibitors:Global restricted use 

1. Physical/chemical properties 

2. Environmental 

3. Exposure Hazards 

 

2.6.3 Continuous Injection 

It can injected inhibitor into the bottom of wells, downholes of injection wells and 

production wells in a one-time injection or continuously multiple times. A more 

effective method is to continuously inject the inhibitor into the target area. The top of 

the wellhead is usually the injection operation position, and other chemicals required 

for production can also be injected at the same time. Since the acidic components 
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contained in the inhibitor may severely corrode the production pipeline, it is generally 

recommended to add anti-corrosion substances in the scale inhibitor package. If 

continuous injection is required in the downhole production pipeline, using a deep-set 

capillary string to inject the inhibitor downhole. 

 

The disadvantage of the continuous injection method is chemical injection point will 

limit the injection position of the scale inhibitor. Because the distance of the continuous 

injection system is too far, the scale inhibitor usually cannot be delivered to the upstream 

area where the scale is formed. Therefore, the scale may form wellbore reservoir. If the 

inhibitor cannot be injected into the wellbore by the downhole capillary, there will be a 

risk of scaling in the wellbore during the formation of the reservoir (Zhang et al. 2015). 

Besides, because the formation of calcium inhibitors (false scale) can block the injection 

pipe or the wellbore area, continuous injection systems often cause compatibility issues. 

 

2.6.4 Squeeze Treatment 

"Squeezing" or pushing a certain volume of scalant pill into the production formation 

can also achieve the effect of scale inhibition and keep the scale inhibitor in the reservoir. 

In the field, The extrusion process generally pushes three different types of solutions: 

pre-rinsing solution, inhibitor pellets solution, and over-rinsing solution. In order to 

remove the suspicious scale deposition and oil in the reservoir (Fink, 2012), a certain 

amount of pre-flushing solution should be injected into the downhole formation. After 

the pre-flushing, the inhibitor particles should be injected, and then a certain amount of 

excess flushing fluid should be injected to remove the inhibitor. Push to the depths of 



 

31 
 

the bottom strata. Different site conditions can flexibly adopt other more suitable 

solutions. However, it is generally believed that the pre-bleaching liquid, pill liquid, and 

over-bleaching liquid will replace others during the formation process, and the 

dispersion area is small to separate the solution. However, due to the fluidity of laminar 

flow, there is almost no complete mixing. 

 

Then, the well is closed for a few hours or a few days to retain the suppressor after 

compression in the formation medium. When the well resumes production, inhibitors 

will gradually release in brine. Therefore, the structure of the production system and the 

upper wellbore could prevent scaling by producing scale inhibitors in the brine. Under 

normal circumstances, after the extrusion operation is completed, the inhibitor refluxes 

at a lower concentration, and then rapidly increases and reaches a peak, reaching a 

certain concentration level; then, the concentration drops to a stable value in a short 

time , And continue to decrease for the remainder of the extrusion life, until the inhibitor 

in the aqueous phase drops fewer than the minimum inhibitor concentration (MIC) 

required to stop scaling. Figure 2.6.4 is provided by use of SqueezeSoftPitzer! (Version 

4.0)b software package. 

 

Squeeze life refers to the time required to squeeze again after shutting down the well 

and starting production until the concentration of inhibitor decreases less than the MIC. 

Improving the extrusion life has significant economic benefits. Of course, it is more 

inclined to meet the requirement of long-term extrusion life, which could decrese the 
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re-extrusion frequency and let the total extrusion cost be minimum (Tomson and Oddo, 

1996; Kelland, 2009; Fink, 2012). Therefore, it is very important to control the transfer, 

filling and backflow phenomena of scale inhibitors in the reservoir. 

 

In order to achieve a better extrusion design, in-depth research and understanding of the 

scale inhibitor’ s interaction to rocks and the impact of the salt water chemical 

composition on the return behavior of the scale inhibitor (Jordan et al. 1995; Jordan et 

al. 1997; Kan et al. 2005; Tomson et al. 2008). Another important problem is how to 

control the position of the inhibitor in the reservoir, and the best way to transport the 

inhibitor to a specific area to protect the wellbore from sedimentation and accumulation. 

Due to the heterogeneity of the reservoir, the traditional "bullhead" treatment method 

may not always introduce the inhibitor into the correct area, because the pill solution 

tends to pass the channel with minimal resistance. 
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Figure 2.6.4 Return Profile of Squeeze Treatment. Obtained from SqueezeSoftPitzer! Version 4.0 

software package. 

 

2.6.5 Adsorption Mechanism 

The process of combining chemical substances with the solid phase at the interface is 

called adsorption. It is distinguished as physical and chemical adsorption. Chemical 

adsorption is usually permanent, while physical adsorption is relatively weak, but the 

molecules adsorbed physically can move freely. Because the inhibitor can gradually fall 

off the rock and be released at a certain concentration, when the scale inhibitor is fixed 

in the formation rock, it can prevent scaling. In actual operation, physical adsorption is 

a better choice. Some scholars have goals that the phosphate adsorption for inhibitors 

on the surface is made by the hydrophobic repulsion mechanism, but not the interaction 

of certain scale inhibitor molecules with the mineral surface (Tomson et al. 2002). 
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CHAPTER 3 METHODOLOGY 

 

3.1 New Type Tube Reactor 

According to reports, a novel plug flow tubular reactor equipment has studied the 

deposition kinetics of ordinary mineral grade calcium carbonate (CaCO3). Compared 

with conventional equipment, tubular reactors have the advantages of maintaining a 

constant pH value of the solution, surface area, saturation index is controlled and 

hydraulic conditions during the scaling study. The entire CaCO3 scaling process can be 

divided into multiple stages, each of which has different deposition kinetics and 

different complex forms. Besides, the experimental conditions that have a significant 

impact on the CaCO3 deposition kinetics include concentration, temperature, and so on. 

These results help to gain insight into the process of calcium carbonate deposition on 

the pipe material or pipe surface. This new type of tubular reactor enhances the ability 

to study mineral scaling and the influence many environmental factors in the laboratory. 

 

3.2 Experimental Instrument Comparison 

Historically, the deposition kinetics of CaCO3 has been studied by using several main 

types of equipment: (1) beaker (He et al., 1994, He et al., 1995); (2) turntable (Quddus 

and Allam, 2000); (3) Device of constant composition (supersaturation) (Andritsos et 

al., 1997, Stamatakis et al., 2005, Stamatakis et al., 2006, Tomson and Nancollas, 1978) 

and (4) mixed suspension Mixed product removal (MSMPR) (Alvarez et al., 2011, Li 

et al., 2016, Power et al., 2015). The different of these equipments will be shown below 

in Table 3.2. 
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Table 3.2 Different suitation of different testing methods 

 

 

A constant composition device is considered a precise device like pH etc, are all 

constant. However, an invariable composition device cannot keep a stable area. 

MSMPR crystallizer equipment is usually used instrument in the industry, which has 

constant SI and also have the function of solution composition. However, the MSMPR 

equipment and the constant composition equipment are unsuitable for studying scaling 

process in pipelines Therefore, a new type of plug flow tubular reactor was designed in 

this study to study the conduct involving CaCO3 scale. The feed salt solution and the 

constant composition of the known chemical solution are mixed and delivered to the 

tubular reactor with flow rate which is adjustable. The tubular reactor uses a precise 

control method to learn the scaling process kinetics. This study describes for the first 

time a laboratory study of scale deposition kinetics under the conditions we shown 

(Table 3.2). This fancy device separates the growth of crystals from the first attachment 

process, expands the ability to study deposition, and expands the dynamics of a lots of 

factors (concentration, flow rate, and Temperature) on scale. The impact of learning 

(Zhang et al. 2018). 
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3.3 Chemical Material 

Solid of Calcium chloride (CaCl2), sodium chloride (NaCl), potassium chloride (KCl), 

sodium bicarbonate (NaHCO3), and nitric acid (HNO3) are reagent grades. Deionized 

water (deionized water) is prepared through a device specially designed to purify water. 

 

3.4 The Setup of Experiment and Tube Reactor 

To study the solid deposition kinetics of CaCO3 should use a new plug flow tube reactor 

device. The setup included a tubular reactor with 0.91 cm inner diameter (ID) and 12.7 

cm steel pipe, two peristaltic pumps, and many sample collectors. The tubular reactor 

is immersed in a heated water bath in a fixed temperature. The precise diagram of the 

experimental device is shown in Figure 3.4. 

 

 

 

Figure 3.4 Schematic representation of the experimental setup. 
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The outer surface of the tubular reactor is covered with anti-rust oil to prevent external 

corrosion. The device has internal volume of the tube reactor which associated pipe 

volume. The experiment of potassium chloride tracer breakthrough refered to previous 

experiment. Use the same method to prepare NaHCO3 feed brine. Both feed solutions 

are under 100% CO2 saturated atmospheric pressure and temperature is 25°C. The feed 

solution is connected to the tubular reactor, and a part of the coil is immersed in a water 

bath. Before the experiment, preheat the water bath and immersion coil to the required 

temperature. After that, the feed brine contain respectively containing CaCl2 and 

NaHCO3 were pumped into the preheating coil through two peristaltic pumps and the 

flow rates are the same and then flowed into the tube reactor after mixing. Fluid mixing 

is achieved by combining two feed brines into one stream through a T-type mixer. 

Wastewater is collected regularly by the sample collector. Use a pH meter to detect the 

pH of the wastewater solution. The back pressure regulator needs to be in the middle of 

the pH meter and the sample collector to maintain the pressure at 1 atm 

 

We also added an anti-suction device to the entire experimental device to prevent the 

solution from affecting the experimental results. Because our experimental device is 

installed following Figure 3.4 as much as possible, but due to laboratory conditions, we 

can use sample volume for each experiment is also limited, resulting in a short solution 

mixing time, and there may be a pressure difference in the device. There are air bubbles 

in the delivery pipe. 
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3.5 Principles of Scale Inhibitors’ Retention and Release 

 

3.5.1 Retention of Inhibitor in Tube Reactor 

It is necessary to research the retention efficiency of scale inhibitors by studying the 

retention of DTPMP in the tubular reactor. In previous studies, plug-flow type tube 

reactors will be used to study the effeciency of the inhibitor. Before the start of the 

experiment, using a supersaturated CaCO3 solution at 250 mL/h under the conditions of 

1 atm and 70°C to ensure that the reactor continues to flow through the saturated CaCO3 

solution for 12 hours to ensure CaCO3 scale to form in the tube. The solution #1 (In 

Table 3.5.1) used contains 0.1M NaCl, 500mg/L Ca2+ and 1400mg/L HCO3
-, in which 

calcium ion is double from bicarbonate ion. The scaling process must ensure that no 

other liquid passes through the device and that the fouling liquid has no volatile 

substances, otherwise, it will form other components, scales ,or substances that will 

affect the chemical reaction in the test tube afterward. Subsequently, the CaCl2 feed 

solution and the NaHCO3 feed brine containing DTPMP were injected into the reaction 

device at a flow rate of 1000 mL/h at 70° C. and mixed. Subsequently, DTPMP 

concentration in the outflow solution was collected, and two different feed solutions of 

400 mL solution #2 and #3 were pumped into the reaction device. Note that for each 

retention experiment, the clean tube reactor needs to be covered with CaCO3 evenly. 
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Table 3.5.1 Compositions of the brine solutions 

Solution 

# 

NaCl 

（M） 

Ca2+ 

(mg/L) 

HCO3
- 

(mg/L) 

DTPMP 

(mg/L) 

pHc 

1a 0.1 500 1400 0 6.1217 

2b 1 700 2100 2.5 6.3214 

3b 1 700 2100 5 6.0587 

a Solution #1 was saturated with 100% CO2. This solution was flowed into tube reactor to create 

CaCO3 layer on the inner surface at 1 atm and 25℃. 

b Solution #2 and #3 were saturated with 100% CO2. This solution was used to attach DTPMP to 

the CaCO3-coated tube reactor inner surface at 1 atm and 25℃. 

c pH values were tested at 1 atm and 25℃. 

 

 

3.5.2 Release of Inhibitor From Tube Reactor 

After completing the retention operation, feed brine without DTPMP to reasearch the 

release of DTPMP retained in the tube. Take solution #4 in Table 3.5.2 as an example. 

It is feed brine with free DTPMP. It needs to be pumped into the device with 1000mL/h 

at 70℃ after 400mL solution #2 is pumped into the reaction device. A study of the 

release behavior. Solution #4 contains 1M NaCl, 600mg/L Ca2+ and 1600mg/L HCO3
-, 

and the experimental pH condition is about 6.0. The purpose of setting different DTPMP 

concentration ranges is to further understand the release of DTPMP and the influence 

of the composition of the feed brine on its release. Each group of solutions with different 

DTPMP concentrations will be pumped into the 400 mL reaction device with 1000 mL/h 
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in turn, and the concentration of DTPMP and Ca2+ in the flowing solution will be 

detected. Another similar experiment is that after 400mL solution #2 is pumped, 

solution #4 is used to pump into the reactor is from 100ml/h to 1000mL/h. The 

concentration of DTPMP was measured at different flow rates. 

 

Table 3.5.2 Compositions of the brine solutions 

Solution 

# 

NaCl 

（M） 

Ca2+ 

(mg/L) 

HCO3 

(mg/L) 

DTPMP 

(mg/L) 

pHa 

4 1 600 1600 0 5.8729 

5 1 1800 1600 0 6.0187 

6 1 4000 1600 0 5.9815 

a pH values were reported at ambient condition of 1 atm and 25℃. 
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CHAPER 4 RESULTS AND DISCUSSION 

In previous studies, the lowest concentration of DTPMP used was 10 mg/L. However, 

due to the limited concentration of the UV lamp spectrophotometer in the laboratory, 

the lower concentrations of 2.5mg/L and 5mg/L were used in this study. Different from 

the oil field and other industrial operations, sometimes to save additional expenses or 

due to equipment restrictions, lower inhibitor dosages are used during operations. 

Besides, inhibitors’ usage is to control deposition of scale. Therefore, studying effect of 

the ionic strength can also provide a more composive understanding of the effect of the 

inhibitor, but due to the limitations of the equipment, this experiment did not do this. 

For further research, this experiment can be added to further experiments in the future. 

Also, the flow rate will affect the reaction of the inhibitor in the solution with the scale 

in the tube, and the study of its influence on the inhibitor effect can be reflected in the 

actual operation to achieve the best efficiency required by the pumping device. The 

concentration of scaled metal ions determines the severity of scale, which in turn affects 

the retention and release effects of inhibitors. 

 

4.1 The Effect of Inhibitor Concentration on Retention and Release of DTPMP  

Under the conditions of 1 atm and 25°C, prepare #1~#3 supersaturated CaCO3 solutions. 

With KCL tracer as the control group, solution #2 and solution #3 each were added with 

2.5 mg/L and 5 mg/L DTPMP. According to Table 4.1.1, when flow rate is 1000mL/h, 

the Tracer and Solution #2 and #3 were pumped through the tube reaction device 

covered with CaCO3, and samples were taken every 50mL for testing. Finally, the 

relationship diagram of DTPMP concentration and the feed brine volume were plotted. 
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It can be seen from the figure 4.1.1 that when the feed brine volume is 400mL, the 

pumped solution #3 (5mg/L DTPMP) can almost reach 100% breakthrough level. And 

solution #2 (2.5mg/L DTPMP) achieves about 90% breakthrough. At the same time, it 

can be seen that the breakthrough curve of solution #3 is generally higher than that of 

solution #2 and reaches the maximum speed faster. This confirmed the results of 

previous experiments. The higher the concentration of DTPMP in the feed solution, the 

easier and faster it will reach the final breakthrough level (Zhang et al, 2018). 

 

Table 4.1.1 Effluent DTPMP Concentration in Different Feed Brine Volume of Solution #2 and #3 

in Retention 

  Feed Brine Volume (mL) 

Solution 

# 
50 100 150 200 250 300 350 400 

2 1.331 1.379 1.587 1.987 2.081 2.213 2.197 2.208 

3 2.587 3.185 3.786 4.481 4.639 4.904 4.843 4.972 

 

 
Figure 4.1.1 Breakthrough Curves of KCl Tracer, Solution #2 and #3 in Table 3.5.1. 
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After pumping solution #2 and #3 respectively, pump solution #4 (In table 3.5.2) into 

the device with 1000mL/h, and take a sample every 50ml for UV spectrophotometer 

detection. Solution #4 does not contain DTPMP and be pumped at 1 atm and 70°C. In 

Figure 4.1.2, the DTPMP concentration in the effluent is much higher than the 

concentration of 200~400ml before 200mL. This is because Ca2+ and DTPMP form a 

complex of difficult Ca-DTPMP, which reduces the concentration of DTPMP in the 

solution, resulting in a decrease in the concentration of DTPMP detected from effluent. 

 

Table 4.1.2 Effluent DTPMP Concentration in Different Feed Brine Volume of Solution #2 and #3 

in Release 

  Feed Brine Volume (mL) 

Solution 

# 
50 100 150 200 250 300 350 400 

2 0.498 0.481 0.576 0.582 0.119 0.128 0.158 0.198 

3 0.875 1.011 1.158 1.226 0.269 0.263 0.252 0.244 

 

 

Figure 4.1.2 Effluent DTPMP Concentrations of Solution #2 and #3 in Table 3.5.1 
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4.2 The Effect of Brine Chemistry on The Release of DTPMP 

To better explore the influence of brine chemistry on the release behavior of DTPMP, 

this study set up other experiments. Different Ca2+ concentrations feed brine were 

prepared, as shown in Table 4.3.1. They are all pumped into the tube reactor under the 

same pH, isostatic and isothermal conditions. Similar to the previous operation, first 

ensure that the experimental conditions are 1 atm, 70°C, and pump solution #2 with 

1000 mL/h to make DTPMP attach to the surface. Then pump solution #4 at the same 

flow rate to test the effect of different concentrations of Ca2+ on the release of DTPMP. 

Each group of solution #4 with different Ca2+ concentrations will pump 200mL. As 

shown in the table, solutions #4 to #6 are all supersaturated CaCO3, and the Ca2+ 

concentration range is 600 to 4000 mg/L. Detect the concentration of DTPMP in the 

effluent to indicate the effect of release. 

 

Table 4.2 Effluent DTPMP Concentration in Different Feed Brine Volume of Solution #4, #5 and 

#6 

  Feed Brine Volume (mL) 

Solution 

# 
0 25 50 75 100 125 150 175 200 

4 0.241 0.258 0.236 0.218 0.244 0.248 0.253 0.235 0.242 

5 0.251 0.268 0.207 0.162 0.195 0.188 0.204 0.173 0.189 

6 0.174 0.241 0.211 0.147 0.11 0.158 0.109 0.119 0.105 
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Figure 4.2 Effluent DTPMP Concentration of Three Different Feed Solutions (Solution #4, #5, #6) 

after Pumping Solution #2 

 

It can be seen from the chart and figure that as the concentration of Ca2+ increases, the 

concentration of DTPMP detected in Solution #4~#6 in effluent decreases from 

0.242mg/L to 0.105mg/L. This shows that the concentration of Ca2+ ions will affect the 

release behavior of DTPMP in the tube. Analyzing the three sets of data, it can be found 

that the curve of Solution #4 is relatively smooth and stable, and Solution #5 and #6 

both have relatively close values at the beginning. This is due to the limitations of the 

experimental operation, it is impossible to continuously pass three different 

concentrations of solutions. As a result, every time the solution is changed, the solution 

previously passed into the device is not completely drained, so that the value detected 

at the beginning is close to the original concentration of 0.25 mg/L. The concentration 

of Ca2+ in different solutions will also cause the different of each DTPMP concentration 

tested in different brine volume and the values also decrease. This is because Ca2+ ions 
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will form a solid with DTPMP, which will increase the blockage in the tube reactor, and 

the flow of solution in the tube will not be smooth, which will also affect the stability 

of the test results. Since the solid is not easily soluble, the DTPMP in the solution is 

consumed to produce the solid, which explains why the concentration of DTPMP in 

effluent decreases the Ca2+ in the feed brine solution increases. This phenomenon will 

also affect the results of other experiments in this study. If the situation is serious, the 

pumped solution cannot be discharged smoothly, and the pressure inside the tube will 

increase and even cause damage and water leakage to the tube reactor. This is also the 

most important factor leading to errors in the results of this experiment. 

 

4.3 The Effect of Brine Flow Rate in Tube on The Release of DTPMP 

In addition to the chemical properties of the solution itself, the dynamic behavior of the 

solution will also affect the chemical reaction in the solution, for example, stirring is 

more conducive to dissolution. Water conservancy conditions may have a great impact 

on the formation of scale and the retention and release of inhibitors in-field operation 

facilities. As mentioned above, physical scale inhibition is often used in actual oilfield 

operations or pipeline transportation facilities. This method of relying on adhesion to 

scale is more likely to receive flow interference. 

 

In this experiment, three different flow rates were used in the laboratory to simulate the 

pipeline environment with different flow conditions to study the release of DTPMP. 

First, solution #2 is introduced into the device to allow DTPMP to be attached to the 

CaCO3 scale in the tube reactor, and then solution #4 is pumped into it at different flow 



 

47 
 

rates, and the concentration of DTPMP in the effluent is detected to predict the release 

of DTPMP. Before changing the flow rate each time, the same concentration of DTPMP 

is injected under the conditions of 1 atm and 70°C to ensure the control variables, and 

the feed brine is also maintained at the same concentration of Ca2+ to prevent it from 

affecting the reaction. In this study, four different flow rates ranging from 100 to 1000 

mL/h were used to make Solution #4 pass into the tube reactor for five minutes, and 

samples were taken every minute to draw a chart to compare the release of DTPMP. 

 

Table 4.3.1 DTPMP Concentration with Different Flow Rate 

Flow Rate, Q 

(mL/h) 

Flow Velocity, v 

(cm/s) 

L/v 

(Sec) 

DTPMP 

Concentration 

(mg/L) 

100 0.0427 297 0.240 

200 0.0854 149 0.141 

500 0.2135 59 0.042 

1000 0.4271 30 0.016 

 

 

Table 4.3.2 DTPMP Concentration with Different Flow Rate in Different Time 

  Time (min) 

Flow Rate, Q 

(mL/h) 
1 2 3 4 5 

100 0.247 0.239 0.241 0.236 0.229 

200 0.148 0.134 0.141 0.139 0.142 

500 0.051 0.044 0.039 0.037 0.037 

1000 0.029 0.018 0.015 0.008 0.011 
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Figure 4.3 The Effluent DTPMP Concentration Impacted by Feed Solution Flow Rate on The 

Release of DTPMP 

 

In this study, we can understand from the chart that the concentration range of Effluent 

DTPMP is approximately 0.24~0.011 mg/L in the range of flow velocity from 

0.0427cm/s to 0.4271cm/s. It is proved that when flow rate increases, the concentration 

of DTPMP in the effluent will decrease which means reduce the release of DTPMP, and  

when the flow rate in the tube increases, the inhibitor is more difficult to release. 

However, it must be considered that the Ca2+ ions and DTPMP in the solution will form 

a Ca-DTPMP solid, which will reduce the pipe area othat the flow will also decrease. 

In this way, the actual flow rate in the pipe has deviation. In this experiment, Solution 

#4 was maintained, and the flow rate of the peristaltic pump was changed after 5 minutes. 

Therefore, the Ca-DTPMP solid formed before has caused a certain degree of blockage 

in the pipeline. This also explains why the experimental results of 50~150 mL feed brine 

are not much different and the value is small, while the flow rate of the first 50 mL 

detection is 0.0427cm/L and the DTPMP concentration of 0.0854cm/L will be greater. 
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CHAPER 5 CONCLUSION AND RECOMMENDATION 

This study evaluated the attach-and-release strategy to apply scale inhibitors for pipeline 

scale control. Under laboratory conditions, the retention and release of DTPMP 

inhibitors from tube reactor have been studied. It is learned from the experiments that 

the retention and release of DTPMP influenced by the concentrations of DTPMP in the 

feed brine. During the attachment stage, as the concentration of DTPMP increases, 

aqueous DTPMP concentration will increase in the effluent from the tube reactor. 

During the release stage, DTPMP release behavior in tubular reactor is affected by 

concentration of scaling metal ions and flow rate over a wide tested range. It was found 

that the increase in the concentration of Ca2+ in the feed brine will reduce the 

concentration of DTPMP in the effluent. Moreover, since Ca2+ reacts with DTPMP to 

produce complexes, an increase in the concentration of Ca2+ will cause more Ca-

DTPMP solid to be produced, which will result in a lower the concentration of DTPMP 

in the solution. The resulting complexes will also aggravate the blockage in the tube, 

which will affect subsequent experiments and even the airtightness of the Tube Reactor. 

Besides, the increase in flow rate in the tube will reduce the concentration of DTPMP 

in the effluent. This is because with the increase of flow rate as well as flow velocity, 

the DTPMP has a higher tendency to be released from the tube reactor. The experimental 

results suggest that the evaluated phyiohcemical parameters can considerably impact 

both the attachment and release behaviors of DTPMP scale inhibitors to and from the 

tube reactor device. This study suggests that another factor to be concerned with is the 

formation of Ca-DTPMP solid and its impact on the attachment and release of DTPMP 
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from the tube reactor. The DTPMP molecules have a high tendency to react with Ca2+ 

ion, subjecting the fixation of the DTPMP inhibitors form the aqueous solution. Based 

on the results obtained from this study, the attach-and-release strategy of inhibitors can 

be recommended to be applied to various industrial operations for mineral scale control 

especially for pipeline transporting aqueous solutions. 
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