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Abstract    

The development of effective scale-inhibitor (SI) squeeze treatments remains a challenge for 

carbonate reservoirs because of their chemical reactivity with the SI. This interaction frequently 

results in the precipitation of a SI/Ca complex which may either contribute to extending the 

squeeze lifetime, or alternatively, it may induce formation damage. Thus, the SI – carbonate 

interaction may be a benefit or a problem. 

The work in this PhD takes a systematic approach to understanding the retention mechanisms of 

SI in carbonate formations.  Factor are considered such as, the detailed carbonate-formation 

mineralogy, the type of SI and reservoir conditions. Static bulk adsorption/ compatibility 

experiments, described as “apparent adsorption” (app) tests, have been performed to evaluate 

the region where different retention mechanisms may apply; viz. pure adsorption () and coupled 

adsorption/precipitation () of different SI species onto the carbonate mineral from brine 

solutions.  

Apparent adsorption and compatibility (no mineral) experiments were conducted for five SIs at 

various conditions: initial pH values, mineralogical compositions (calcite, limestone, and 

dolomite), and temperatures.  The SI species used in this study included a phosphonate (di-

ethylene tetra-amine penta (DETPMP)), a phosphate ester (polyhydric alcohol phosphate ester 

(PAPE)), and three polymeric SIs (polyphosphino carboxylic acid (PPCA), P-functionalized 

copolymer (PFC), and sulfonated polyacrylic acid copolymer (VS-Co)). All precipitates were 

studied using environmental scanning electron microscopy/energy dispersive X-ray 

(ESEM/EDX) and particle-size analysis (PSA).  

The main conclusions from these coupled  experiments are as follows:  

✓ For all SI-carbonate mineral systems under virtually all pH and T conditions, clear 

regions of pure adsorption () and coupled adsorption/precipitation () were clearly 

observed with the region of being dominant in almost all cases (except for VS-CO – 

see below).  

  

✓ For the polymeric SIs (PPCA, PFC, and VS-Co), the highest retention (apparent 

adsorption) levels were observed at low pH for all carbonate substrates.  This was 



3 
 

because of the increase in divalent cations calcium and magnesium (Ca2+ and Mg2+) 

available from rock dissolution forming SI–M2+ complexes which then precipitate.  For 

DETPMP and PAPE SIs, the retention level was greatest at higher pH values, because 

the SI functional groups were more dissociated and, hence, available for complexation 

with M2+ ions. Thus, the polymer precipitation (phase separation; ) was mainly affected 

by the concentration of Ca2+ in solution, and the phosphonate and phosphate ester were 

main affected by the final pH, where the higher the final pH levels led to further 

dissociation of the SI and more precipitation.  

 

✓ The polymeric VS-Co species was rather exceptional in that it predominantly showed 

pure adsorption with only a low amount of precipitation (app ~ 1.2 mg/g) in contact with 

the dolomite substrate. This is because of the presence of sulfonate groups (low pKa) 

which have much weaker binding with the Ca2+.  

 

✓ For polymeric inhibitors, the retention level (app) was highest on calcite (highest relative 

calcium content), followed by limestone and dolomite. DETPMP and PAPE SIs showed 

the highest retention levels on dolomite (higher final solution pH and more SI 

dissociated), followed by limestone and calcite.  

 

✓ For all SI species, higher retention (more precipitation, ) was observed at elevated 

temperatures. At lower temperatures, an extended region of pure adsorption was 

observed for all SIs.  

 

The information presented in this study will be helpful in SI product selection on the basis of 

mineralogy and reservoir conditions. As a consequence, longer squeeze lifetimes and improved 

efficiency of SI deployment in carbonate reservoirs can be achieved.  In addition, this study 

provides valuable data for developing and validating models of the SI/carbonate/Ca/Mg system 

that can be incorporated into squeeze design simulations. 
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SI Scale Inhibitor 

MIC Minimum Inhibitor Concentration 

𝐾𝑠𝑝 Equilibrium Solubility Product 

m/V Mass Volume ratio 

 Freundlich Constant 

𝜑 Fraction of the precipitation 
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http://www.thwater.net/Polyhydric-alcohol-phosphate-ester.htm
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1. CHAPTER 1: INTRODUCTION 

1.1. What is “scale”? 

Scale formation is the deposition of sparingly soluble inorganic salts from aqueous solutions1. It 

is caused by a change in the saturation equilibrium when there is variation in temperature, 

pressure, or change in the solution chemistry 2. Oilfield scale will only occur when free-water is 

produced 3. Oilfield scaling is a common problem in the oil and gas industry. Problems with 

scale cost the industry millions of dollars in damage and lost production 4. Mineral scale 

deposition can occur once water has broken through into the producer wells and the type and 

severity of the scale depends on the water chemistry of the injected and formation brines and the 

physical conditions (temperature and pressure)5. Seawater, as the main source for injection 

water, has high concentrations of anions such as SO4
-2, while formation waters are usually rich 

in cations such as Ca2+, Ba2+ and Sr2+. Mixing these incompatible or chemically different waters 

leads to precipitation of minerals such as CaSO4, BaSO4 and SrSO4 during water flooding 

processes 6–9. Precipitation of minerals occurs when the concentration of solute exceeds its 

solubility under specific thermodynamic conditions. In addition, the release of carbon dioxide 

during reservoir depletion and the drawdown of production wells also contributes to the 

formation of carbonate scale10. The effect scale formation on the production depends on the 

location. Scale in the near wellbore can cause severe formation damage. It can block the fluid 

flow by clogging the pores, leading to reduced production rates. If the scale is formed in the 

production tubing the flowing area is reduced, resulting to a reduction in the production rate. 

Scale in the topside facilities may lead to accumulation of scale in the surface facilities, 

insufficient separation, and poor water quality. This can result in significant production losses11.  

1.2. Mechanism of Scale Formation 

In general, scales start to form at supersaturated conditions through nucleation, crystal growth 

and agglomeration processes11,12. Firstly, the small mineral nanocrystals must grow from the 

solution. An unstable cluster of the atoms at which the deposition of solid takes place is 

developed. This process is called nucleation, as illustrated in Figure 1.1 and Figure 1.2 . The 

nuclei are ion clusters, ion pairs and crystal lattice particles. At the condition where the crystal 

nuclei flow together with the solution in the system and not deposited onto the surface, 

homogeneous nucleation takes place13. If the nuclei come from the foreign particles, then the 
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nucleation is categorized as heterogeneous nucleation. It usually causes by the high degree of 

turbulence which leads to more scale precipitation. 

  

             Figure 1.1. Homogeneous Nucleation14 Figure 1.2. Heterogeneous Nucleation11 

                  

1.3. Various Types of Scale  

Several types of scale form in oil fields. The most common scales are as follows1: 

• Calcium carbonate (calcite and aragonite)  

• Sulphate salts of calcium (gypsum), strontium (celesite), and barium (barite)  

• Sulphide scales of Iron (II), zinc, and lead (II) 

• Sodium chloride (halite) 

1.3.1. Carbonate scale 

When pressure drops, CO2 comes out of the produced water and causes water pH and saturation 

index of carbonate minerals to increase and thus precipitation occurs. The governing equations 

for calcium carbonate precipitation are as follows:  

𝐻𝐶𝑂3
−(𝑎𝑞) + 𝐻+(𝑎𝑞) ⇌ 𝐻2𝐶𝑂3(𝑎𝑞) ⇌ 𝐶𝑂2(𝑔) + 𝐻2𝑂(𝑙)                                                      (1.1) 

2𝐻𝐶𝑂3
−(𝑎𝑞) + 𝐶𝑎2+(𝑎𝑞) ⇌ 𝐶𝑎𝐶𝑂3(𝑠) + 𝐶𝑂2(𝑔) + 𝐻2𝑂(𝑙)                                                   (1.2) 
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Since CO2 is released from the water as a result of pressure reduction (in chokes and separators), 

the above reaction (reaction 1.2) proceeds to the right and thus calcium carbonate precipitates. 

Calcium carbonate will not deposit in the well when there is a high CO2 content and low pH. As 

the pressure drops, the scaling will escalate upstream further into the producing well3. Figure 1.3 

shows a thick scale layer of calcium carbonate in a production tubing1.  

 

 

                                                                Figure 1.3. Calcium carbonate scales1 

 

1.3.2. Sulphate Scale 

Unlike carbonate scales which can be treated by acidization, the sulphate scales of barium and 

strontium are very insoluble and difficult to remove. This type of scale is usually a problem in 

seawater-flooded reservoirs. Sulphate scales form by the mixing of sulphate ions and group (II) 

metal ions, except magnesium. The sulphate scale formation causes severe formation damage 

and flow assurance issues. These reactions are: 

𝐵𝑎2+(𝑎𝑞) + 𝑆𝑂4
2−(𝑎𝑞) → 𝐵𝑎𝑆𝑂4(𝑠)  

𝑆𝑟2+(𝑎𝑞) + 𝑆𝑂4
2−(𝑎𝑞) → 𝑆𝑟𝑆𝑂4(𝑠)                                                                                         (1.3) 

𝐶𝑎2+(𝑎𝑞) + 𝑆𝑂4
2−(𝑎𝑞) → 𝐶𝑎𝑆𝑂4(𝑠)      
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As you go down group (II) in the periodic table, the solubility of the sulphates decreases. 

Consequently, barium sulphate is the least soluble and hardest to control. Sulphate scaling, is 

usually formed when formation water is mixed with injected seawater. This causes precipitation 

of sulphate scales. It is the high concentration of sulphate ions in the seawater mixing with group 

(II) metal ions in the formation water that lead to scale formation3. 

1.3.3. Sulphide Scale 

 Sulphide scales are less common but can still cause serious problems. This type of scale is 

formed mainly by the interaction between hydrogen sulphide and iron, zinc or lead. The most 

common among them is iron sulphide, mainly from the corrosion of steel in producing wells. In 

oil wells, the bulk of hydrogen sulphide comes from the activity of sulphate-reducing bacteria, 

SRBs, on the sulphate ions in the injected seawater. The SRBs reduce sulphate ions to hydrogen 

sulphide (H2S), which is in equilibrium as follows: 

 𝐻2𝑆 + 𝐻2𝑂 ⇌ 𝐻3𝑂
+ + 𝐻𝑆−                                                                                                                                                     (1.4)        

𝐻𝑆− + 𝐻2𝑂 ⇌ 𝐻3𝑂
+ + 𝑆2−                                                                                                                                                        (1.5)                                              

Iron (II) ions are formed mainly by corrosion of steel either in the injector or producing wells. 

They can react with the sulphide ions and form iron sulphide scale3.  

𝐹𝑒2+(𝑎𝑞) + 𝑆2−(𝑎𝑞) → 𝐹𝑒𝑆(𝑠)                                                                                               (1.6)                                                                                               

 

1.3.4. Halite Scale 

Halite (NaCl) has been considered a non-conventional scale but with the recent upsurge in deep-

water, high pressure, high temperature, gas condensate fields there has been more coverage of 

this type of scale in the literature15,16. Halite precipitation is unsurprisingly more often a 

challenge in high salinity wells and can plug downhole production tubulars, topside process 

equipment and pumps. Deep, high temperature wells are particularly susceptible to halite 

deposition as they can be prone to a greater degree of cooling, one of the major drivers for 

deposition. Unlike conventional carbonate and sulphate scales, for halite scale the driving force 

for precipitation is small yet the concentration of ions is huge17.  
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Halite scaling is also a self-scaling process. The drivers are falling temperature and evaporation. 

Halite solubility in water decreases with decreasing temperature, favouring halite dropout during 

the production of high total dissolved solids (TDS) brines to the surface. Evaporative loss of 

liquid water is generally the result of gas breakout from under saturated condensate and oil wells, 

as well as the expansion of gas in gas wells. This increase in water vapour can leave behind 

insufficient liquid water to maintain halite solubility in the coproduced brine phase. Halite self-

scaling is found with both high-temperature and low-temperature wells (e.g., with 125 and 350°F 

bottom hole temperature (BHT) gas/gas condensate wells). 

The most common method of countering the deposition of halite scale is the injection of fresh or 

less saline water, via batch treatments to the affected zones or via continuous injection upstream 

of the deposition zones. This is a very valid approach that is both cost effective and efficient. 

However, this is not always the most practical solution as the large volumes of fresh water 

required may not be available, nor may it be possible to introduce the water in the required 

volume to the affected zones. In these instances, sub-stoichiometric chemical halite inhibitors 

are a valid alternative18.  

1.4. Location of Scale Deposition 

As mentioned above, scale is deposited along the water path wherever the injected brine 

comingles with formation water or under physical changes like pressure or temperature. The 

scales can be precipitated along the injection well, wellbore, reservoir or surface equipment as 

presented in Figure 1.4 & Table 1.1.. 

https://petrowiki.org/Glossary:TDS
https://petrowiki.org/Glossary:BHT
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Figure 1.4. Location of Scale Deposition3 

Table 1.1. Potential Scale Deposition19 

Location Scale Formation Mechanism 

A to B Mixing of Brine 

B to C Increasing Pressure and Temperature 

C to D Decreasing Pressure 

C to F Reaction with Rock by Cation Exchange, dissolution, 

etc. 

D to F Mixing of Injection Water and Formation Water 

E to J Decreasing Pressure and temperature. Release CO2 

and 

water evaporation 

F Breakthrough of Mixed water (Sea Water+ Formation 

Water) 

A to B Mixing of Brine 
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1.4.1. Reservoir Matrix 

Scale deposition in the subsurface is a critical issue especially in pore throats which impact on 

porosity and permeability reduction, see Figure 1.5. Carbonate scales and sulphate scales that 

are deposited in the near wellbore can block the perforation interval and reduce well productivity. 

However, scales precipitated deep in the reservoir would not be a severe problem since they are 

not accumulated locally20. The more scale dropped out deep in the reservoir, the lower the scale 

potential will be at near or in the wellbore, depending on the mixing process and how depleted 

the scaling ions are when they reach the production well. For example, if BaSO4 is precipitated 

out deep in the reservoir, it will reduce Ba2+ ion concentration and reduce scale potential at the 

wellbore. 

 

Figure 1.5. Scale deposition in the Matrix Reservoir11 

 

1.4.2. Producer and Injector Wells 

Deposition of scale in the tubing will reduce the internal diameter of the pipe, see Figure 1.6. It 

will reduce flow area and increase flow resistance inside the tubing. The carbonate and sulphate 

scale deposited near and at the wellbore will block down-hole equipment including perforation 

intervals, gas lift mandrels, nipples, etc., and the result is production losses are observed. 

Deposition is also possible in production equipment or surface pipelines. An example of a severe 

problem due to this type of deposition was reported in the Miller field. Production declined 

dramatically from 30,000 Barrels of Fluid per Day (BFPD) to 0 (BFPD) within 24 hours. It was 

investigated and found that there was a reduction up to 40% of flow area in the tubing due to 
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scale build up3. Injection wells have the potential for scale deposition through auto scaling 

processes due to a change in temperature and pressure along the wellbore. At the initial stage of 

injection, scale is possible around wellbore due to contacting of injection water with formation 

water or completion water, as seen in Figure 1.7. 

 

Figure 1.6. Scale deposition in the wellbore3 

 

 

Figure 1.7. Scale Deposition in the Injection Well3 
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1.5. Detection methods of Scale Deposition 

1.5.1. Visual Inspection 

Visual inspection is the easiest, quickset and cheapest investigation and the first step to identify 

the presence of scale. The sample can be taken from surface equipment, for instance, separator, 

pump, choke, etc. The sample can be analysed in a laboratory by microscopic investigation in 

terms of colour, size hardness and odour. 

 

1.5.2. Core analysis 

A lot of laboratory study had been conducted using core analysis to observe scale deposition. A 

core sample is taken from a reservoir and investigated in a laboratory. The core is dried and cut 

into sections. Scanning Electron Microscopy (SEM) is used to study crystal habit, scale size, 

morphology and scale distribution in the core21. 

 

1.5.3. Gamma Ray and Calliper Logs 

Gamma Ray and Calliper Logs are run down through tubing to detect scale deposition along the 

wellbore. As seen in Figure 1.8, a Calliper Log is run to measure decreasing tubing inner 

diameter as an indication of scale deposition. In addition, a Gamma Ray Log is run to detect 

radioactive radium Ra226. It is usually present together with scale especially barium sulphate, 

BaSO4. 
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Figure 1.8. Gamma Ray Log to identify scale deposition in the wellbore11 

 

Blue dash line represents Gamma Ray log run in April 1997 before a scaling removal job. While 

the red line represents a Gamma Ray log run in 1998 after a scale removal job. The focused 

interval depth is X872m to X894m. As seen in Figure 1.8, there was a peak API (American 

Petroleum Institute) value (blue dash line) within the depth of interest, indicating scale deposition 

over a range of depths. After the removal job in May 1998, the Gamma Ray log was run again 

into the wellbore. It was observed that there was a significant reduction of API indicating the 

success of the scale removal job11.  

 

1.5.4. Produced Water 

Scale detection can be identified by the study of produced water, especially if it coincides with 

decreasing production rate. A water sample is taken from the well and one conducts water 

chemical analysis. The potential for scale deposition is indicated by a reduction in scaling ion 

concentration, such as Ca2+, Mg2+ and Ba2+ in the produced water, especially after injected water 

reaches producer wells22.  

 

1.6. Scale Prevention and Removal 

Scale prevention has become more important due to most of operated fields which have already 

entered secondary or tertiary recovery. The use of water injection or water based Enhanced Oil 
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Recovery (EOR) to improve oil recovery becomes crucial due to the incompatibility between 

injected water and formation water. The scale deposition in the field will cause high production 

loss and costly treatments3,11.  

 

1.6.1. Scale Prevention 

Through the concept of nucleation and crystal growth discussed earlier, the scale inhibitors (SIs) 

are designed to stop the development of nucleation; scale growth and adherence to the surface 

thus potentially reduce the rate of scale formation9. Once the solid has been precipitated, the 

removal scales job operation should not damage the reservoir, wellbore or other equipment.  

With physical prevention, there are some methods that are practically applied including the 

selection of injected fluid, water treatment before injection, pH control and some other physical 

methods23 such as Nuclear Magnetic Resonance (NMR), micro electrolysis, electrostatic, high 

pressure-high frequency and anti-bond polymer methods. However, these techniques are rather 

inefficient.  

The formation of scales may also be mitigated by chemical treatments. Injecting diluted sea 

water which has low ion concentration could minimize the formation of scales since it reduces 

the active scaling ions in the solution. Moreover, scales can also be inhibited by adding SIs, ion 

exchange, chemical treatment, dilution to lower the solubility limit, etc. Especially for sulphate 

scales, the sequestering and chelating ions (Ca2+, Sr2+ and Ba2+) are possibly applied24.  

 

1.6.2. Scale Inhibitor 

Scale inhibitors (SIs) are chemicals used to prevent the formation of scale. An inhibitor is defined 

as “Any chemical agent that reduces the rate of formation of a fouling scale”.  SIs are water-

soluble chemicals that prevent or retard the nucleation and/or crystal growth of inorganic scales, 

causing deformation of the normal crystal growth pattern and block the formation of larger 

crystals1. A good SI should be: 

 

• Efficient: it must be able to inhibit the scale in question, irrespective of the mechanisms 

operating.  

• Stable: it must be stable under high temperatures  
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• Compatible: it must not interfere with the action of other oilfield chemicals, nor be 

affected itself by them. It must be compatible with the chemical injection system under 

operating conditions. 

• Threshold inhibition: these species must inhibit scale formation at very low 

concentrations, typically between 1-20 ppm active inhibitor concentrations. This level 

is also referred as a minimum inhibitor concentration (MIC). 

 

• Long squeeze lifetime: these must show long return profiles from the reservoir, typically 

between 3-12 months at levels higher than the required threshold concentration level. 

 

The SI must interact either with the anions or the cations in solution, to successfully bind to the 

scale particle. These interactions are often necessary to hold the inhibitor tightly on the scale 

surface, to prevent the molecules with similar functional groups to interact with the lattice ions 

on the crystal surface1.  

 

1.7. Properties of Scale Inhibitors 

The ion composition, pH, salinity and temperature from field to field varies considerably 25. For 

example, the water properties in the central North Sea tend to have a high barium content with a 

pH range from 4.4 to 7.5. However, the typical water found in the Southern North Sea has high 

salinity with high sulphate content.  Thus, the chemical SI should have characteristics which can 

withstand the in-situ environment. The chemical inhibitors have to be stable in brine rich in 

divalent ions, stable in the presence of another chemical, stable at pressure and temperature, and 

have a good balance for adsorption-desorption, low toxicity, high biodegradability at a 

reasonable cost7.  

 

1.8. Techniques of Scale Inhibitor Deployment 

The chemical Sis are placed into reservoir formations to mitigate scale depositions in the 

production zone. There are two techniques that are used in the field implementations, (I) 

hydraulic fracturing and (II) squeeze inhibitor. 
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1.8.1. Hydraulic Fracturing 

It is often possible to place the chemical inhibitor along with a hydraulic fracturing treatment, 

see Figure 1.9. The inhibitor together with proppant fracture fluid are injected down to the 

wellbore. Water soluble Polyphosphates have been used in this way and have been effective to 

minimize calcite and sulphate scales in the reservoir matrix 26. However, this technique is 

expensive and needs proper fracturing design. 

 

Figure 1.9. Hydraulic Fracturing Inhibition Treatment11 

 

1.8.2. Continuous Scale Inhibitor Injection 

The continuous injection scale treatment method is a technique in which the inhibitor is pumped 

down tubing from the surface and enters the production stream at a depth where scaling is not 

yet occurring. Chemicals must be injected continuously. The treating string usually has a surface 

pump, a metering device, a connection to the wellhead, and an entry to the flow stream. The 

objective of the treatment is to prevent scaling of downhole equipment and stop precipitation on 

the formation face near the wellbore. Liquid solutions of SIs are typically applied in this method, 

and the equipment is installed by the well service company. The liquid SIs are usually diluted to 

achieve good distribution of the inhibitor in the brine stream and to avoid precipitation caused 

by concentrated inhibitor contacting the brine. Continuous treatment allows the most efficient 

application of chemical inhibitor because only the effective dosage required is actually pumped 

down the treating string. The most undesirable features of continuous injection are (1) the 
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continual need for personnel to refill chemical pumps at specified times and (2) the risk that the 

pump can fail and allow scale to build up, which can result in expensive remedial operations. 

 

1.8.3. Scale Inhibitor Squeeze Treatments 

Squeeze treatment is a method to place the chemical inhibitor in the reservoir by pumping down 

through the wellbore. The chemical solution will penetrate to the near wellbore and further into 

formation, see Figure 1.10. This method starts with pre-flush stage by injecting brine. It is then 

continued by the squeezing stage where the SI chemical is injected and pushed further into the 

formation. The chemical will be adsorbed onto the surface rock. It prevents the scale formation. 

Later, the over-flush stage is started, and the well is shut in for a period of time. The chemical 

will be produced afterwards together with reservoir fluid7,26,27. This method will be repeated until 

the concentration of the SIs is no longer effective. Compared to the hydraulic fracturing and 

continuous injection methods, the squeeze inhibition method is inexpensive28.  

 

Figure 1.10. Schematic of the field SI squeeze operation. (a) The process of injecting inhibitor into formation; (b) 

the process of returning inhibitor after the shut-in period27 

Here we explain a squeeze treatment in detail. A squeeze treatment is where a SI is injected or 

˝squeezed˝ into the near-well rock formation. Once the chemical has been placed in the rock 

formation, it interacts with the formation (either through adsorption or precipitation). During 

subsequent oil and water production, the inhibitor returns into the produced waters by 
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desorption/re-dissolution at low concentrations (threshold levels) over long periods of time, 

known as the squeeze lifetime. The basic field squeeze strategy is as follows: 

 

• Preflush: The preflush stage is normally injected to condition the formation, with 

typically a mutual solvent being deployed to improve inhibitor retention and well clean-

up times. 

• Main Treatment (Inhibitor Injection): This stage contains the SI injection, normally at 

a concentration in the range of 2.5% to 20%. 

• Overflush: The overflush stage, usually a brine, is deployed to displace the chemical slug 

deeper into the reservoir and thus expose the chemical to a greater surface area of rock 

to achieve a higher level of retention.  

• Shut-in: the shut-in or soak period (generally between 6 and 24 hrs) is the time allowed 

for the inhibitor to adsorb or precipitate on the formation. 

• Back Production: The well is brought back on production. 

Squeeze treatments are not completely trouble free. Major problems can arise if an unsuitable SI 

chemical is placed downhole. If the reservoir conditions are unsuitable for the applied chemical, 

problems associated with the formation of pseudo scales and emulsions can arise29, such as near 

wellbore plugging30. Pseudo scales are formed by temperature-dependant interactions between 

ions such as Mg2+ and Ca2+, present in the field brine and applied inhibitor solution. Precipitation 

will occur if the critical concentration range of these ions and the added inhibitor solution is 

reached. It has also been suggested that the interaction of certain low pH phosphonate species 

with calcium carbonate scale, involves the dissolution of calcite, followed, by the secondary 

precipitation of calcium phosphonate31. Emulsions are caused by surfactant-type inhibitors, e.g. 

phosphate-ester SIs or low pH phosphonates, and can block pore throats in a similar way to 

mineral scale, resulting in a decline in productivity10.  

The success of the treatment is defined by squeeze lifetime which is specified in terms of how 

long the SI is back produced at a concentration greater than the ‘MIC’. Often the squeeze lifetime 

is described in terms of the volume of produced water that scale formation is protected by [SI] 

≥ MIC32,33. The squeeze lifetime in turn depends to a large degree on which mechanism the SI 

is ‘retained’ within the porous medium, i.e. by adsorption or precipitation. Besides the interaction 

mechanism of the inhibitor with the formation (adsorption/precipitation), the lifetime of the 
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squeeze depends upon a number of other physical and chemical parameters of the reservoir such 

as the surface chemistry of the formation (quartz or clays), the wettability of the rock surface, 

the pH of the aqueous media contacting the formation, the formation temperature and pressure 

etc. and some of these factors are discussed in detail later in this section in the light of their 

relevance to the research topic of this thesis. 

 

1.9. Types of Scale Inhibitor 

A list of the most common classes of SIs is as follows1: 

• Polyphosphates  

• Phosphates  

• Small, non-polymeric phosphonates and aminophosphonates  

• Polyphosphates   

• Polycarboxylates  

• Phosphino polycarboxyate polymers  

• Polysulphonates 

Some of these inhibitors widely used in the oilfield industry are explained in detail below: 

 

1.9.1. Phosphonate Scale Inhibitors 

Phosphonate SIs (e.g., DETPMP- penta phosphonate shown in Figure 1.11) forms a class of high 

performing inhibitors which mainly work through a crystal growth inhibition mechanism. 

However, it is known that phosphonates tend to have a lower “cut off” temperature. This means 

phosphonate performs quite poorly at low temperature and work best above a ‘switch on’ 

temperature34. The primary bonding mechanism for the phosphonate group is the ionic 

interaction between the PO3
2- group and the Ba2+ ions of the crystal growth sites33,35. This is 

supported by the fact that the optimum pH for SI performance is reached when the pKa value 

(The pKa is the negative base -10 logarithm of the acid dissociation constant (Ka) of a solution. 

The smaller the value of pKa, the stronger the acid) for  𝑃𝑂3𝐻
− ⇌ 𝑃𝑂3

2− + 𝐻+ is exceeded35–

37. Phosphonate-based SIs has several advantages in squeeze treatments. One disadvantage with 

these SIs is that they are poorly biodegradable. There have been several attempt to make 

environmentally friendly, biodegradable, SIs but rarely phosphonate-based38.  
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Ethylene Diamine Tetra (Methylene Phosphonic Acid)- EDTMP                  Diethylene Triamine Penta (Methylene Phosphonic Acid) - DETPMP 

Figure 1.11. Common oilfield SIs containing phosphonate groups36 

 

1.9.2. Polymeric Scale Inhibitors 

Polymeric SIs (e.g. PPCA- Polyphosphino Carboxylic Acid and VS-Co- sulfonated polyacrylic 

acid copolymer shown in Figure 1.12) are widely used in the oil and gas field because of their 

enhanced thermal stability and better environmental compatibility. However, the squeeze 

efficiency of such threshold inhibitors is typically poor in conventional squeeze treatment39. 

These types of SI work mainly by nucleation inhibition, although as noted above, they also show 

some (poorer) crystal growth retardation. A practical observation supporting this is that the 

inhibition efficiency (IE) of most polymers is high at early times in these tests but tends to be 

lower at 24 hours (where crystal growth mechanisms are more dominant33,40. It is well 

documented that PPCA, as a common example of polymeric SI, is principally a nucleation 

inhibitor, which is effective over longer residence times although it is gradually consumed with 

in the growing crystal lattice. Similarly, this is also true for polyvinyl sulphonate (PVS), 

polymeric SI that has the least crystal growth inhibition properties. PVS is generally in a highly 

dissociated state (due to the low pKa of the sulphonate groups) with weak metal binding, which 

means that it plays a less effective role in the crystal growth mechanism. It is known that 

sulphonate groups do not bind to Ca2+ or Mg2+ cations because these functional groups have very 

low Ka values33,41.  

 

https://www.sciencedirect.com/topics/engineering/oil-fields


37 
 

                                               

            Phosphino PolyCarboxylic Acid (PPCA)                                                                            sulfonated polyacrylic acid copolymer (VS-Co) 

 

Figure 1.12. Chemical Structure of Polymeric Scale Inhibitors42 

 

Carboxylated species, particularly polycarboxylates such as PPCA and maleic acid ter polymer 

(MAT- a green SI) are generally regarded as having crystal growth inhibition properties in-

between those of sulphonated polymers (such as PVS) and conventional phosphonate SIs. These 

differences can be explained on the basis of the binding constants of the functional groups 

sulphonate, carboxylate and phosphonate with Ca2+ cations. At any selected pH and temperature, 

Ca2+ and Mg2+ bond strongest to phosphonate groups (large binding constants, like those quoted 

for DETPMP above), followed by carboxylate (moderate binding constants), followed by 

sulphonate (much weaker binding constants). The performances of the polycarboxylate 

inhibitors in terms of IE (Inhibition Efficiency) can be unsatisfied due to the many bonds between 

the inhibitor and the surface with a polymeric species. Thus, both dissociated and un-dissociated 

acid groups can co-ordinate to the surface. It follows that co-polymers such as sulfonated 

polyacrylic acid copolymer (VS-Co) will operate via both nucleation inhibition and crystal 

growth inhibition mechanisms.  

Polymeric SIs are less sensitive compared with phosphonate SIs to temperature. Similarly, PPCA 

and non-polymeric, mono-phosphonated, carboxylated species such as 2-Hydroxy 

Phosphonoacetic Acid (HPAA) and 2-Phosphonobutane 1, 2, 4-tricarboxylic acid (PBTC) also 

have crystal growth inhibition qualities, although probably not as good as highly phosphonated 

species. For this reason, selected phosphonated and/or carboxylated SIs can be used 

synergistically to improve their crystal growth inhibition properties34.  

 

n m 



38 
 

1.9.3. Phosphate Ester Scale Inhibitors 

Phosphate esters are derivatives of phosphoric acid and alcohols (Figure 1.13). They are sensitive 

to acidic conditions and temperature changes. These inhibitors undergo hydrolysis (break apart 

into several components) at elevated temperatures and in low-pH (acidic) conditions. For that 

reason, they are used in wells with Bottom Hole Temperatures (BHTs) below 150°F. They can 

withstand temperatures of 180°F (82°C) - 200°F (93°C) for a few hours. Within these 

temperature limitations, phosphate esters are generally very effective calcium 

carbonate (CaCO3) and calcium sulphate (CaSO4) inhibitors. Except in acid environments 

(pH<5.5), they also provide excellent control of strontium sulphate (SrSO4) and barium 

sulphate (BaSO4) precipitation. In general, phosphate esters are soluble in and compatible with 

high-calcium brines1,3. 

                                                                    

Polyhydric alcohol phosphate ester (PAPE)                                                                        Diester Phosphate Ester (PE) 

 

Figure 1.13. Chemical Structure of Phosphate Ester Scale Inhibitors3 

 

As phosphate esters show excellent inhibition efficiency at lower temperatures, these SIs may 

be applied in reservoirs with T < 80°C as squeeze treatments and in topside facilities where fluids 

are cooler. The excellent inhibition efficiency combined with the higher degree of 

biodegradation leads this family to be considered excellent environmental SIs43.   

 

1.10. How Scale Inhibitors are Retained in Oil Reservoirs 

It is well known that the two main retention mechanisms that have been found to occur in a 

formation are adsorption () and precipitation (), as shown schematically in Figure 1.14. These 

two mechanisms have already been mentioned above but they are now discussed in more detail 

below.  

http://www.oilfieldwiki.com/wiki/Calcium_carbonate
http://www.oilfieldwiki.com/wiki/Calcium_carbonate
http://www.oilfieldwiki.com/wiki/Calcium_sulfate
http://www.oilfieldwiki.com/wiki/Strontium_sulfate
http://www.oilfieldwiki.com/wiki/Barium_sulfate
http://www.oilfieldwiki.com/wiki/Barium_sulfate
http://www.thwater.net/Polyhydric-alcohol-phosphate-ester.htm
http://www.thwater.net/01-PAPE.htm
http://www.thwater.net/01-PAPE.htm
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Figure 1.14. Two main mechanisms of scale inhibitor retention in porous media44 

 

1.10.1.  Adsorption Mechanism  

Adsorption of SI occurs through electrostatic and van der Waals interactions between the 

inhibitor and formation minerals and this is generally described by an adsorption isotherm, (C), 

which describes the amount of SI adsorption (in units of mg/g of rock for example) as a function 

of the SI concentration, [SI] = C42. 

1.10.2.  Adsorption of Scale Inhibitors on Sandstone Formations 

Adsorption is the common mechanism by which SI is physically or chemically retained on to the 

rock mineral surface within the porous medium10. This process predominantly occurs within 

sandstone formations, especially in the presence of divalent cations (such as [Ca2+], [Mg2+], 

[Fe2+] etc.). The process is affected by the surface charge properties of the formation and nature 

of the inhibitor molecule used45. Generally, as the pH increases the degree of dissociation of both 

the inhibitor molecule and the rock surface increases, this makes the rock substrate more 

negatively charged, and the divalent cations are then adsorbed on to the negatively charged rock 

surface making it less negative and slightly more positive, it is this positive site that attracts and 

lead to the adsorption of an anionic inhibitor molecule45. This phenomenon of adsorption is 

illustrated by the following chemical equations (1.7-1.9), where a silanol (𝑆𝑖𝑂𝐻) surface is used 

as an example: 

Inhibitor adsorption Inhibitor precipitation  
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𝑆𝑖𝑂𝐻 + 𝐻2𝑂 ⇌ 𝑆𝑖𝑂
− + 𝐻3𝑂

+                                                                                                                                              (1.7)  

 

The equation (1) represents how a quartz (silanol) surface dissociates to form a negatively 

charged surface which then adsorbs divalent cations, such as calcium, within the porous medium 

according to the following chemical equation; 

𝑆𝑖𝑂− + 𝐶𝑎2+ ⇌ 𝑆𝑖𝑂𝐶𝑎+                                                                                                          (1.8) 

Adsorbing this positively charged ion will alter (reverse) the ionic characteristics of the 

formation surface making it slightly positive; this will then facilitate the amount at which a 

negatively charged anionic inhibitor molecule would be adsorbed on to the positively charged 

rock site46. 

𝑆𝑖𝑂𝐶𝑎+ + 𝑅 − 𝐶𝑂2
− ⇌ 𝑆𝑖𝑂𝐶𝑎+𝑂2𝐶 − 𝑅                                                                                          (1.9) 

It is this change in surface charge and the degree of dissociation of the SI molecules (also pH 

dependant), that controls the mechanism by which the SI adsorbs onto the sandstone substrate. 

At low pH values the hydrogen boding mechanism is dominant, whilst at higher pH values the 

cation bridging mechanism predominates (see below).  

1.10.3.  H bonding  

The silica surface is neutrally charged at lower pH values and is covered by a monomer of 

hydrogen-bonded water molecules47. Associated SI molecules are polar in nature and will 

displace the water molecules from the surface, leading to a high level of adsorption32,48–50. As 

the solution pH increases, the degree of dissociation of both the SI and the silica surface increases 

resulting in a decrease in adsorption due to the repulsion of the negatively charged ions formed. 

This decrease in the level of adsorption in only observed in distilled water where there are no 

divalent cations, particularly Ca2+ and Mg2+ 48,51, or a system in which  the SI concentration is 

low51.   

1.10.4.  Cation Bridging 

In brine systems, the electrostatic repulsion described above is not observed. This is due to the 

presence of metal cations, including Ca2+, which adsorbs onto the negatively charged silica 
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surface, leading to an occurrence charge reversal. The inhibitor anions in solution are then 

adsorbed onto this positively charged surface through the cation bridges32,49–51.   

𝑆𝑖𝑂𝐶𝑎+ + 𝐴− ⇌ 𝑆𝑖𝑂𝐶𝑎+𝐴−                                                                                                             (1.10) 

1.10.5.  Adsorption of Scale Inhibitors on Carbonate Formations 

In contrary to sandstone adsorption, it was found that the retention mechanism of SI on to a 

carbonate formation can be a more complex process. This is because the carbonate rock itself is 

a very reactive substrate which can react with the inhibitor molecule, therefore complicating the 

adsorption process52. Interfacial phenomena at carbonate/water interfaces are controlled by the 

electrical-double-layer (EDL) forces. Therefore, it is necessary to understand the behaviour of 

the ions’ interactions with the rock surface. Charged species are transferred across any 

solid/liquid interface until it reaches equilibrium. The interface can be visualized as a semi-

permeable membrane that allows the common charged species between solid and solution to 

pass through. These species are called potential-determining ions. As a result of the relative 

motion between the charged dispersed phase and the bulk liquid, the EDL is sheared. The 

potential, at this shear plane, is commonly called electrokinetic or zeta potential (). Various 

methods are applied to measure the potential at the shear plane. However, the most commonly 

used technique is the electrophoresis method53. 

Calcite, when dissolved in water, produces the following species, 

𝐻2𝐶𝑂3, 𝐻𝐶𝑂3
−, 𝐶𝑂3

−2, 𝐶𝑎2+, 𝐶𝑎𝐻𝐶𝑂3
+, 𝐶𝑎𝑂𝐻+, 𝐶𝑎(𝑂𝐻)2(𝑎𝑞) 𝑎𝑛𝑑 𝐶𝑎𝐶𝑂3(𝑎𝑞) via the 

following reactions:  

𝐶𝑎𝐶𝑂3(𝑠) ⇌ 𝐶𝑎𝐶𝑂3(𝑎𝑞)                                                                                                           (1.11) 

𝐶𝑎𝐶𝑂3(𝑎𝑞) ⇌ 𝐶𝑎
2+ +  𝐶𝑂3

2−                                                                                                              (1.12) 

𝐶𝑂3
−2 + 𝐻2𝑂 ⇌ 𝐻𝐶𝑂3

− + 𝑂𝐻−                                                                                                              (1.13) 

𝐻𝐶𝑂3
− + 𝐻2𝑂 ⇌ 𝐻2𝐶𝑂3 + 𝑂𝐻

−                                                                                                         (1.14) 

𝐻2𝐶𝑂3 ⇌ 𝐶𝑂2 + 𝐻2𝑂                                                                                                                             (1.15) 

𝐶𝑎𝐻𝐶𝑂3
+  ⇌  𝐻+ + 𝐶𝑎𝐶𝑂3(𝑎𝑞)                                                                                                       (1.16) 

𝐶𝑎2+ + 𝑂𝐻− ⇌ 𝐶𝑎𝑂𝐻+                                                                                                                       (1.17) 
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 𝐶𝑎𝑂𝐻+ + 𝑂𝐻− ⇌ 𝐶𝑎(𝑂𝐻)2(𝑎𝑞)                                                                                                     (1.18) 

𝐶𝑎(𝑂𝐻)2(𝑎𝑞) ⇌ 𝐶𝑎(𝑂𝐻)2(𝑠)                                                                                                           (1.19) 

Examination of the proceeding equations shows that, when calcite approaches equilibrium with 

water at high pH values, an excess of the negative 𝐻𝐶𝑂3
− and 𝐶𝑂3

−2 species will exist, whereas 

at low pH values, an excess of the positive 𝐶𝑎2+, 𝐶𝑎𝐻𝐶𝑂3
+ 𝑎𝑛𝑑 𝐶𝑎𝑂𝐻+ species will occur. 

These ionic species may be produced at the solid/solution interface or may form in solution and 

subsequently adsorb on the mineral in amounts proportional to their concentrations in solution. 

The net result will be in either case: a positive charge on the surface at low pH or a negative 

charge at high pH. Isoelectric point, or point of zero charge, represents zero  at a certain pH 

value. Carbonate particles carry positive charges in high-salinity brines54,55.  

To understand the SI adsorption behaviour in carbonate systems, the likely mechanisms 

occurring are shown schematically in Figure 1.15 . When the SI first contacted the carbonate 

formation, it dissolved the rock, increasing the solution pH. This increase in solution pH then 

causes the inhibitor to become more dissociated. All SIs are a weak polyacid (e.g., HnA), which 

dissociates as follows42: 

𝐻𝑛𝐴 ⇌  𝐻𝑛−1𝐴
− + 𝐻+ ⇌ 𝐻𝑛−2𝐴

−2 + 2𝐻+ ⇌ 𝐻𝑛−3𝐴
−3 + 3𝐻+  ⇌ ⋯ ⇌  𝐴𝑛− + 𝑛𝐻+ 

 

 

 

 

 

 

 

 

 

 

Figure 1.15. Schematic of Scale Inhibitor Adsorption on Carbonate Substrates 
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1.10.6.  Precipitation Mechanism 

The second type of inhibitor retention mechanism is by precipitation of SI, often as a divalent 

cation Ca2+ complex in a precipitation squeeze, where the long return time is controlled by the 

kinetics of inhibitor complex re-dissolution. We assume a precipitation reaction such as  𝑆𝐼 +

 𝑛. 𝐶𝑎2+ ⇌ 𝑆𝐼_𝐶𝑎𝑛 , where  𝑛. 𝐶𝑎2+ ions may bind to a single SI molecule. The solubility of this 

sparingly soluble salt would be described by an equilibrium solubility product, 𝐾𝑠𝑝 , of the form: 

𝐾𝑠𝑝 = [𝑆𝐼]. [𝐶𝑎]
𝑛 56–58. Recently, more emphasis has been placed on precipitation/phase 

separation squeeze treatments. However, in precipitating chemicals within the rock formation 

the possibility of the formation damage increases and this has meant that such treatments have 

often been avoided59,60.  

In precipitation treatments, a mildly acidic solution of the inhibitor is injected into the formation 

and placed several meters from the wellbore by means of a brine over flush. This process mainly 

depends upon the physical conditions such as the inhibitor interaction with certain divalent metal 

cations such as Ca2+ (which may either be present naturally in the reservoir or introduced with 

the inhibitor), pH and temperature. The inhibitor-precipitate often forms a gel-like semi-solid 

structure within the near-wellbore formation. Such processes can bring about extended squeeze 

lifetimes when compared with those achieved through a conventional adsorption/desorption 

approach using similar inhibitors61–63. 

The level of inhibitor in the return curve is governed by the solubility (Cs) of the 

inhibitor/calcium complex and the rate (r2) of release of inhibitor into the produced water64–66. A 

mathematical model of this process, explaining the roles of both the solubility and the dissolution 

rate (Cs and r2) in precipitation squeezes has been presented by Sorbie67 and modelling work on 

this process dates back to the 1990s68.  

 

1.11. Literature Review  

The squeeze technique was started after the first publication of Poetker and Stone69 on squeezes 

utilising the adsorption / desorption characteristics of corrosion inhibitors. Later Smith et al.70 

and Kerver et al.71 , extended the same ideas to inhibit calcium sulphate in water flooding projects 

using SIs. It was generally assumed that the adsorption and subsequent desorption of SIs was 
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dominated by physical processes although there did not exist in the literature a systematic study 

of the exact mechanisms of inhibitor adsorption from solution.  

Kerver et al.72 extended their previous work on corrosion inhibitor squeeze to a study the SI 

squeezes for the prevention of calcium sulphate scale deposits in oil wells. Both beaker tests for 

static isotherm measurement and dynamic field core floods were carried out. On the basis of 

their experimental results, Kerver et al. indicated that the steep slope of the adsorption isotherm 

at low concentrations implied that the inhibitor would be adsorbed and would desorb slowly. 

They also declared that the length of time that the produced fluids could supply a sufficient 

concentration depended on:  

(i) adsorptive capacity of the formation, 

(ii)  volume of formation treated,  

(iii) well production rate and,  

(iv) desorption characteristics of the formation.  

 

Durham73 indicated that, since most inhibitors used for squeezing were highly ionic compounds, 

their bulk adsorption was probably caused by electrostatic attraction between the formation and 

SIs. Furthermore, this type of attraction can be readily observed with SIs, most of which are 

anionic in nature including acrylates, phosphate and phosphonates.  

King and Warden74, hypothesised that:   

(i) the primary means of adherence of a SI compound in sandstone in the absence of 

highly concentrated calcium brine is adsorption;  

(ii) adsorption refers to a plating mechanism in which a compound at the molecular level, 

without substantial chemical modification, adheres to the surface of the formation 

pore or a mineral growth in the pore, by means of electrical or physical forces;  

(iii) the amount of adsorption depends on the amount of active surface area contacted and 

the thickness to which the inhibitor molecules may adsorb. 

Laboratory investigations of SI adsorption/desorption for field applications have employed two 

types of experimental approach:  

(i) static beaker tests;  

(ii) dynamic packed column and/or core displacement tests. Static beaker tests are 

conducted using sand, carbonate, clay or crushed core to establish bulk adsorption 
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isotherms and to investigate the sensitivities of adsorption to factors such as pH, 

temperature and time etc. 

Meyers et al.48 have summarised the laboratory design and field implementation of inhibitor 

squeeze treatments in the Prudhoe Bay field. In their screening of five generic phosphonate 

inhibitors, they concluded that DETPMP was the best inhibitor studied for use in Prudhoe 

Bay. It offered superior solubility, calcium tolerance, adsorption and scale inhibition 

compared with the other inhibitors studied. In the investigation of the adsorption/desorption 

behaviour of the phosphonate inhibitors, they used both crushed and consolidated reservoir 

rock and a simple NaCl simulated formation brine with no divalent ions present. From SI 

static adsorption isotherm measurements at 90°C, they found that the inhibitors showed  

(i)  a very steep isotherm in the low concentration region (consistent with the Langmuir 

form);  

(ii) remarkable reversible desorption;  

(iii) plateau adsorption at inhibitor solution concentrations less than 25 mg/L.  

They also examined the impacts of the following process parameters on inhibitor adsorption: 

pH, temperature, salinity, divalent cations, surfactant and winterising agents. Their main 

conclusions were as follows: 

(i) pH has the most significant effect on inhibitor adsorption. The adsorption of inhibitor 

is constant below pH4, decreased dramatically between 5 and 6, and drops essentially 

to zero at pH greater than 7. Thus, to maximise adsorption and to minimise shut-in 

time, inhibitor slugs near reservoir pH (4.7) should be injected. However, no analysis 

was presented as to why phosphonate adsorption was high at low pH and low at high 

pH in their study.  

(ii) The presence of Ca2+
 at concentrations less than that required to precipitate the 

phosphonate has no effect on the adsorption of phosphonate. The adsorption of 

phosphonate DETPMP is enhanced by the presence of calcium at a pH of 6. The 

conclusion arrived by Meyers et al.48, may be due to the low pH value they used. 

(iii) increasing the temperature from 25 to 90oC results in a 25% increase in the adsorption 

of DETPMP. 

(iv) by manipulating pH, temperature, inhibitor concentration, iron concentration and the 

calcium concentration, precipitation of iron and calcium salts can be induced. 



46 
 

However, they thought that although such precipitation in the matrix increases 

inhibitor retention, and thus treatment life, it also may reduce the near-well bore 

permeability and damage the well. 

(v) neither surfactant concentration (0 to 1.5 wt %), salinity (0.5 to 5 % NaCl), nor 

winterising agents (0 to 15 wt% methanol/0 to 15 wt% ethylene glycol) had apparent 

impact on the adsorption of DETPMP. 

Przybylinski75, examined five structurally different inhibitors using a dynamic adsorption 

desorption technique. The five inhibitors were (a) phosphonate inhibitor DETPMP; (b) an alkyl 

phosphonate HEDP; (c) a phosphate ester (TEAPE); (d) a tagged polyacrylic acid (PAA) and 

(V) a proprietary polymeric phosphonate inhibitor (PPI). The experimental work was performed 

with silica sand or limestone packed columns at 40°C and 80°C. Synthetic brine which had a 

similar composition to some oilfield brines was used. Some very interesting results were reported 

from this study, as follows: 

(i) the phosphonate inhibitor (DETPMP) had the highest levels of return on both sand 

and limestone of all inhibitors tested in this study. These laboratory results indicated 

that it was the best inhibitor for squeeze applications for the test conditions used. 

(ii) since adsorption/desorption depends on the partitioning of the inhibitor solution and 

the solid surface, the nature of the surface and the solution are both important and 

using an inappropriate brine may lead to false conclusions. 

(iii) precipitation can occur in reservoirs due to changes in temperature, resulting in an 

enhanced squeeze. 

(iv) the experimental results show that: (a) the adsorption level of phosphonate on silicate 

sand is higher than the value which is estimated based on simple monomolecular 

layer adsorption; (b) the adsorption of inhibitors increases with increase in 

temperature and (c) a significant fraction of the adsorbed inhibitor is not readily 

released to the produced brine. Thus, there is some firmly held inhibitor and some 

which is more readily adsorbed. These observations lead to the suggestion that two 

or more adsorption mechanisms are at work. These may include surface precipitation 

and strong adsorption. 

(v) a better indication of the suitability of an inhibitor is from kinetic desorption studies 

instead of the amount of inhibitor adsorbed by the formation. 
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The last finding from Przybylinski’s work75, regarding the importance of the kinetics of the 

inhibitor adsorption-desorption process, is in agreement with many researchers observations. 

 

In order to understand the retention mechanism of phosphonate (DETPMP) in the reservoir after 

an inhibitor squeeze, Kan et al.51 studied both the kinetics and the equilibrium aspects of 

phosphonate adsorption in the laboratory using beaker tests and sandstone core floods. They 

postulated that there are at least four processes involved in inhibitor adsorption:  

(i)  mass-transport molecular diffusion of inhibitor in solution to the solid surface; 

(ii) acid/base dissolution of the mineral surface;  

(iii) adsorption to the surface as the result of step (II); 

(iv) ultimate solid phase maturation toward a thermodynamically stable phase, as the solid 

surface material interacts with the solution. They concluded that the kinetics of the 

slow reaction governs the phosphonate flow back phenomenon and the rate-limiting 

step for the slowest adsorption reaction is probably a diffusion-controlled process. 

The efficiency of the inhibitor squeeze can be enhanced by increasing phosphonate 

contact time and contact area. 

Sorbie et al.76,77 have used mathematical modelling to analyse both laboratory experiments and 

field systems. They have explained that the mechanism of tailing in an adsorption squeeze 

process is a propagation phenomenon associated with the shape of the inhibitor adsorption 

isotherm on the reservoir rock. They demonstrated that a sharply rising isotherm and non-

equilibrium inhibitor adsorption are key factors in influencing an inhibitor squeeze. 

One of these studies was on the effect of pH, Calcium concentration and temperature on the 

adsorption of phosphonate inhibitor onto consolidated and crushed sandstone49.  Some 

interesting results were reported from this study: 

(i) in the absence of Ca2+ ions, the adsorption of phosphonate inhibitor (DETPMP) 

monotonically decreased as pH increases (at 25°C) based on the hydrogen bonding 

mechanism for adsorption. 

(ii) when calcium ions are present in the seawater brine (i.e. [Ca2+] = 415ppm; 

temperature = 25°C), inhibitor adsorption onto crushed rock is lower at pH0 4 than at 

pH0 2 or pH0 6. 
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(iii) at pH6, the involvement of Ca2+ in the inhibitor/rock interaction was clearly 

demonstrated (at 25°C). 

(iv) inhibitor adsorption onto crushed rock material increases at higher temperatures 

under all conditions. 

(v) the electrokinetic measurements on crushed rock particles in seawater solution quite 

clearly correlate phosphonate inhibitor adsorption behaviour with the surface charge 

properties (-potential). 

Tantayakom et al.78 considered a kinetic study of phosphonate SI Amino-trimethylene 

Phosphonic Acid (ATMP) precipitation in squeeze treatments. It was concluded that pH plays 

an important role in controlling the precipitation of Ca-ATMP and has both positive and negative 

effects for field applications. At higher pH, more Ca-ATMP was precipitated; however, the 

precipitation was fast and more likely in the vicinity of the wellbore, thereby reducing the 

effectiveness of the treatment. They also suggested that nucleation kinetics play an important 

role in the spread of the inhibitor in the treatment zone during precipitation squeeze treatments 

as the injected fluid flows out into the formation.  

Kahrwad et al. 10  developed a model which shows the dependence on the mass/volume (m/V) 

ratio if coupled adsorption/precipitation is occurring in mineral/DETPMP system and showed 

that apparent adsorption increases as pH of DETPMP solutions increases. At pH0 4 only pure 

adsorption is observed while at pH0 6 coupled adsorption/precipitation is dominant mechanism 

of DETPMP retention.  

Ibrahim et al. 79 carried out static compatibility and coupled adsorption/precipitation experiments 

using two phosphonate SIs (DETPMP (a penta- phosphonate) and OMTHP (a hexa- 

phosphonate)) and several minerals. They concluded that for all SI/mineral systems, pure 

adsorption is observed at low Scale Inhibitor concentrations whilst coupled adsorption/ 

precipitation occurs at high concentrations. 

Yan et al.80 studied adsorption and precipitation of SIs on shale formations. They used two 

different types of shale formation (Eagle Ford and Marcellus shale) and two SIs (DETPMP and 

PPCA).  They concluded the adsorption kinetics experiments show a fast adsorption process for 

DETPMP and PPCA on both shale formations, and inhibitor concentration in solution reached 

equilibrium between 4 and 8 h.  For low phosphonate concentration ranges, the interaction 

between the inhibitors and both shale formations can be characterized as surface adsorption. 
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Above a certain concentration of inhibitors, DETPMP and calcium forms precipitate a carbonate-

rich Eagle Ford shale, which increases the attachment of DETPMP on shale formations. It is 

found that slightly acidic pH and high calcium concentrations enhance the precipitation of 

DETPMP on both shales.  

The adsorption of PPCA on Eagle Ford was more significant at 100% CO2 than at 1% CO2 

condition, and high calcium levels at 100% CO2 condition maybe the primary contributing factor 

for the enhancement. PPCA adsorption onto Marcellus did not exhibit a notable difference 

between 100% CO2 and 1% CO2 conditions.  

The results from this study demonstrated that the interaction between inhibitor molecules and 

the rock surface of shales can be controlled in favour of long-term protection. pH and calcium 

concentrations in a particular shale formation may determine the extent to which the inhibitor 

species are retained and released after hydraulic fracturing. The precipitation and dissolution of 

calcium-inhibitor solids may be the controlling mechanism of a long-life inhibitor return. The 

retention and release process is more complicated in the field than lab-scale experiments due to 

multiple factors, such as reaction (adsorption/desorption, and precipitation/dissolution) kinetics, 

inhibitor interactions with other chemicals in fracturing fluids, and mass transfer limitations. 

Jordana et al.81 performed a comprehensive study on the retention and release of SI in different 

clay minerals. This research presents work investigating these interactions with the spectroscopic 

techniques commonly employed in surface chemistry. Uptake of Nitrilo-Tris Methylene-

Phosphonic acid (NTMP), a model SI, by kaolin, halloysite and montmorillonite has been 

monitored by Liquid-Phase Nuclear Magnetic Resonance (31P NMR) spectroscopy. 31P NMR 

has also been used to follow the release of SI during desorption experiments. The adsorbed 

inhibitor has been detected directly and quantified with X-ray Photoelectron Spectroscopy 

(XPS). XPS combined with argon ion etching has also been able to distinguish between inhibitor 

adsorbed onto the external surface of the clays and occluded into the interlayer spacing.  

They characterized NTMP after being adsorbed onto three different types of clays by XPS and 

31P liquid NMR. Adsorption isotherms constructed using both techniques (XPS and 31P NMR) 

show the differences between adsorption on the external surface of a non-swelling clay, and in 

the interlayer pore volume of a swelling clay. NTMP was retained much better in swelling clays, 

such as montmorillonite, than in non-swelling clays, such as kaolin, but not all the SI may be 

released. Exchangeable cations present in mineral clays play a role in the retention by 



50 
 

complexing with the molecule and/or by catalysing its decomposition. The presence of divalent 

cations in the desorbing solution enhanced release of SI, but does not change the nature of the 

desorbing species. 

Gdanski et al.82–84  has found that static adsorption data has a direct bearing on SI 

adsorption/desorption in dynamic mineral packs. Furthermore, isotherm fitting with the modified 

Langmuir equation provided the mathematical framework for an understanding of desorption 

kinetics. However, the Langmuir adsorption isotherm often does not fit experimental data 

effectively. The Langmuir adsorption isotherm is valid only if the adsorbent material is 

homogeneous, both the solute and solvent have equal molar surface areas, both the surface and 

bulk phases exhibit ideal behaviour, and the adsorbed layer is monomolecular. The following 

conclusions were reported: 

(i) a wide variety of adsorption data can be fit by using modified Langmuir equation. 

(ii) Static adsorption isotherms are useful in determining the magnitudes of the kinetics 

effect on desorption in linear flow tests. 

(iii) Siderite may be responsible for the long-term, low-level inhibitor-return profiles 

sometimes observed after squeeze treatments. 

(iv) The minerals studied can be classified into three groups: 

1. strongly adsorbing (siderite) 

2. moderately adsorbing silica-like minerals (silica and kaolinite) 

3. weakly adsorbing alumina-like minerals (illite, smectite and alumina) 

 

Kan et al.45 has studied the inhibitor/rock interaction and factors affecting SI retention in 

carbonate-rich formations during squeeze treatments for four common oilfield inhibitors (three 

phosphonates and one poly-acrylate). In addition to calcite (CaCO3) in reservoir rock, SI-Ca2+ 

solid phases are also important. Two reactions are central to inhibitor retention in carbonate-rich 

formation: first, reduction of calcite dissolution because of surface poisoning by the SI/Ca2+ 

coating; and second, precipitation of SI/Ca2+ solid with either low Ca2+ or high Ca2+ 

stoichiometry. For NTMP, an acidic Ca-NTMP salt is formed in a low-pH environment. In 

addition, two crystalline Ca-NTMP phases and an amorphous Ca-NTMP salt may form, 

depending on the aquatic environment. Quantitative relationships between type of inhibitor, 
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inhibitor acidity and concentration, together with kinetics of calcite dissolution and calcium-

phosphonate precipitation are developed. 

There are a few sources of calcium in a typical field squeeze: 

(i) Ca2+ contained in the seawater and injected with inhibitor;  

(ii) Ca2+ is injected in the overflush;  

(iii) Ca2+ can be dissolved from calcite and solid formation minerals;  

(iv) Ca2+ present in the formation brine.  

Many laboratories result and field observations have indicated the importance of calcium to the 

inhibitor squeeze process. In accordance with Kan et al.45, many researchers have found that the 

retention of inhibitor is significantly enhanced by the presence of calcium ions which results in 

an extended squeeze lifetime. However, there is no detailed analysis, in the literature, concerning 

this calcium enhanced retention or it is arbitrarily attributed to the precipitation between 

phosphonate inhibitor and calcium ions. 

Tomson and Rogers85, have extensively studied that what controls inhibitor placement in the 

formation. It is commonly suggested that reservoir type determines how an inhibitor is retained 

in a formation. This research suggested that the pill chemistry (this is the term frequently used 

in North America for the SI slug, as used in the UK and internationally) is also an important 

determinant for retention in carbonate reservoirs. Acidic pills are mostly retained near the well 

bore while more neutralized pills move farther into the formation. Three calcium 

nitrilomthylenephosphonate (NTMP) solid phases, an amorphous phase and two crystalline 

Ca2.5HNTMP phases with p𝐾𝑆𝑃 = 22.6 and p𝐾𝑆𝑃 = 24.2, are particularly important with respect 

to inhibitor retention. The relative sizes of these solid phases formed are governed by the pill 

composition and acidity. Nearly all of these field squeezes were done using a common 

phosphonate inhibitor, NTMP (nitrilotri (methylene phosphonic) acid), although similar results 

have been observed with several other inhibitors and blends. From these large numbers of studies 

and observations, the following conclusions were made: 

(i)  for an acidic pill, approximately 78% of injected phosphonate precipitates in these 

experiments. The fraction that precipitated is inversely related to the amount of base 

in the pill. Most of the precipitate is near the injection port. 

(ii) for partially neutralized pill, approximately 50% of injected phosphonate precipitated 

at the rear end of the column. 
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(iii)  a portion of phosphonate was retained as the crystalline phosphonate salt and a 

portion of the acidic pill was retained as a more soluble calcium phosphonate salt. 

 

Baraka-Lokmane et al.86 studied the effect of pH and SI concentration on phosphonate–carbonate 

interactions. They presented results from five core floods (RC1 to RC5) using the Jurassic 

Portlandian limestone (𝜑 ~19.8% and k=606 mD) with 5000 ppm, 10,000 ppm, 25,000 ppm 

and 27,000 ppm of partly neutralized DETPMP at pH 4 and 2. The purpose of this research was 

to study the effect of inhibitor concentration and pH on inhibitor adsorption and on the evolution 

of the inhibitor and cation (calcium and magnesium) return concentrations. This study showed 

that the higher the concentration of SI and the lower the pH, more calcium dissolution was 

observed (from the [Ca2+] effluents). In all treatments there was a decrease [Mg2+] in the effluent 

corresponding directly to the increase in [Ca2+]. The effluent cation results in the long core floods 

support the view that both magnesium and calcium are binding strongly to the DETPMP SI. In 

addition, the experimental results, along with some simple modelling, greatly clarify the role of 

both calcium and magnesium in the mechanism of SI retention in carbonate systems. The 

petrography analysis also showed that core floods RC3 and RC4 (at pH 2) did not induce the 

formation of worm holes or micro worm holes, but core flood RC5 performed with 27,000 ppm 

DETPMP at pH 4 showed that the high concentration of the SI solution induced the formation 

of micro worm holes on the calcite crystals. The analysis of the structure of the phosphonate 

calcium salt shows that this salt has been precipitated, confirming that the mechanism of the 

DETPMP SI retention in carbonate rocks is of a precipitation type. The Atomic Force 

Microscopy (AFM) analysis revealed the shape of the calcium phosphonate crystals. Thin 

sections, Scanning Electron Microscope (SEM), Energy-dispersive X-ray spectroscopy (EDX), 

XPS and AFM analysis of the cores after the different core floods have shown the presence of 

SI salts formed within the void space and on the grains. The EDX analysis of the SI salts has 

revealed the presence of phosphorus. The XPS analysis has shown that core floods RC3 (25,000 

ppm DETPMP at pH 2) shows more retained phosphorus (0.35%) than floods RC5 (0.30%), 

RC4 (0.21%), RC2 (0.17%) and RC1 (0.16%). These results show that we have more SI retention 

with both a high SI concentration and a low pH value, the low pH parameter seeming to be more 

important on SI adsorption than the concentration of the SI solution. 
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Tomson et al.87 discussed the influence of metal ions, e.g., Ca2+, Mg2+, and Fe2+on the 

phosphonate inhibitor retention (DETPMP (Diethylenetriamine Penta (Methylene Phosphonic 

acid)), BHPMP (Bis-Hexamethylenetriamine Penta (Methylene Phosphonic acid)), and release 

in both laboratory simulation and field case studies. These metal ions were either originally 

added to the inhibitor solutions or generated in-situ because of the dissolution of reservoir 

minerals by the acidic inhibitors. They showed Phosphonate return following an inhibitor 

squeeze can be modelled with three phases of return.  

(i) phase I phosphonate return corresponds to the residual phosphonate that does not 

attach to the solid phase and returns in 3 Pore Volume (PV);  

(ii) phase II return corresponds to the dissolution from a high-solubility solid phase; 

(iii) phase III return corresponds to the dissolution from a crystalline solubility phase. For 

DETPMP, Phase II return could be characterized with a solubility product, pKsp= 

52.4 to 52.6 by assuming a stoichiometry of Ca3H4 DETPMP; and Phase III return 

corresponds to the dissolution from a crystalline solubility solid phase (pKsp=53.3 to 

54.2). BHPMP return followed three phases of return as DETPMP. The Phase III 

crystalline solubility (pKsp) is 39.9 to 40.4 by assuming a stoichiometry of 

Ca4H2BHPMP. In addition, Cations, e.g. Ca2+, Mg2+, and Fe2+, could be added to the 

inhibitor pill to enhance the inhibitor retention in the formation. Similarly, these 

cations could be generated in-situ by adding a strong acid to the inhibitor pill solution.  

 

Thomas et al.88 performed Coupled Adsorption/Precipitation tests with a Phosphonate Inhibitor 

and Carbonate Substrate. A series of static adsorption/precipitation tests was carried out to 

examine the behaviour of Diethylenetriamine Penta Methylene Phosphonic (DETPMP), when 

in contact with brine and calcium carbonate (CaCO3). These tests are carried out at pH 2 and pH 

4 and at a range of DETPMP concentrations from 0ppm to 5000 ppm. They illustrated that very 

low levels of adsorption are evident in tests with a full complement of divalent ions, and apparent 

adsorption rates are twice as high in samples with 10g of calcite as in samples with 20g of calcite. 

Furthermore, the initial pH of the brines does exert an influence over the result. Where the initial 

pH of the brine is 2, calcium levels remain at or above the initial brine concentration throughout 

the tests. With an initial pH of 4, however, calcium levels fall to about 80% of input. Where the 

calcium and magnesium are removed from the brine, this behaviour no longer holds true. 
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Apparent adsorption no longer follows the 2:1 trend seen in earlier tests. Where calcium has been 

removed from the brine, magnesium levels drop further to 55%-65% of input level, as opposed 

to the 80% of input where calcium is present in the brine. When magnesium is removed, a slightly 

larger loss of calcium is observed, down to 74% of input from 82% of input (comparing samples 

with 10g of calcite). Magnesium appears to be substituting for calcium in the SI-Ca/Mg 

precipitate when there is less calcium available in solution. These findings indicated that during 

squeeze treatment with phosphonate-based inhibitors, carbonate reservoirs will be subject to 

significant dissolution of the reservoir rock and precipitation of SI-Ca/Mg complexes in the pore 

space may occur. 

 

1.12. Relevance to the Current Study 

This survey of the literature shows the history of laboratory work which has been used study the 

adsorption and adsorption/precipitation of SIs used in oilfield squeeze treatments. It is clear that 

an adsorption squeeze is governed by the inhibitor adsorption isotherm (C). However, the 

adsorption isotherm which is an intrinsic property of inhibitor/rock system will be a function of 

inhibitor concentration, pH, temperature and brine composition (e.g. Ca2+, Mg2+, etc…). The 

main mechanisms of inhibitor adsorption depend on; (i) the surface chemistry and roughness of 

the adsorbing minerals - silica sand, clay, kaolinite, siderite, sandstone, carbonate etc., (ii) 

experimental or field conditions - pH, temperature, salinity and hardness, and (iii) inhibitor 

properties - functional group, dissociation degree, polarity, etc. However, precipitation () 

occurs when the SI molecule precipitates out of the solution because of the formation of an 

inhibitor/Ca complex.  This SI/Ca complex is a sparingly soluble salt. The solubility of this 

sparingly soluble salt would be described by an equilibrium solubility product, 𝐾𝑠𝑝 , of the form: 

𝐾𝑠𝑝 = [𝑆𝐼]. [𝐶𝑎]
𝑛.  

Most previous experimental work has included sandstones and some on carbonates. However, a 

detailed study of the interaction between SI and carbonate has not been carried out due to the 

complexity of their systems. Thus, this PhD thesis is to investigate the SI/carbonate systems in 

detail to provide a full understanding of SIs retention in carbonates and parameters which affect 

this. It is obvious that understanding the main retention mechanism for various SIs in carbonate 
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reservoirs will clearly help us in the selection of more effective SIs for squeeze treatments in 

carbonates. 
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2. CHAPTER 2: THEORY of ADSORPTION and COUPLED 

ADSORPTION/PRECIPITATION  

2.1. Introduction 

In downhole chemical scale inhibitor (SI) squeeze treatments to prevent mineral scale 

formation89–92, a key issue is how long the squeeze lifetime will be.  The squeeze lifetime is the 

time until the returned SI concentration drops below the MIC to prevent or delay scale deposition 

to an acceptable level; MIC = Minimum Inhibitor Concentration. The squeeze lifetime depends 

on the manner and degree to which the SI is retained within the porous medium. As mentioned 

in Chapter 1, there are two main retention mechanisms of SIs in porous media, i.e. adsorption 

and precipitation, which are usually denoted as  and , respectively.  There is not complete 

agreement in the literature about when we should use one mechanistic description or another and 

various “schools” of thought on the retention issue have emerged, in the literature, as follows:  

 

(i) Heriot-Watt University (HWU) – where adsorption has been described by a generalised 

adsorption isotherm, Γ(C), and precipitation is described by a solubility function, Π(C), and a 

dissolution rate constant (denoted, r2);  

(ii) Halliburton – Gdanski and Funkhouser83 have described SI retention through an adsorption 

mechanism based on the specific mineralogy of the (sandstone) rock;  

(iii) Rice University – have described SI retention by a precipitation/dissolution mechanism 

based on the precipitation and solubility of the various Ca-SI salts that are formed.  

 

In fact, all of the above approaches to SI retention have some validity depending on the 

conditions in the system, i.e. the type of SI, the mineral substrate (sandstone, carbonate), the 

brine pH, the levels of divalent cations (Ca2+, Mg2+), the temperature, T, etc.  It is more 

appropriate to consider when a given retention mechanism applies, e.g. pure adsorption (), 

mainly precipitation () or coupled* adsorption/precipitation (denoted ).  A central 

objective of current research within the FAST group and of this thesis is to (i) provide data for 

the development of a fully consistent generalised model that can describe both coupled 

adsorption and precipitation (), and (ii) devise experiments which can test this model 
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experimentally. (*By “coupled” here, we mean that the SI species may be involved in both 

adsorption and precipitation and hence these processes are not independent but are coupled 

together. This feature must be consistently and correctly described by any mathematical model 

of the coupled processes).   

It is noted with regard to the adsorption () and precipitation () mechanisms that it is possible 

to have a pure adsorption process, i.e. described by an adsorption isotherm only, (C).  However, 

it is very rare to have a pure precipitation process, i.e.  only, since if precipitation is occurring 

this implies that the solvent is a poor solvent, and this would certainly initiate some degree of 

adsorption on the mineral present.  Therefore, for SI retention we envisage that the only 2 cases 

likely are (a) pure adsorption,  and (b) coupled adsorption/precipitation ().  Also, as will be 

shown below, it is common to have pure adsorption at very low SI concentrations, with 

precipitation if it occurs taking place at higher SI concentrations. 

 

2.2. Pure Adsorption 

 

Figure 2.1. Scheme of the simple static adsorption on a crushed mineral substrate10 

 

A schematic of a static adsorption experiment, i.e. where only pure adsorption occurs, is shown 

in Figure 2.1 where the notation is also given. A SI of initial concentration, Co (ppm or mg/L), 
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in a volume, V (L), is allowed to come to equilibrium with a mass, m (g), of mineral. At 

equilibrium concentration of the SI, Ceq, then by material balance the adsorption level is as 

follows: 

 

@ Initial conditions (before adsorption occurs); initial mass of SI = VCo 

@ Final (equilibrium) conditions (after adsorption occurs and system reaches equilibrium); 

equilibrium the mass of SI = Mass adsorbed on mineral (m1) + mass remaining in solution (m2) 

Part of the SI adsorbed on the surface of grains, m1 = m.(Ceq) 

Part of the SI left in solution (not adsorbed), m2  = VCeq 

Since the original mass is conserved, then: VCo = m (Ceq) + VCeq                                        (2.1) 

If the analytical form of the isotherm is known (e.g. it is a Freundlich or a Langmuir isotherm 

with known parameters), then Eq. (2.1) gives a simple non-linear equation for finding Ceq which 

is the only unknown quantity.  If equation (2.1) is written in another way it highlights how our 

experiments are performed, as follows: 

Co = (m/V) (Ceq) + Ceq                                                                                                                                (2.2) 

 

Which indicates that the mass/volume ratio, (m/V), is an important parameter in these adsorption 

experiments, as already shown in Chapter 1 and will be explained further below. Defining the 

function F (Ceq) as follows: 

 

F (Ceq) = (m/V) (Ceq) +Ceq − Co                                                                                                                         (2.3) 

 

At equilibrium conditions, the root of F (Ceq) is zero i.e. where: 

 

F (Ceq) = 0    or    (m/V) (Ceq) +Ceq − Co= 0                                                                              (2.4) 
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If we assume one of common adsorption isotherm models (Freundlich model) describes the 

system, the calculation of the equilibrium SI concentration by using the Freundlich form of  is 

as follows: 

(Ceq)= (Ceq)                                                                                                                    (2.5) 

  

With  = 0.021 and  = 0.73 where C is in ppm and  is in mg showing different /g rock. These 

parameters are not arbitrary since they relate to our experimental results. However, this case 

serves as a useful numerical example to demonstrate some of the calculations in the coupled 

adsorption/precipitation for SI/sandstone systems which is simpler than for SI/carbonates. 

If the molecular weight of the SI is given by MSI, then the Freundlich isotherm with molar 

concentration of C (M) would be: 

 

(Ceq) = '(Ceq)                                                                                                                    (2.6) 

 

Where ' = (1000M) . .    

 

2.3. Coupled Adsorption/Precipitation 

2.3.1. SI/Sandstone System (No rock/fluid interaction) 

The analysis above has been extended for pure adsorption to the case where both adsorption () 

and precipitation () can occur at the same time.  This is shown schematically in Figure 2.2 

where the precipitation occurs by the formation of the calcium salt of the SI, i.e. by precipitation 

of SI_Can. In general, this precipitation reaction is as follows: 

𝑆𝐼 + 𝑛. 𝐶𝑎 ⇌ 𝑆𝐼_𝐶𝑎𝑛                                                                                                    (2.7) 

Where n.Ca ions may bind to a single SI molecule. The solubility of this sparingly soluble salt 

would be described by an equilibrium solubility product, 𝐾𝑠𝑝, of the form: 

 

𝐾𝑠𝑝 = [𝑆𝐼]. [𝐶𝑎]
𝑛                                                                                                                         (2.8) 
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Figure 2.2. Scheme of how both coupled adsorption and precipitation can occur; this is interpreted as an “apparent 

adsorption”10 

 

The following additional notation is introduced in Figure 2.2: 

• C1o and C1f – initial (t=0) and final equilibrium (t⟶∞) SI molar concentration. (M); 

• C2o and C2f – initial (t=0) and final equilibrium (t⟶∞) Ca+ molar concentration. (M); 

•  is the adsorption which depends on C1f,  = ( C1f ) (mg/g); 

• The precipitation process depends on both C1f ([SI]) and C2f ([Ca]) through 𝐾𝑠𝑝 as 

follows: 𝐾𝑠𝑝 = (𝐶1𝑓). (𝐶2𝑓)
𝑛 in this notation when the system is in equilibrium; units of 

𝐾𝑠𝑝 (𝑀
𝑛+1); 

• mp is the actual mass of precipitate (SI_Can) which forms.  

   

Note that the initial and final values of SI concentration are C1o and C1f . Some of this SI which 

is “missing” from the bulk solution is adsorbed on the mineral and the remainder of it is part of 

the precipitate.  However, if we assumed that all of this “missing” SI is adsorbed, then we would 

calculate an “apparent adsorption”, app, as follows: 

Γ𝑎𝑝𝑝= 
𝑉(𝐶𝑜−𝐶𝑓)

𝑚
                                                                                                           (2.9) 



61 
 

This quantity is not the adsorbed level, it is just the apparent level of “adsorption” based on the 

SI missing from solution.  Clearly, the apparent adsorption, app, is an over-estimate of the actual 

adsorption (since some of this would be precipitate) but it is what would be measured in an actual 

experiment if the above formula were used.   We will see the use of the concept of apparent 

adsorption in the argument developed below. 

We now derive the main equations describing coupled adsorption/precipitation based on the view 

of the process discussed above and shown schematically in Figure 2.2. As before, the total 

masses of SI and Ca, which are conserved, are given by the following expressions, where we 

note we are working in molar concentrations (M) for SI and Ca: 

 

Total initial Mass of SI (which at t =0, is all in solution), m0 = V (L). MSI (g of SI/mole).C1o 

(mole of SI/L) 

At equilibrium (after adsorption and precipitation): 

Total mass of SI,  m0 = V. MSI .C1f + (m/1000).   (C1f) + 𝜑 mp                                     (2.10)       

 

Where mp is the actual mass of precipitate which forms and   𝜑 is the fraction of the precipitate 

(of formula SI_Can ) which is actually SI, i.e. 

φ = (
MSI

MSI+n.MCa
)                                                                                                  (2.11) 

  

Note that denominator of 1000 appears in Eq. (2.10) since m. is in mg and all other masses in 

this equation are in g. Both adsorption and precipitation are contributing the change in SI 

concentration from C1o to C1f . However, the precipitate is the only cause of the change in calcium 

concentration from C2o to C2f, and since the stoichiometry is  𝑆𝐼 + 𝑛. 𝐶𝑎 ⇌ 𝑆𝐼𝐶𝑎𝑛  , then the actual 

mass of precipitate must be given by: 

mp =
V

n
(C20 − C2f)(MSI + n.MCa)                                                                                                     (2.12) 
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Above equations can be used for φ and  (C1f) in Eq. (2.10) to obtain the following expression 

for the mass of SI: 

Total Mass SI, m0 = V. MSI .C1f + (m/1000). (C1f) + (
MSI

MSI+n.MCa
). 
V

n
(C20 − C2f)(MSI + n.MCa)                

(2.13) 

Which simplifies to: 

Total Mass of SI,  m0 = V. MSI .C1f + (m/1000).   (C1f) + (
MSI.𝑉

𝑛
)(C20 − C2f)                                           

(2.14) 

Thus, by material balance (conservation of mass of SI): 

V. MSI .C1o = V. MSI .C1f + (m/1000).   (C1f) + (
MSI.𝑉

𝑛
)(C20 − C2f)                                                                 (2.15) 

Which can be divided through V. MSI by to obtain: 

C1o = C1f + (
𝑚

1000.𝑉.𝑀𝑆𝐼
).   (C1f) + (

1

𝑛
) . (C20 − C2f)                                                                          (2.16) 

 

The main problem with the above equation is that it has 2 unknowns, C1f (SI concentration) and C2f 

(Ca concentration), which means that it cannot be solved as written. However, the Ca concentration, 

C2f, will be eliminated by using the solubility product equation (if there actually is a precipitate) for 

the SI_Can – (i.e.𝐾𝑠𝑝 = (𝐶1𝑓). (𝐶2𝑓)
𝑛) to note that: 

𝐶2𝑓 = (
𝐾𝑆𝑃

𝐶1𝑓
)
1

𝑛 

Hence, this expression for C2f   can be substituted into Eq. (2.16) above to obtain the equation for 

coupled adsorption/precipitation: 

C1o = C1f + (
𝑚

1000.𝑉.𝑀𝑆𝐼
).   (C1f) +(

1

𝑛
) . (C20 − (

𝐾𝑆𝑃

𝐶1𝑓
)
1

𝑛 )                                                                     (2.17) 

As before, this equation can be rewritten in the final working form as: 

F (C1o) = C1f + (
𝑚

1000.𝑉.𝑀𝑆𝐼
).   (C1f) +(

1

𝑛
) . (C20 − ((

𝐾𝑆𝑃

𝐶1𝑓
)
1

𝑛 )) − C1o                                                  (2.18)                           
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Where, at equilibrium adsorption/precipitation, we simply have to solve this equation for C1f , 

i.e. find the root of F (C1o) = 0. Note that this is the corresponding equation to Eq. (2.16) for pure 

adsorption except for the additional term describing precipitation in Eq. (2.18),  

 

i.e. (
1

𝑛
) . (C20 − ((

𝐾𝑆𝑃

𝐶1𝑓
)
1

𝑛 )). 

 

Note that Eq. (2.17) applies if (and only if) there is definitely a precipitate i.e.  (𝐶1𝑓). (𝐶2𝑓)
𝑛) 

is not less than 𝐾𝑠𝑝. If there is no precipitate, then the substitution, 𝐶2𝑓 =(
𝐾𝑆𝑃

𝐶1𝑓
)
1

𝑛 , does not apply 

and it happens that the quantity (C20 − ((
𝐾𝑆𝑃

𝐶1𝑓
)
1

𝑛 )) < 0 which is unphysical. Hence in solving 

the main working Eq. (2.18) can be used it for all cases of adsorption only or coupled 

adsorption/precipitation by setting the quantity (C20 − ((
𝐾𝑆𝑃

𝐶1𝑓
)
1

𝑛 ))  to its actual value if it is ≥

0, or to zero otherwise. 

  

2.3.2.  SI/Carbonate Systems 

SI squeeze treatments in carbonate reservoirs are often affected by the chemical reactivity 

between the SI and the carbonate mineral substrate.  This chemical interaction may lead to an 

increase in solution Ca2+ by mineral dissolution and subsequent precipitation of the SI through 

the formation of a sparingly soluble Ca/SI complex which can lead to an extended squeeze 

lifetime.  However, the same interaction may in some cases lead to uncontrolled SI precipitation 

causing near-well formation damage in the treated zone93. This research work presents a detailed 

study of the various retention mechanisms of SI in carbonate formations, considering system 

variables such as the (carbonate) formation mineralogy, the type of SI and the system conditions.  

To understand the detailed SI/carbonate system, we must consider the parts of the chemical 

processes involved. When SI solution contacts the carbonate mineral substrate, it reacts with it 

chemically generally dissolving/chelating some calcium into solution.  The SI can then form a 

SI/Ca (and SI/Ca/Mg) complex which is sparingly soluble and this may precipitate, which in 
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turn can affect pH.  Thus, the entire system is coupled and the 3 parts of the equilibrium system 

are: 

 

(i) The dissociation of SI to form dissociated species, such as HnA right up to An-  at high 

pH values; 

(ii) These dissociated SI species, which are very strong chelating agents, then bind with 

Ca2+ (and Mg2+) ions to form SI/Ca complexes which are known to be sparingly 

soluble; 

(iii) The above reactions must be coupled to the carbonate system since the lower pH 

solution conditions and the chelating power of the dissociated SI cause the carbonate 

equilibrium to change.  

 

Assume the carbonate system is illustrated in  

Figure 2.3 (to simplify oil and gas phases have not been taken into consideration; only the 

aqueous phase).   

 

 

 

 

 

 

 

 

Figure 2.3. Schematic of the Carbonate Equilibrium System 

 

The normal carbonate equilibrium equations are:  

Bicarbonate Equation:   𝐶𝑂2 (𝑎𝑞) + 𝐻2𝑂 ⇌ 𝐻𝐶𝑂3
− (𝑎𝑞) + 𝐻+(𝑎𝑞)                                      (2.19) 

Carbonate Equation:   𝐻𝐶𝑂3
− (𝑎𝑞)  ⇌  𝐶𝑂3

2− (𝑎𝑞) + 𝐻+(𝑎𝑞)                                                  (2.20) 

Calcium Carbonate Equation:   𝐶𝑎2+(𝑎𝑞) + 𝐶𝑂3
2− (𝑎𝑞)  ⇌  𝐶𝑎𝐶𝑂3 (s)                                   (2.21) 

CO2 (aq) OH-
 CO3

2-
 

HCO3
-

 H+
 Ca2+

 

CaCO3 
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Water Dissolution:   𝐻2𝑂 ⇌ 𝐻+(𝑎𝑞) + 𝑂𝐻−(𝑎𝑞)                                                                     (2.22)     

 

The second stage of the process is that the scale inhibitor, SI, can be considered as a weak 

polyacid (HnA, where n is the number of dissociating H+ ions).  Any poly acid, HnA, depending 

on the solution pH, becomes dissociated, as follows: 

𝐻𝑛𝐴 ⇌ 𝐻𝑛−1𝐴
− + 𝐻+ 

                                                       𝐻𝑛−1𝐴
− ⇌ 𝐻𝑛−2𝐴

−2 + 𝐻+ 

                                                       𝐻𝑛−2𝐴
−2 ⇌ 𝐻𝑛−3𝐴

−3 + 𝐻+ 

                                                       𝐻𝐴1−𝑛 ⇌ 𝐴−𝑛 + 𝐻+ 

Therefore, at very low (acidic) pH, the equilibrium is to the left and the molecule is more associated 

as HnA , and at higher pH it is more dissociated, forming the anionic form of the SI.   

At the third stage of this process, the dissociated SI interacts with divalent cations (particularly 

Ca2+) and SI-M2+ complexes are formed.  

𝑆𝐼 + 𝑛𝐶𝑎2+ ⇌ 𝑆𝐼_𝐶𝑎𝑛 

Where the stoichiometry (n) depends on the state of dissociation of the SI (weak poly acid). The SI 

is much more likely to complex with Ca2+ to form a SI/Ca complex in its dissociated form (i.e. at 

higher pH values) and less likely to form complexes at lower pH values.  Also, complexation of the 

SI is favoured at higher concentrations of calcium, [Ca2+]. 

According to this discussion above, the likely mechanisms occurring here are shown 

schematically in Figure 2.4.  
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Figure 2.4. Schematic of Proposed Mechanisms of Phosphonate Scale Inhibitors Adsorption on Carbonate Rocks 

 

2.4. Summary and Conclusions  

There are two main mechanisms of retention for scale inhibitors in porous media; adsorption and 

precipitation, the former mechanism is governed by electrostatic interaction between scale inhibitor 

and minerals of reservoir rock. However, the inhibitor interacts with divalent cations, mainly Ca2+, 
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and the inhibitor is precipitated out. Adsorption occurs at low scale inhibitor concentration, whereas 

precipitation in predominant at higher scale inhibitor concentration. Generally speaking, scale 

inhibitor squeeze treatment lifetime increases as precipitation of scale inhibitor with calcium forms. 

In sandstone reservoir, simple adsorption is main retention mechanism of scale inhibitors as there is 

no reaction between reservoir rock and the inhibitor to generate divalent cations through rock 

dissolution. However, in carbonate reservoirs, scale inhibitor is retained through precipitation due 

to high level of geochemical reactivity of reservoir rock and consequently greater concentration of 

divalent cations through rock dissolution. The scale inhibitor/sandstone system has been well 

defined and modelled by Kahrwad et al.10 and mentioned in this chapter, whilst the scale 

inhibitor/carbonate system has not been well understood. This research work is an important 

steppingstone to know what is going on during squeezing the scale inhibitor near wellbore. We 

found that the entire system is defined through the three parts of the equilibrium system  

(i) the dissociation of SI as a weak polyacid (HnA) to form dissociated species, such as Hn−mAm− 

right up to An− at very high pH values; (ii) these dissociated SI species, which are very strong 

chelating agents, then bind with Ca2+(and/or Mg2+)ions to form SI/Ca complexes, which are known 

to be sparingly soluble;(iii) the above reactions are coupled to the carbonate system, because the 

lower pH solution conditions and the chelating power of the dissociated scale inhibitor cause the 

carbonate equilibrium to change.  

To develop a model of the entire SI / Carbonate/ solution Ca2+/Mg2+ system, we must combine all 3 

parts of the process above into a complex set of equations and solve these numerically.   

An outline of how this is done is presented in the paper Silva et al94. The full equation set has also 

been developed by Sorbie (unpublished work, 2017).  An attempt has been made in this thesis in 

Appendix 2.1 of this chapter to capture the outline of Sorbie’s method, since it is not available 

elsewhere.   
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2.5. Appendix 2.1  

Summary of Approach to the Coupled SI/Carbonate/Ca2+-Mg2+ System by Sorbie (2017)  

It was noted in the body of this chapter that the 3 parts of the coupled SI/Carbonate/Ca2+-Mg2+ 

system must be combined mathematically and then be solved.   In fact, the approach is best carried 

out by dealing with the systems in the following order: 

1.  The Carbonate system in aqueous solution; 

2. The SI system, treated as a weak poly acid, HnA;  

3. The binding between the dissociated SI species (anion HmA(n-m)-) and the Ca2+- Mg2+.  

 

The Carbonate System in the Aqueous Phase 

The aqueous carbonate equilibrium system is defined by the following equilibrium equations:  

Bicarbonate Equation:    

CO2 (aq) + H2O ⇌ HCO3
− (aq) + H+(aq)  ;        𝐾𝑎1 = 

[𝐻𝐶𝑂3
−].[𝐻+]

[𝐶𝑂2]
     

Carbonate Equation: 

  HCO3
− (aq)  ⇌  CO3

2− (aq) + H+(aq) ;                 𝐾𝑎2 = 
[𝐶𝑂3

2−].[𝐻+]

[𝐻𝐶𝑂3
−]

 

Calcium Carbonate Equation: 

Ca2+(aq) + CO3
2− (aq)  ⇌  CaCO3 (s);                    𝐾𝑠𝑝 = [𝐶𝑂3

2−]. [𝐶𝑎2+]  

 

Water Dissociation: 

   H2O ⇌ H+(aq) + OH−(aq) ;                                  Kw = [𝐻
+]. [ 𝑂𝐻−] 

 

To simplify the equations above, we use the following notation for the corresponding species: 
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CO2 (aq) + H2O ⇌ HCO3
− (aq) + H+(aq)  ;      Ka1 = 

y2.z

y1
                                                              (2.23) 

 𝑦1                                  𝑦2                      𝑧 

 

𝐻𝐶𝑂3
− (𝑎𝑞)  ⇌  𝐶𝑂3

2− (𝑎𝑞) + 𝐻+(𝑎𝑞)  ;            𝐾𝑎2 = 
𝑦3.𝑧

𝑦2
                                   (2.24) 

𝑦2                     𝑦3              𝑧 

 

𝐶𝑎2+(𝑎𝑞) + 𝐶𝑂3
2− (𝑎𝑞)  ⇌  𝐶𝑎𝐶𝑂3 (s) ;                𝐾𝑠𝑝 = 𝑚. 𝑦3                                             (2.25) 

 𝑚                   𝑦3                   𝑦4 

 

𝐻2𝑂 ⇌ 𝐻+(𝑎𝑞) + 𝑂𝐻−(𝑎𝑞)  ;                                 𝐾𝑤 = 𝑧.𝑤                                                          (2.26) 

             𝑧             𝑤                                                                                       

              

It is not possible to solve 4 equations (2.23, 2.24, 2.25, 2.26, and 2.27) in 7 unknowns 

(𝑦1, 𝑦2, 𝑦3, 𝑦4, 𝑚, 𝑧, 𝑤), and so we need 3 more equations as follows in order to solve these 

equations:   2 mass balance equations (for total calcium and carbon) and 1 charge balance equation.  

Total C = [𝐶𝑂2] + [𝐻𝐶𝑂3
−] + [𝐶𝑂3

2−] + [𝐶𝑎𝐶𝑂3] ; 𝐶𝑇 = 𝑦1 + 𝑦2 + 𝑦3 + 𝑦4 

Total Ca = [𝐶𝑎2+] + [𝐶𝑎𝐶𝑂3];  𝐶𝑎𝑇 = 𝑚 + 𝑦4 

Total Charge = −𝑦2 − 2. 𝑦3 – w + z + 2.m 

Then: 

2 mass balances: 𝐶𝑇 = 𝑦1 + 𝑦2 + 𝑦3 + 𝑦4  ; 𝐶𝑎𝑇 = 𝑚 + 𝑦4 

1 charge balance: 𝐶ℎ𝑇 = −𝑦2 − 2. 𝑦3 – w + z + 2.m 
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 Now, we have 7 equations and 7 unknowns and therefore they are in principle solvable. The 

equations are a set of non-linear equations. This system has a unique solution. “Equation 

reduction” can be done down to 1equation as follows: 

  𝐾𝑎1 = 
𝑦2.𝑧

𝑦1
   ⇛  𝑦2 = (

𝐾𝑎1

𝑧
) . 𝑦1                                                         (2.27) 

 𝐾𝑎2 = 
𝑦3.𝑧

𝑦2
  ⇛  𝑦3 = (

𝐾𝑎2

𝑧
) . 𝑦2 =  (

𝐾𝑎1.𝐾𝑎2

𝑧2
) . 𝑦1                                (2.28) 

𝐾𝑆𝑃 = 𝑚. 𝑦3 = 𝑚. (
𝐾𝑎1.𝐾𝑎2

𝑧2
) . 𝑦1  ⇛    𝑦1 = 

𝐾𝑆𝑃

𝑚.(
𝐾𝑎1.𝐾𝑎2

𝑧2
)
                          (2.29)                               

If we use these results in mass balance of Carbon, we obtain the equation below: 

 𝑀𝐶 = 𝑦1 + 𝑦2 + 𝑦3 + 𝑦4 = 𝑦1 + (
𝐾𝑎1

𝑧
) . 𝑦1 + (

𝐾𝑎1.𝐾𝑎2

𝑧2
) . 𝑦1 + 𝑦4 ⇛ 

 𝑀𝐶  = 𝑦1. [ 1+ (
𝐾𝑎1

𝑧
) + (

𝐾𝑎1.𝐾𝑎2

𝑧2
) ] + 𝑦4  ⇛ 

𝑦4 = 𝑀𝐶 − 𝑦1. [ 1+ (
𝐾𝑎1

𝑧
) + (

𝐾𝑎1.𝐾𝑎2

𝑧2
) ]                                                                                 (2.30)                                

 

On the other hand, if we substitute Eq. (2.29) in Eq. (2.30), we have new equation as follows: 

 

𝑦4 = 𝑀𝐶 − [ 1+ (
𝐾𝑎1

𝑧
) + (

𝐾𝑎1.𝐾𝑎2

𝑧2
) ] .  

𝐾𝑆𝑃

𝑚.(
𝐾𝑎1.𝐾𝑎2
𝑧2

)

                                               (2.31) 

or 

𝑦4 (𝑚, 𝑧) =  𝑀𝐶 − [ 1+ (
𝐾𝑎1

𝑧
) + (

𝐾𝑎1.𝐾𝑎2

𝑧2
) ] .  

𝐾𝑆𝑃

𝑚.(
𝐾𝑎1.𝐾𝑎2
𝑧2

)

                                       (2.32) 

Eq. (2.32) above is the key result from the carbonate system for 𝑦4 = [𝐶𝑎𝐶𝑂3].   

 



71 
 

The Dissociation of the SI Considered as a Weak Poly Acid, HnA 

The second stage of the process of analysing the SI/Carbonate/Ca2+-Mg2+ system is to consider 

the SI dissociation. The SIs is treated as a weak poly-acid of formula, HnA, where the n is the 

number of H+ ions that may dissociate according to the solution pH as shown below: 

The first dissociation reaction is as follows: 

  𝐻𝑛𝐴 (𝑎𝑞) ⇌  𝐻𝑛−1𝐴
−(𝑎𝑞) + 𝐻+(𝑎𝑞) ;                    𝐾1 = 

𝑥2.𝑧

𝑥1
            

                                         𝑥1                𝑥2                𝑧 

Second dissociation reaction:  𝐻𝑛−1𝐴
−(𝑎𝑞) ⇌ 𝐻𝑛−2𝐴

2−(𝑎𝑞) + 𝐻+(𝑎𝑞) ;     𝐾2 = 
𝑥3.𝑧

𝑥2
            

                                             𝑥2                 𝑥3                    𝑧 

Third dissociation reaction: 𝐻𝑛−2𝐴
−(𝑎𝑞) ⇌ 𝐻𝑛−3𝐴

3−(𝑎𝑞) + 𝐻+(𝑎𝑞);           𝐾3 = 
𝑥4.𝑧

𝑥3
            

                                              𝑥3                 𝑥4                    𝑧 

 

etc.. Until the final equilibrium: 𝐻𝐴(1−𝑛) (𝑎𝑞) ⇌ 𝐴−𝑛 (𝑎𝑞) + 𝐻+(𝑎𝑞) ;       𝐾𝑛 = 
𝑥𝑛+1.𝑧

𝑥𝑛
 

                                              𝑥𝑛                 𝑥𝑛+1          𝑧 

Here, we have n equations and (n+1) unknowns and thus we require another equation which is 

the mass balance for the A (SI) as follows: 

𝑀𝐴 = 𝑥1 + 𝑥2 + 𝑥3 +⋯+ 𝑥𝑛+1                                                                                          (2.33)                                                                    

If Eq. 2.33 is written in terms of 𝑥1 , the expression above will be as follows: 

𝑥2 = 𝑥1
𝐾1

𝑧
 ; 𝑥3 = 𝑥2

𝐾2

𝑧
= 𝑥1. (

𝐾1𝐾2

𝑧2
) ; 𝑥4 = 𝑥3

𝐾3

𝑧
= 𝑥1. (

𝐾1𝐾2𝐾3

𝑧3
) etc.. 

and hence, 

𝑀𝐴 = 𝑥1 + 𝑥1
𝐾1

𝑧
+ 𝑥1. (

𝐾1𝐾2

𝑧2
) + 𝑥1. (

𝐾1𝐾2𝐾3

𝑧3
) + ⋯+ 𝑥1. (

𝐾1𝐾2…𝐾𝑛

𝑧𝑛
)                          
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or  

𝑀𝐴 = 𝑥1  ( 1 + (
𝐾1

𝑧
) + (

𝐾1𝐾2

𝑧2
) + (

𝐾1𝐾2𝐾3

𝑧3
) + ⋯+ (

𝐾1𝐾2…𝐾𝑛

𝑧𝑛
) ) =  𝑥1 . 𝐺1(𝑧)                           

⇒ 𝑥1 = (
𝑀𝐴

𝐺1(𝑧)
)                                                                                                                       (2.34) 

This result implies that if we know z = [H+] and MA, then we can find all the SI dissociation 

species concentrations, using the results above.   

 

Binding of the SI (dissociated HnA) to Ca2+ and Mg2+  

The final stage as discussed above is Ca and Mg binding with the various dissociated SI species. 

In this part, the SI is treated as a dissociated phosphonate, for example it may be DETPMP = 

H10A, where n = 10; i.e. the penta phosphonate DETPMP has 10 H+ ions which may dissociate, 

and the dissociation constants, K1, K2, K3, etc … K10, are known experimentally.  

The charged components in the dissociated SI are ………………. binds with: 

𝑥1 − Not involved (neutral- fully protonated) → 𝐻𝑛𝐴                      →     0 x Ca2+ 

𝑥2 − 1 negative charge                                    → 𝐻𝑛−1𝐴
−              →     0.5 x Ca2+ 

𝑥3 − 2 negative charge                                    → 𝐻𝑛−2𝐴
−2            →     1 x Ca2+ 

𝑥4 − 3 negative charge                                    → 𝐻𝑛−3𝐴
−3            →     1.5 x Ca2+ 

etc….. 

𝑥𝑛+1 − n negative charge                               → 𝐴−𝑛                     →     (n/2)x Ca2+         

 

In the case of DETPMP, then the fully dissociated SI would form A_Ca5 (since n = 10).  

So, the corresponding binding equations are as follows: 

First, the Ca/Mg – scale inhibitor (SI) binding equations  are considered, as flows.  

The Ca-SI Binding Reactions are … 
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𝐶𝑎2+ + (
2

1
)𝐻𝑛−1𝐴

− ⇌ 𝐶𝑎2+ − [𝐻𝑛−1𝐴
−]
(
2

1
)
                                𝐾𝐵1 = (

𝑣2

𝑚1.(
2

1
𝑥2)
)                   

𝑚1          𝑥2                         𝑣2 

 

𝐶𝑎2+ + (
2

2
)𝐻𝑛−2𝐴

−2 ⇌ 𝐶𝑎2+ − [𝐻𝑛−2𝐴
2−]

(
2

2
)
                           𝐾𝐵1 = (

𝑣3

𝑚1.(
2

2
𝑥3)
)                   

𝑚1          𝑥3                         𝑣3 

 

𝐶𝑎2+ + (
2

3
)𝐻𝑛−3𝐴

−3 ⇌ 𝐶𝑎2+ − [𝐻𝑛−3𝐴
3−]

(
2

3
)
                           𝐾𝐵1 = (

𝑣4

𝑚1.(
2

3
𝑥4)
)                   

𝑚1          𝑥4                         𝑣4 

 

𝐶𝑎2+ + (
2

𝑛
) 𝐴−𝑛 ⇌ 𝐶𝑎2+ − [𝐴𝑛−]

(
2

𝑛
)
                                         𝐾𝐵1 = (

𝑣𝑛+1

𝑚1.(
2

𝑛
𝑥𝑛+1)

)                   

𝑚1          𝑥𝑛+1                         𝑣𝑛+1 

 

On the other hand, the MASS BALANCE for the A (SI) is ………….. 

𝑀𝐴 = ∑ 𝑥𝑖  + ∑
2.𝑣𝑗

𝑗−1

𝑛+1
𝑗=2  𝑛+1

𝑖=1                                                                                                      (2.35)  

 

Likewise, the Mg-SI Binding Reactions are …  

𝑀𝑔2+ + (
2

1
)𝐻𝑛−1𝐴

− ⇌ 𝑀𝑔2+ − [𝐻𝑛−1𝐴
−]
(
2

1
)
                                      𝐾𝐵2 = (

𝑤2

𝑚4.(
2

1
𝑥2)
)                   

𝑚4          𝑥2                         𝑤2 
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𝑀𝑔2+ + (
2

2
)𝐻𝑛−2𝐴

−2 ⇌ 𝑀𝑔2+ − [𝐻𝑛−2𝐴
−2]

(
2

2
)
                                   𝐾𝐵2 = (

𝑤3

𝑚4.(
2

2
𝑥3)
)                   

𝑚4          𝑥3                         𝑤3 

 

𝑀𝑔2+ + (
2

3
)𝐻𝑛−3𝐴

−3 ⇌ 𝑀𝑔2+ − [𝐻𝑛−3𝐴
−3]

(
2

3
)
                                   𝐾𝐵2 = (

𝑤4

𝑚4.(
2

3
𝑥4)
) 

𝑚4          𝑥4                         𝑤4 

 

𝑀𝑔2+ + (
2

𝑛
) 𝐴−𝑛 ⇌ 𝑀𝑔2+ − [𝐴𝑛−]

(
2

𝑛
)
                                                 𝐾𝐵2 = (

𝑤𝑛+1

𝑚4.(
2

𝑛
𝑥𝑛+1)

)                   

𝑚4          𝑥𝑛+1                    𝑤𝑛+1 

 

Following the equation reductions that arise from the structure of Ca/Mg_SI binding equations 

as follows.   

First for Ca2+ : 

𝐾𝐵1 = (
𝑣2

𝑚1.(
2

1
𝑥2)
)                   

                                                                                      (
𝑣2

𝑚1.(
2

1
𝑥2)
) =  (

𝑣3

𝑚1.(
2

2
𝑥3)
) 

 

𝐾𝐵1 = (
𝑣3

𝑚1. (
2
2 𝑥3)

) 

All these expressions are the same (𝐾𝐵1) therefore... 

                                     𝐾𝐵1 = (
𝑣2

𝑚1.(
2

1
𝑥2)
) = (

𝑣3

𝑚1.(
2

2
𝑥3)
)                              𝑣3 = (

𝑣2.𝑥3

2.𝑥2
)                           (2.36) 

 

Implies =>  
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On the other hand, from the SI dissociation equations mentioned above that…. 

 

𝑥3 = 𝑥2
𝐾2

𝑧
= 𝑥1. (

𝐾1𝐾2

𝑧2
)   Or     

𝑥3

𝑥2
= 

𝐾2

𝑧
                                                                                  (2.37) 

If the equation (4.37) is substituted in (4.36)……. 

 

𝑣3 = (
𝐾2

2.𝑧
)𝑣2               

 

If the pattern is noted, the corresponding equations are as follows:  

𝑣3 =
1

2
(
𝐾2
𝑧
)𝑣2 

                                                               𝑣4 =
1

3
(
𝐾2.𝐾3 

𝑧2
)𝑣2 

                                                      𝑣5 =
1

4
(
𝐾2.𝐾3.𝐾4 

𝑧3
)𝑣2 

etc…. 

                                                     𝑣𝑛+1 =
1

𝑛
(
𝐾2.𝐾3.𝐾𝑛 

𝑧𝑛−1
)𝑣2 

 

On the other hand,  

𝑣2 = 2 𝑚1. 𝑥2. 𝐾𝐵1 = 2𝑚1. (𝑥1
𝐾1

𝑧
 ). 𝐾𝐵1 = 2𝑚1. 𝐾𝐵1. (

𝐾1

𝑧
) . 𝑥1 

All these expressions are the same (KB1) therefore.... 

𝑣2 = 
2

1
 𝑚1. 𝐾𝐵1. (

𝐾1
𝑧
) . 𝑥1 

                                                     𝑣3 = (
2

2
)𝑚1. 𝐾𝐵1. (

𝐾1.𝐾2

𝑧2
) . 𝑥1 

                                              𝑣4 = (
2

3
)𝑚1. 𝐾𝐵1. (

𝐾1.𝐾2.𝐾3

𝑧3
) . 𝑥1 
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etc….. 

𝑣𝑛+1 = (
2

𝑛
)𝑚1. 𝐾𝐵1. (

𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
) . 𝑥1                                                                                     (2.38) 

So, for mass balance of “A” (SI) in the Ca_SI complex, MA_Ca 

MA_Ca = ∑
2.𝑣𝑗

𝑗−1

𝑛+1
𝑗=2 = (

2.𝑣2

1
+
2.𝑣3

2
+ 

2.𝑣4

3
+⋯+ 

2.𝑣𝑛+1

𝑛
)                                                             (2.39) 

If we substitute the corresponding expressions above in equation (4.39)………… 

MA_Ca = 
2

1
.
2

1
 𝑚1. 𝐾𝐵1. (

𝐾1

𝑧
) . 𝑥1 + 

2

2
 .
2

2
 𝑚1. 𝐾𝐵1. (

𝐾1.𝐾2

𝑧2
) . 𝑥1+ 

2

3
 .
2

3
 𝑚1. 𝐾𝐵1. (

𝐾1.𝐾2.𝐾3

𝑧3
) . 𝑥1 +⋯+

 
2

𝑛
 .
2

𝑛
 𝑚1. 𝐾𝐵1. (

𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
) . 𝑥1                                                                                               (2.40) 

or 

MA_Ca = 4. 𝑚1. 𝐾𝐵1 . 𝑥1 [(
𝐾1

𝑧
) + 

1

22
(
𝐾1.𝐾2

𝑧2
) +

1

32
 (
𝐾1.𝐾2.𝐾3

𝑧3
) +

1

42
 (
𝐾1.𝐾2.𝐾3.𝐾4

𝑧3
) + ⋯+

1

𝑛2
(
𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
)]                                                                                                                       (2.41) 

 

So the mass balance of SI/Ca2+ complex, MA_Ca, can be written as shown below: 

MA_Ca = 4. 𝑚1. 𝐾𝐵1 . 𝑥1 . 𝐺2(𝑧)                                                                                                 (2.42) 

 

If the same calculations are done for Mg2+, the mass balance of A in the A_Mg complex, MA_Mg: 

MA_Mg = ∑
2.𝑤𝑗

𝑗−1

𝑛+1
𝑗=2 = (

2.𝑤2

1
+
2.𝑤3

2
+ 

2.𝑤4

3
+⋯+ 

2.𝑤𝑛+1

𝑛
)                                                       (2.43) 

A similar argument gives: 

MA_Mg = 
2

1
.
2

1
 𝑚4. 𝐾𝐵2. (

𝐾1

𝑧
) . 𝑥1 + 

2

2
 .
2

2
 𝑚4. 𝐾𝐵2. (

𝐾1.𝐾2

𝑧2
) . 𝑥1+ 

2

3
 .
2

3
 𝑚4. 𝐾𝐵2. (

𝐾1.𝐾2.𝐾3

𝑧3
) . 𝑥1 +⋯+

 
2

𝑛
 .
2

𝑛
 𝑚4. 𝐾𝐵2. (

𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
) . 𝑥1                                                                                               (2.44) 

or 
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    MA_Mg = 4. 𝑚4. 𝐾𝐵2 . 𝑥1 [(
𝐾1

𝑧
) + 

1

22
(
𝐾1.𝐾2

𝑧2
) +

1

32
 (
𝐾1.𝐾2.𝐾3

𝑧3
) +

1

42
 (
𝐾1.𝐾2.𝐾3.𝐾4

𝑧3
) + ⋯+

1

𝑛2
(
𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
)]                                                                                                                      (2.45) 

   

So, the mass balance of Mg_SI complex, MA_Mg, can be written as shown below: 

MA_Mg = 4. 𝑚4. 𝐾𝐵2 . 𝑥1 . 𝐺2(𝑧)                                                                                                (2.46) 

                                                                                                                              

Thus, mass balance expressions for the A (SI) for ALL of the SI complex: 

  – free dissociated SI + Ca_SI + Mg_SI  

  

  𝑀𝐴 = ∑ 𝑥𝑖  + (∑
2.𝑣𝑗

𝑗−1

𝑛+1
𝑗=2  + ∑

2.𝑤𝑗

𝑗−1

𝑛+1
𝑗=2

𝑛+1
𝑖=1 ) 

 

     𝑀𝐴−𝑓𝑟𝑒𝑒 = 𝑥1 . 𝐺1(𝑧)                     

MA_Mg = 4. 𝑚4. 𝐾𝐵2 . 𝑥1 [(
𝐾1

𝑧
) + 

1

22
(
𝐾1.𝐾2

𝑧2
) +

1

32
 (
𝐾1.𝐾2.𝐾3

𝑧3
) +

1

42
 (
𝐾1.𝐾2.𝐾3.𝐾4

𝑧3
) +⋯+

1

𝑛2
(
𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
)]                                                                                                                  

 

MA_Ca = 4. 𝑚1. 𝐾𝐵1 . 𝑥1 [(
𝐾1

𝑧
) + 

1

22
(
𝐾1.𝐾2

𝑧2
) +

1

32
 (
𝐾1.𝐾2.𝐾3

𝑧3
) +

1

42
 (
𝐾1.𝐾2.𝐾3.𝐾4

𝑧3
) +⋯+

1

𝑛2
(
𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
)]                                                                                                                  

 

or 

 

𝑀𝐴 = ∑ 𝑥𝑖  + (∑
2.𝑣𝑗

𝑗−1
𝑛+1
𝑗=2  + ∑

2.𝑤𝑗

𝑗−1
𝑛+1
𝑗=2

𝑛+1
𝑖=1 ) = 𝑥1[𝐺1(𝑧) + (4. 𝑚1. 𝐾𝐵1 + 4.𝑚4. 𝐾𝐵2) 𝐺2(𝑧)]              (2.47) 
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𝐺1(𝑧) = ( 1 + (
𝐾1
𝑧
) + (

𝐾1𝐾2
𝑧2

) + (
𝐾1𝐾2𝐾3
𝑧3

) +⋯+ (
𝐾1𝐾2…𝐾𝑛

𝑧𝑛
) ) 

 

𝐺2(𝑧) =   ((
𝐾1

𝑧
) + 

1

22
(
𝐾1.𝐾2

𝑧2
) +

1

32
 (
𝐾1.𝐾2.𝐾3

𝑧3
) +

1

42
 (
𝐾1.𝐾2.𝐾3.𝐾4

𝑧3
) +⋯+

1

𝑛2
(
𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
))                                                                                                                  

 

Which we can rearrange as follows; 𝑥1 is a function ONLY of z= [H+], 𝑚1= [Ca2+] and 𝑚4= 

[Mg2+] 

𝑥1 (z, 𝑚1, 𝑚4) =
𝑀𝐴

𝑥1[𝐺1(𝑧)+(4.𝑚1.𝐾𝐵1+4.𝑚4.𝐾𝐵2) 𝐺2(𝑧)]
  

The above expression for 𝑥1  is the key working result (from the mass balance of A, i.e. SI)  

We have  𝑦4(𝑚1, 𝑧) and 𝑥1(𝑧, 𝑚1, 𝑚4) BUT we have “used up” some mass balances (MC and 

MA). Now we need to combine both systems. By using 𝑦4(𝑚1, 𝑧) and 𝑥1(𝑧,𝑚1, 𝑚4) in 3 balance 

equation as shown below: 

a) The system charge balance, Co 

b) The Calcium mass balance, MCa 

c) The Magnesium mass balance, MMg 

 So, these are three master equations for the total system. We need to consider the equations 

separately.  

a) The system charge balance, Co 

𝐶𝑜 = [𝐻
+] + 2[𝐶𝑎2+] + 2[𝑀𝑔2+] − [𝐻𝐶𝑂3

−] −  2[𝐶𝑂3
2−] − [𝑂𝐻−] −∑(𝑗 − 𝑖)𝑥𝑗

𝑛+1

𝑗=2

                           

 

The dissociated 𝐻𝑛𝐴 (SI) species: 

𝑥1 = [𝐻10𝐴] 

𝑥2 = [𝐻9𝐴
−] 
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𝑥3 = [𝐻8𝐴
−2] 

𝑥4 = [𝐻7𝐴
−3] 

 

etc…… 

 

If we look at the sum first…… 

∑(𝑗 − 𝑖)𝑥𝑗 = 𝑥2

𝑛+1

𝑗=2

+ 2𝑥3 + 3𝑥4 +⋯+ 𝑛. 𝑥𝑛 

= (
𝐾1
𝑧
) 𝑥1 + 2(

𝐾1𝐾2
𝑧2

) 𝑥1 + 3(
𝐾1𝐾2𝐾3
𝑧3

) +⋯+ 𝑛(
𝐾1𝐾2𝐾3…𝐾𝑛

𝑧𝑛
)𝑥1 

= 𝑥1 ((
𝐾1

𝑧
) + 2 (

𝐾1𝐾2

𝑧2
) + 3 (

𝐾1𝐾2𝐾3

𝑧3
) +⋯+ 𝑛 (

𝐾1𝐾2𝐾3…𝐾𝑛

𝑧𝑛
)) =  𝑥1𝐺4(𝑧) 

 

∑ (𝑗 − 𝑖)𝑥𝑗 = 𝑥1𝐺4(𝑧)
𝑛+1
𝑗=2                                                                                    (2.48) 

 

If equation (2.45) is replaced in equation (2.48)……. 

 

𝐶𝑜 = [𝐻
+] + 2[𝐶𝑎2+] + 2[𝑀𝑔2+] − [𝐻𝐶𝑂3

−] −  2[𝐶𝑂3
2−] − [𝑂𝐻−] − 𝑥1𝐺4(𝑧)                             (2.49) 

 

On the other hand, 𝑥1 (z, 𝑚1, 𝑚4) =
𝑀𝐴

𝑥1[𝐺1(𝑧)+(4.𝑚1.𝐾𝐵1+4.𝑚4.𝐾𝐵2) 𝐺2(𝑧)]
 

so  

𝐶𝑜 = [𝐻
+] + 2[𝐶𝑎2+] + 2[𝑀𝑔2+] − [𝐻𝐶𝑂3

−] −  2[𝐶𝑂3
2−] − [𝑂𝐻−] − 𝑥1 (z, 𝑚1,𝑚4). 𝐺4(𝑧)        (2.50) 
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Now, we eliminate bicarbonate and carbonate terms from equation (2.47) by using carbonate 

system equation as follows: 

 

−[𝐻𝐶𝑂3
−] −  2[𝐶𝑂3

2−] =  −𝑦2 − 2𝑦3 = −(
𝐾𝑎1
𝑧
) 𝑦1 − 2(

𝐾𝑎1. 𝐾𝑎2
𝑧2

) 𝑦1;    𝑦1 =
𝐾𝑠𝑝1

(
𝐾𝑎1. 𝐾𝑎2
𝑧2

) .𝑚1

 

 

−[𝐻𝐶𝑂3
−] −  2[𝐶𝑂3

2−] =  −𝑦1 ((
𝐾𝑎1
𝑧
) + 2 (

𝐾𝑎1. 𝐾𝑎2
𝑧2

)) 

−[𝐻𝐶𝑂3
−] −  2[𝐶𝑂3

2−] = =  −(
𝐾𝑠𝑝1

(
𝐾𝑎1.𝐾𝑎2

𝑧2
).𝑚1

) ((
𝐾𝑎1

𝑧
) + 2 (

𝐾𝑎1.𝐾𝑎2

𝑧2
))= 𝑓𝐴(𝑧,𝑚1) 

 

On the other hand, [𝑂𝐻−] =  
𝐾𝑤

𝑧
 

 

𝐶𝑜 = 𝑧 + 2𝑚1 + 2𝑚4 + 𝑓𝐴(𝑧,𝑚1) −
𝐾𝑤

𝑧
− 𝑥1𝐺4(𝑧)                                                               (2.51) 

This equation is only a function of z= [H+], m1 = [Ca2+] and m4= [Mg2+] 

 

To use this equation, we define a function 𝐹1 as follows: 

𝐹1(𝑧,𝑚1, 𝑚4) = [ 𝑧 + 2𝑚1 + 2𝑚4 + 𝑓𝐴(𝑧,𝑚1) −
𝐾𝑤

𝑧
− 𝑥1𝐺4(𝑧)] − 𝐶𝑜                                (2.52) 

 

b) The Calcium mass balance, MCa 

MCa = [Ca
2+] + [CaCO3] +∑vj

n+1

J=2
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The Ca_A complexed (SI) species: 

𝑣2 = [𝐶𝑎_(𝐻9𝐴
−)2

1⁄
] 

 

𝑣3 = [𝐶𝑎_(𝐻8𝐴
−2)2

2⁄
] 

 

𝑣4 = [𝐶𝑎_(𝐻7𝐴
−3)2

3⁄
] 

 

𝑣5 = [𝐶𝑎_(𝐻6𝐴
−4)2

4⁄
] 

 

etc…. 

So, the mass balance of Ca_SI complex, MA_Ca 

 

MA_Ca = ∑vj

n+1

j=2

= (v2 + v3 + v4 +⋯+ vn+1) 

 

MA_Ca = 
2

1
 𝑚1. 𝐾𝐵1. (

𝐾1

𝑧
) . 𝑥1 + 

2

2
 𝑚1. 𝐾𝐵1. (

𝐾1.𝐾2

𝑧2
) . 𝑥1 + 

2

3
 𝑚1. 𝐾𝐵1. (

𝐾1.𝐾2.𝐾3

𝑧3
) . 𝑥1 +⋯+

2

𝑛
 𝑚1. 𝐾𝐵1. (

𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
) . 𝑥1    

 

MA_Ca = 2𝑚1. 𝐾𝐵1. 𝑥1((
𝐾1

𝑧
) +

1

2
(
𝐾1.𝐾2

𝑧2
) +

1

3
 (
𝐾1.𝐾2.𝐾3

𝑧3
) + 

1

𝑛
(
𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
)) 

 

MA_Ca = 2𝑚1. 𝐾𝐵1. 𝑥1. 𝐺3(𝑧)                                                                                                                (2.53) 

MCa = [Ca
2+] + [CaCO3] + 2𝑚1. 𝐾𝐵1. 𝑥1. 𝐺3(𝑧)  



82 
 

  

MCa = 𝑚1 + 𝑦4(𝑧,𝑚1) + 2𝑚1. 𝐾𝐵1. 𝑥1(𝑧,𝑚1, 𝑚4). 𝐺3(𝑧)                                                       (2.54) 

 

This equation is also a function of z= [H+], m1 = [Ca2+] and m4= [Mg2+].  

Again, to use this equation, we define a function 𝐹2 as follows: 

𝐹2(𝑧,𝑚1, 𝑚4) = [𝑚1 + 𝑦4(𝑧,𝑚1) + 2𝑚1. 𝐾𝐵1. 𝑥1(𝑧,𝑚1, 𝑚4). 𝐺3(𝑧)] − MCa                         (2.55) 

 

c) The Magnesium mass balance, MMg 

MCa = [Mg
2+] +∑wj

n+1

J=2

 

 

 

 

The Mg_A complexed (SI) species: 

𝑤2 = [𝑀𝑔_(𝐻9𝐴
−)2

1⁄
] 

 

  𝑤3 = [𝑀𝑔_(𝐻8𝐴
−2)2

2⁄
] 

 

𝑤4 = [𝑀𝑔_(𝐻7𝐴
−3)2

3⁄
] 

 

𝑤5 = [𝑀𝑔_(𝐻6𝐴
−4)2

4⁄
] 

 

etc….  So, the mass balance of Mg_SI complex, MA_Mg 
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MA_Mg = ∑wj

n+1

j=2

= (w2 +w3 +w4 +⋯+wn+1) 

 

MA_Mg = 
2

1
 𝑚4. 𝐾𝐵2. (

𝐾1

𝑧
) . 𝑥1 + 

2

2
 𝑚4. 𝐾𝐵2. (

𝐾1.𝐾2

𝑧2
) . 𝑥1 + 

2

3
 𝑚4. 𝐾𝐵2. (

𝐾1.𝐾2.𝐾3

𝑧3
) . 𝑥1 +⋯+

2

𝑛
 𝑚4. 𝐾𝐵2. (

𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
) . 𝑥1    

MA_Mg = 2𝑚4. 𝐾𝐵2. 𝑥1((
𝐾1

𝑧
) +

1

2
(
𝐾1.𝐾2

𝑧2
) +

1

3
 (
𝐾1.𝐾2.𝐾3

𝑧3
) + 

1

𝑛
(
𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
)) 

 

MA_Mg = 2𝑚4. 𝐾𝐵2. 𝑥1. 𝐺3(𝑧)                                                                                                                (2.56) 

 

MMg = [Mg
2+] + 2𝑚4. 𝐾𝐵2. 𝑥1. 𝐺3(𝑧)  

  

MMg = 𝑚4 + 2𝑚4. 𝐾𝐵2. 𝑥1(𝑧,𝑚1, 𝑚4). 𝐺3(𝑧)                                                                            (2.57) 

 

Again, this equation is also a function of z= [H+], m1 = [Ca2+] and m4= [Mg2+]. 

Again define the following Working equation: 

 

𝐹3(𝑧,𝑚1, 𝑚4) = [𝑚4 + 2𝑚4. 𝐾𝐵2. 𝑥1(𝑧,𝑚1, 𝑚4). 𝐺3(𝑧)] − MMg                                              (2.58) 

 

Summary of the Equation Set for the SI/Carbonate/ Ca2+- Mg2+ System 

In summary, all 3 equations shown below are ONLY functions of z= [H+], m1 = [Ca2+] and m4= 

[Mg2+]. 
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𝐹1(𝑧, 𝑚1, 𝑚4) = [ 𝑧 + 2𝑚1 + 2𝑚4 + 𝑓𝐴(𝑧,𝑚1) −
𝐾𝑤
𝑧
− 𝑥1𝐺4(𝑧)] − 𝐶𝑜 

      𝐹2(𝑧,𝑚1, 𝑚4) = [𝑚1 + 𝑦4(𝑧,𝑚1) + 2𝑚1. 𝐾𝐵1. 𝑥1(𝑧,𝑚1, 𝑚4). 𝐺3(𝑧)] − MCa 

                 𝐹3(𝑧, 𝑚1, 𝑚4) = [𝑚4 + 2𝑚4. 𝐾𝐵2. 𝑥1(𝑧, 𝑚1, 𝑚4). 𝐺3(𝑧)] − MMg   

The various ancillary functions (denoted G1 to G4) required to calculate F1, F2 and F3 mentioned 

above are summarized below:  

𝑥1 (z, 𝑚1, 𝑚4) =
𝑀𝐴

𝑥1[𝐺1(𝑧)+(4.𝑚1.𝐾𝐵1+4.𝑚4.𝐾𝐵2) 𝐺2(𝑧)]
      From the HnA (SI) dissociation & Ca/Mg Binding 

𝑦4(𝑧, 𝑚1) =  𝑀𝐶 − [1 + (
𝐾𝑎1

𝑧
) + (

𝐾𝑎1.𝐾𝑎2

𝑧2
)].

𝐾𝑠𝑝

𝑚1.(
𝐾𝑎1.𝐾𝑎2

𝑧2
)
= 𝑀𝐶 + 𝑓𝐴(𝑧, 𝑚1)    From the Carbonate System 

𝐺1(𝑧) = ( 1 + (
𝐾1
𝑧
) + (

𝐾1𝐾2
𝑧2

) + (
𝐾1𝐾2𝐾3
𝑧3

) + ⋯+ (
𝐾1𝐾2…𝐾𝑛

𝑧𝑛
) ) 

𝐺2(𝑧) =   ((
𝐾1

𝑧
) + 

1

22
(
𝐾1.𝐾2

𝑧2
) +

1

32
 (
𝐾1.𝐾2.𝐾3

𝑧3
) +

1

42
 (
𝐾1.𝐾2.𝐾3.𝐾4

𝑧3
) +⋯+

1

𝑛2
(
𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
))                                                                                                                  

𝐺3(𝑧) =   ((
𝐾1

𝑧
) +

1

2
(
𝐾1.𝐾2

𝑧2
) +

1

3
 (
𝐾1.𝐾2.𝐾3

𝑧3
) + 

1

𝑛
(
𝐾1.𝐾2.𝐾3….𝐾𝑛

𝑧𝑛
)) 

𝐺4(𝑧) = ((
𝐾1
𝑧
) + 2 (

𝐾1𝐾2
𝑧2

) + 3 (
𝐾1𝐾2𝐾3
𝑧3

) + ⋯+ 𝑛 (
𝐾1𝐾2𝐾3…𝐾𝑛

𝑧𝑛
)) 

To solve these three equations which are functions of z= [H+], m1 = [Ca2+] and m4= [Mg2+]: 

{

𝐹1(𝑧,𝑚1, 𝑚4) = 0

𝐹2(𝑧,𝑚1, 𝑚4) = 0

𝐹3(𝑧,𝑚1, 𝑚4) = 0

 

Then Newton-Raphson method should be used. i.e. 𝑋(𝑣+1) = 𝑥𝑣 − 𝐻−1. 𝐹𝑣 

The algorithm is as follows:                   

First Guess   ➔ 𝑋𝑣 = (
𝑧𝑣

𝑚1
𝑣

𝑚2
𝑣
) = (

[𝐻+]𝑣

[ 𝐶𝑎2+]𝑣

[𝑀𝑔2+]𝑣
)  

(Iteration counter, with first guess  𝑣 = 0) 

➔ Step A – the start of the iterations 
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Now calculate vector  𝐹𝑣 for our current iteration 𝑣 ➔ 𝐹𝑣 = (

𝐹1(𝑧
𝑣, 𝑚1

𝑣, 𝑚4
𝑣)

𝐹2(𝑧
𝑣,𝑚1

𝑣, 𝑚4
𝑣)

𝐹3(𝑧
𝑣,𝑚1

𝑣, 𝑚4
𝑣)
)  

Note that, if by chance 𝐹𝑣 = 0 (i.e F1 = F2 = F3 = 0) the system of equations has converged and 

the z, m1 and m4 values chosen would be exactly correct (rarely the case for a first guess).   

Next calculate the following matrix H (called the Hessian matrix):  

Calculate ➔ 𝐻 =

(

 
 

(
𝜕𝐹1

𝜕𝑧
)   (

𝜕𝐹1

𝜕𝑚1
)    (

𝜕𝐹1

𝜕𝑚4
)

(
𝜕𝐹2

𝜕𝑧
)   (

𝜕𝐹2

𝜕𝑚1
)    (

𝜕𝐹2

𝜕𝑚4
)

(
𝜕𝐹3

𝜕𝑧
)   (

𝜕𝐹3

𝜕𝑚1
)    (

𝜕𝐹3

𝜕𝑚4
))

 
 

 and calculate the inverse of this H matrix, i.e.  

𝐻−1 where  H.H−1 = [
1 0 0
0 1 0
0 0 1

] 

Then update the guess from iteration 𝑣 to the next iteration 𝑣 + 1 as follows: 

𝑋(𝑣+1) = 𝑋𝑣 − 𝐻−1. 𝐹𝑣 

If 𝑋𝑋(𝑣+1) = 𝑥𝑣 the iteration is over, however, you need to guess another amount until two 

guesses become closer.  
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3. CHAPTER 3: EXPERIMENTAL METHODOLOGY 

3.1. Objective 

The objective of this research was to investigate and identify the most important mechanisms 

governing the retention of scale inhibitors (DETPMP, PPCA, PFC, VS-Co and PAPE) on calcite, 

dolomite and limestone mineral substrates. A range of apparent adsorption/compatibility 

experiments (app) were performed and the apparent adsorption, app, vs. Cf, the final scale 

inhibitor concentration was plotted. These pots identified whether the retention mechanism was 

pure adsorption or coupled adsorption/precipitation through the use of two mass/volume (m/V)  

ratios of substrate/test volume, as explained in Chapter 2. 

During these experiments, it was essential to analyse the ion concentrations of phosphorous (P) 

(for DETPMP, PPCA, PFC and PAPE using SI standards), calcium (Ca2+), magnesium (Mg2+), 

lithium (Li+) and other related cations in the solution prior to and after the experiment, i.e. initial 

and final concentrations. These were analysed using Inductively Coupled Plasma - Optical 

Emission Spectroscopy (ICP-OES).The analysis of the VS-Co SI was different, as it does not 

contain any ‘ICP-able’ phosphorus in its structure, hence the wet chemical method,  matrix-

matched easy hyamine was used95. Any difference between the initial and final ion 

concentrations denotes whether any coupled adsorption/precipitation () has taken place10, as 

two different (m/V) ratios of test fluid to mineral substrate were investigated.  For the 

compatibility tests, if any loss in SI concentration was measured and cloudiness was observed in 

the test solution then this was related to precipitation occurring. The SI/Ca precipitates were then 

studied using Environmental Scanning Electron Microscopy/ Energy Dispersive X-ray 

(ESEM/EDX) and Particle Size Analysis (PSA). These techniques will be described later.  

3.2. Static Compatibility and Coupled Adsorption/Precipitation Experiments 

3.2.1. Experimental Procedure 

Static adsorption/compatibility tests were carried out over a 24-hour period, at a range of 

temperatures (60-95oC) and pH values (pH0 2, 4, 6) in a matrix of synthetic North Sea Sea Water 

(NSSW).  The scale inhibitors were dissolved in filtered (0.45μm) NSSW at a range of 

concentrations (0 – 4000ppm active; VS-Co to 10,000ppm) before being individually pH 

adjusted to the appropriate test pH value, using dilute solutions of hydrochloride acid and sodium 
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hydroxide. A fixed volume of 40ml (0.040L) was then measured out and poured into its test 

bottle. For the static adsorption tests, the experiments were conducted using different masses of 

calcite, dolomite and limestone (m = 5g and 10g) at a fixed size fraction of 100-315μm to assess 

the coupled adsorption/precipitation behaviour. In the corresponding static compatibility tests, 

the experiments were performed to evaluate if any incompatibility/precipitation behaviour 

occurred between the product and the brine system, since no mineral substrate was present in 

these tests. The test solutions/bottles were placed in and left in an oven at test temperature for 24 

hours before being filtered through a 0.22μm filter paper. All tests were performed in duplicate. 

After cooling to room temperature, the pH of the kept filtered supernatant was measured and 

recorded, prior to sampling. The filtered supernatant was then sampled 1ml into 9ml 1% Na+ 

diluent solution before being sent to the ICP-OES for analysis alongside initial stock solutions 

enabling comparisons of initial and final ion concentrations. Any precipitated material/mineral 

substrate was rinsed on the filter paper with some distilled water and then left to dry before being 

analysed by ESEM/EDX or PSA.  

A schematic of the experimental procedure is outlined in Figure 3.1 and a more detailed 

experimental procedure is outlined in Section 3.3.9. 

 

Figure 3.1. Schematic flow diagram of the static adsorption/compatibility experimental procedure44 
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Typical results of the effect of pH, mineralogy, and temperature on the bulk apparent adsorption 

behaviour (app vs. Cf) of these common commercially available SIs on a range of carbonate 

mineral substrates (calcite, dolomite, and limestone) will be presented in the results section. A 

summary of experimental conditions examined however summarizes the conditions of all the 

experiments performed during this work.  

 

Table 3.1.A summary of experimental conditions examined93 

 Calcite Dolomite Limestone 

Scale 

Inhibitor 

Experimental 

Temperature 

(oC) 

pH02 pH04 pH06 pH02 pH04 pH06 pH04 pH06 

DETPMP 95oC ✓  ✓  ✓  ✓  ✓  ✓  ✓  +80oC 

PPCA 95oC ✓  ✓  ✓  ✓  ✓  - +80oC ✓  

PFC 95oC ✓  ✓  ✓  ✓  ✓  ✓  - - 

PAPE 80oC - ✓  +60oC - ✓  +60oC - - 

VS-Co 95oC - ✓  - - ✓  ✓  - - 

 

3.3. Experimental Materials 

3.3.1. Scale Inhibitors 

Five scale inhibitors (SIs) were used in this work, for concentration ranges between 0 – 

4,000ppm, except for VS-Co being examined over 0 – 10,000ppm. These concentrations are all 

‘active’ ppm. The SI are chemically distinct commercial scale inhibitors widely used in oilfield 

applications. All of them have been extensively described in the literature and details of their 

chemistries and suppliers are presented in Table 3.2..  
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Table 3.2. Specifications of scale inhibitors 

 

 

3.3.2. Mineral Substrates 

Prior to being used, the sourced carbonate mineral substrates were characterised. This involved 

dissolving a known amount of already crushed/washed mineral sample (0.15g) in 100ml of 10% 

HCl solution. The sample was then were left for 24 hrs to make sure all of the mineral was 

dissolved. The solution was then analysed by ICP-OES to determine the cation concentrations 

of specific ions such as calcium, magnesium and iron (Ca, Mg, Fe). The results are shown in 

Table 3.3. 

Full Name 
Generic 

Name 
Type Chemical Structure Activity% Supplier 

Di-Ethylene Tetra-

amine Penta 

(methylene- 

phosphonic acid) 

DETPMP Phosphonate 

 

   

 

47% 
Italmatch 

Poly Phosphino 

carboxylic Acid 
PPCA Polymeric 

 

 

 

40.3% 
BWA 

P-functionalized co-

polymer 
PFC Polymeric 

 

 

 

36% 
Clariant 

Sulphonated 

Polyacrylic Acid 

Copolymer 

VS-Co Polymeric 

 

 

 

35% 

Nalco- 

Champion 

Polyhydric Alcohol 

Phosphate Ester 
PAPE 

Phosphate 

Ester 

 

 

 

50% 

Taihe Water 

Treatment 

Company 
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Table 3.3.  Characterisation of the carbonate substrates 

Carbonate Type Supplier 
Calcium 

(mole) 

Magnesium 

(mole) 
Iron (mole) Mg/Ca ratio 

Moroccan 

Calcite 

Geology 

Superstore 
9 x 10-6 3 x 10-9 2.5 x 10-8 3.3 x 10-4 

Skye Dolomite UKGE 4.8 x 10-6 5.4 x 10-6 1.3 x 10-9 1.11 

Ayrshire 

Limestone 
UKGE 8 x 10-6 6.2 x 10-8 3.8 x 10-8 7.7 x 10-3 

Skye Limestone UKGE 9.8 x 10-6 2 x 10-7 2 x 10-7 0.021 

 

The Moroccan calcite shows the lowest magnesium/calcium ratio in which Mg is negligible and 

confirms the chemical formula CaCO3. For Skye dolomite the ratio of magnesium/calcium is 1.1 

which is consistent with the generic formula of dolomite (CaMg (CO3)2). For both the limestone 

samples, some magnesium was detected, with the magnesium/calcium ratio higher in the Skye 

than Ayrshire sample. The amount of Iron (in moles) is greatest for the Skye limestone when 

compared to the other carbonate samples.  

For the static adsorption tests, a previously crushed, sieved and distilled water washed/dried, size 

fraction of 100 - 315μm was used. 

3.3.3. Test Matrix - Synthetic North-Sea Sea Water (NSSW) Brine 

All brine solutions were prepared by dissolving appropriate quantities of salts in distilled water. 

The composition of the synthetic brine used, NSSW, is given in Table 3.4., alongside the 

suppliers for the analytical grade chemicals used.  The brine solution was filtered through a 

0.45μm filter paper to remove any suspended solid content prior to it being used in the tests. In 

addition, 50ppm Li+ was added as an inert tracer to the NSSW brine to check for evaporation (if 

any occurred) during the heating process. The lithium results can be used to drift correct the test 

values if evaporation is suspected. 
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Table 3.4. Synthetic North Sea Seawater Water Composition (NSSW) 

Ion 
Concentration 

(ppm) 
Salt Composition Supplier Grade g/L 

Na+ 10890 NaCl 
Fisher 

Scientific 
Analar 24.08 

Ca2+ 428 CaCl2.6H2O Sigma Analar 2.34 

Mg2+ 1368 MgCl2.6H2O Merck Analar 11.44 

K+ 460 KCl VWR Analar 0.88 

SO4
2- 2960 Na2SO4 VWR Analar 4.38 

Li+ 50 LiCl VWR Analar 0.3055 

Cl- 19766     

 

3.3.4. Preparation of Diluent Solution – 1% Na+ 

The diluent solution was used to dilute samples prior to them being sent for ICP-OES analysis. 

For all the ICP-OES samples, 1% Na+ is used as its diluent solution to maintain the brine salinity 

close to the TDS of the initial NSSW test brine. This assists with the matrix matching of samples 

with the ICP standards allowing more accurate analysis results. All the test samples and initial 

stocks have undergone a x10 dilution in the diluent solution to allow the final ion concentrations 

to fall within the ICP-OES calibration range being used.  The calculation to prepare the diluent 

solution was as follows: 

1% Na+ (aq) ≡ 10,000ppm Na+ (aq) ≡ 25.42g of NaCl (s) in 1 litre of distilled water  

So; 5 litre of distilled water, requires 25.42g x 5 = 127.10g of NaCl 

3.3.5. Experimental Conditions 

As previously shown in Table 3.1, numerous experiments were performed under a variety of 

conditions. The various conditions examined are outlined in Table 3.5. 
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Table 3.5. Details of Apparent Adsorption Experiment Conditions 

Condition Type Details 

Temperature 
95oC all experiments 

80, 60oC only for PAPE to avoid thermal degradation 

Pressure Atmospheric, 1 bar 

pH initial 

adjusted using dilute HCl and NaOH 

pH0 2, 4, 6 all experiments 

pH0 4, 6 only for PAPE, VS-Co 

Initial Scale Inhibitor 

Concentrations (active ppm) 

0, 50, 100, 500, 800, 1000, 2000, 4000ppm 

[VS-Co]=100, 500, 1,000, 2,500, 5,000, 10,000ppm 

Test volume (ml) 40ml or 0.04L 

Mass of Substrate (g) 5 and 10g all experiments 

Sampling times 
24hrs after heating at test temperature 

Each test performed in duplicate 

Dilution factor and 

diluent matrix 
x10 1% Na+ for all samples and stocks 

Analysis Method 
ICP-OES for SI and cation analysis 

Exception, [VS-Co] by Matrix Matched Easy Hyamine 

 

3.3.6. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

ICP-OES is a method of instrumental elemental analysis. It can be used for the determination of 

approximately 70 elements in a variety of matrices. A plasma is an ionised gas. In ICP, an argon 

plasma is used. The plasma reaches temperatures of up to 10,000 K. The energy necessary to 

sustain the plasma is transferred electromagnetically via an induction coil (hence the term 

“inductively-coupled” plasma). The sample to be analysed is introduced into this hot gas through 

a nebulizer, which converts the liquid sample into an aerosol. 

Atoms and ions from the sample are excited in the plasma and emit electromagnetic radiation in 

the ultraviolet and visible spectral range. The emission of light occurs as discrete lines, which 

are separated according to their wavelength by diffractive optics, and are utilized for 
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identification and quantification. Optical emission spectrometry describes a technique that is 

used to quantify an analysis based on the emission of light from a sample.51.  

Flow Assurance and Scale Team (FAST) have a Horiba Jobin Yvon Ultima 2 and a 

ThermoFisher iCAP 6300 Series Dual View (DV) upgraded to a 6500 series, Figure 3.2. They 

both give similar reading outputs, to within +/- 10% of each other although they work by slightly 

different modes. Table 3.6. highlights the individual features of the two different machines. 

 
 
 
 

 

 

            
Figure 3.2.   (a) Horiba Jobin Yvon Ultima 2 and (b) Thermofisher iCAP 6300 Series Dual View 

 

(a) 

(b) 
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Table 3.6. The Individual Features of the Ultima 2 and upgraded iCAP 6500 DV Series 

Feature Horiba Jobin Yvon Ultima 2 

Thermofisher iCAP 6300 

DV upgraded to an iCAP 

6500 

Torch  
Fully demountable vertical torch 

Single View Radial 

Open Access to Torch 

Dual View: Axial & Radial 

Wavelength 

Coverage 

160-800nm 

Optional 120nm for UV  

of halogens included 

166 – 847nm 

Spectrometer 
1m Czerny-Turner monochromator 

Nitrogen purged & thermostated 
Echelle Type Grating 

Measurement Sequential  Simultaneous 

Grating/Optics 

Ion etched holographic master 

110 x110mm, 2400lines/mm used in 

first/second order 

Echelle grating 

52.91 grooves/mm ruled  

383mm effective focal 

length 

9.5o UV fused silica cross 

dispersion prism 

Spectral 

Resolution 

10/5picometers (pcm)  

in first/second order 

<5pcm in 160-320nm 

<10pcm in 320-800nm 

7pcm at 200nm 

Detection 
High Dynamic PMT Detector: 

 Sub ppb to % level 

4th Generation  

RACiD86 Charge 

Detection Device (CID) 

Intensity Gains: 10, 100 Direct measurement 

Sheath Gas 
Allows continuous analysis of  

30% dissolved solids (DS) 

Not Required 

5% DS +Argon (Ar) 

humidifier 

15% DS – Ar humidifier 

Generator 
Solid state, frequency stabilised, 

Reflected power control, air cooled 
Solid state 

Frequency (MHz) 40.68 27.12 

Power (Watt) Maximum 2600 750-1600 

Load Coil Water cooled Water cooled 

Argon flow 

(L/min) 
12 (7 low-flow option) 12 

Sample 

Introduction 

Thermoregulated  

sample compartment, 

Sheath gas for reduced memory 

effects 

Open Easy Access sample 

compartment 

Software 
ICP Analyst 5.4 - Analysis & 

Reporting 

iTEVA Control Centre: 

Analyst - analysis 

Publisher - reporting 
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The procedure of conducting ICP-OES is as follows: 

1. Prepare the brines/solutions required for the procedure.  

2. Prepare standards for each set of analysis. Refer to the note below for the iCAP internal 

standard.  

3. Ensure the torch/sample introduction glassware and tubing have been cleaned and correctly 

re-assembled.  

4. Light the plasma and allow a warm up time of 1hr before initiating an analysis run. For the 

TF-iCAP 6500DV – a Zn stability needs to be performed after 10-15mins warm up and 

prior to starting the run – use the zinc stability method. A zinc stability standard is 2ppm 

Zn & 0.01% methanol (2ml from a 1000ppm ICP standard and 0.1ml of methanol) in 1L 

of distilled water. 

5. Set up method and sequence.  

6. HJY – U2: Run profiles to check background correction points for each element in the 

appropriate DW or brine. Set the backgrounds in the method for each element.  

7. TF – iCAP 6500DV: Backgrounds are run automatically alongside the sample but can be 

manipulated afterwards.  

8. Both instruments: Run a calibration and a set of repeats to check repeatability.  

9. Check that the calibration for each element is successful and that the repeats for the 

standards are consistent with the expected values.  

10. Samples could now be run. Samples at known concentrations are statistically analysed for 

their precision and accuracy, the definition of which are outlined below.  

 

Note: In step 2, for the Thermofisher iCAP, an additional preparation of an internal standard is 

required. There are a number of factors to consider when choosing the internal standard:- 

• The internal standard should behave similarly to the element of interest in the plasma.  

For best results, where possible, the atomic (I) or ionic (II) state of the element line should match 

that of the internal standard line. A similar wavelength should also be used. If the element line 

is a low wavelength (<235nm (4xx)) then the internal standard line should also be a low 

wavelength. If the element line is a high wavelength (>235nm (1xx or 0xx)) then the internal 
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standard line should also be a high wavelength. It is also advisable to match the viewing option 

i.e. a radial element line with a radial internal standard line 

• The most commonly used wavelengths for the yttrium internal standard are 224.306nm 

(for low wavelengths) and 371.030nm (for high wavelengths). Other wavelengths that can be 

used, although less frequently, are 324.228nm and 360.773nm 

 

The internal standard could contain a number of different elements such as Rhodium, Scandium, 

Indium, Gold, Yttrium, and Caesium in 1% Nitric Acid or distilled water for sulphide/ Ethylene 

Diamine Tetra Acetic Acid (EDTA) containing solutions. This internal standard is sprayed at a 

low flow rate at all times throughout the analysis run. Caesium is sometimes present in the 

internal standard to reduce or stop ion suppression happening.  However if it does occur then the 

other elements can be used to account for this ion suppression. To ensure effective mixing and 

reduce any air bubble effects, Triton X100 is also added to the internal standard solution if a Y-

piece setup is being used.  The final concentration of Triton in the internal standard is 0.1%.  

Table 3.7. shows the procedure of internal standard preparation for analysis.  

Table 3.7. Preparation of Internal Standard 

With Nitric Acid 
In Distilled Water Without  

Nitric Acid 
2ml 10,000ppm Y standard 

400ml of 5% Nitric containing 0.1% Triton  

Additional 1.6ml Triton to give overall 

0.1% Triton 

All in 2L of Distilled Water 

 10ppm Y, 0.1% Triton in 1% 

Nitric Acid 

2ml 10,000ppm Y standard 

2ml Triton X100 

 10ppm Y, 0.1% Triton in DW 

With Nitric Acid 
In Distilled Water Without  

Nitric Acid 

NOTE: When adding the Triton, have the solution already stirring with an excess of the 

background solution present. The Triton is extremely thick and this swirling helps it 

dissolution 

 

Accuracy is the degree of agreement between the measured value and the true value. An absolute 

true value is seldom known. A more realistic definition of accuracy then would be to assume it 

is the agreement between a measured value and the accepted true value. 
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Precision is defined as the degree of agreement between replicate measurements of the same 

quantity. It is the repeatability of the result. This is also known as standard deviation. However, 

good precision does not mean good accuracy, for instance, if there was a systematic error in the 

analysis. This error would not affect the precision, but it does affect the accuracy.  

 

11. Using the diluter or a pipette, do the appropriate dilution for the elements in question, so 

their concentrations fit within the calibration range of the corresponding element 

calibration standards.   

12. Run the real samples.  

13. Give data to personnel responsible for the plotting of results 

14. Personnel will use the appropriate ICP macro to manipulate the data to determine the 

concentration of the analysed samples 

15. Construct a summary table of results 

 

3.3.7. Wet Chemical Technique: Matrix-Matching Easy Hyamine  

Recently, the oil industry is much more environmentally aware and one of the consequences is 

that more environmentally friendly scale inhibitors have been developed and applied. These are 

known as ‘Green Scale Inhibitors’ (GSI), and they do not pollute the waters around platforms 

and the pipeline systems through bioaccumulation and non-degradation95. These GSIs are also 

being applied in chemical squeeze treatments. Although more environmentally friendly, they 

bring their own set of problems to the analysis world, such as being non-phosphorus containing, 

making analysis by ICP non applicable. Therefore, the industry may have to resort to wet 

chemical techniques or other instrumentation such as HPLC (Dionex). An example of a GSI 

would be the VS-Co or Sulphonated Polyacrylic Acid Copolymer used during this PhD. This SI 

was analysed by x20 matrix-matching easy hyamine as it is non-phosphorus containing.  

 

The development of the easy hyamine matrix matching technique evolved because of difficulties 

in determining low polymeric SI concentration from a restricted sample volume. The procedure 

for the actual detection is exactly the same as the normal easy Hyamine. However it is the steps 

taken before the analysis that require some thought. The final procedure developed avoids the 
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negative effects of the remaining chloride ion on the chelating process between the hyamine and 

SI. For example, a SI stock would be prepared in SW, as would happen for any experimental 

procedure, which would then be diluted to give a 25ppm active SI/DW stock in order to create 

an easy hyamine calibration range of 0-10ppm active SI/DW i.e. easy hyamine relies on the 

diluting out of any salts that may interfere with the SI detection. However, it was found that as 

the SI/SW concentration became lower in the samples, requiring a smaller dilution in DW, say 

a x2 dilution – 2500d and 2500s on the diluter, for a 5ml DW test solution – then a greater 

chloride ion concentration is present with respect to the target 0-10ppm active SI DW calibration 

standards. The higher concentration of chloride ions present interfere more significantly with the 

chelating process between the Hyamine and the SI. Therefore, the turbidity absorbance recorded 

for that concentration of SI is incorrect. By matrix-matching the sample and calibration 

standards, for example using the same dilution factor from a SW background to a DW 

background, gives equivalent chloride ion concentration within both. This then means that any 

chloride ion effects on the chelating process between the Hyamine and scale inhibitor can be 

negated, allowing accurate analysis to be performed for the low scale inhibitor concentration 

samples. For example, if a sample was thought to require a x10 dilution to give a [SI] within a 

0-10ppm active SI DW calibration range, then initially 0-100ppm SW calibration standards 

would be prepared. These SW calibration standards would then require the same x10 DW 

dilution as the samples (i.e. 500s & 4500d for 5ml) and hence both the sample and calibration 

standards will have equivalent chloride ion concentration; thus, the sample and calibration 

standards will undergo similar interferences from these ions allowing accurate analysis to be 

performed i.e. matrix-matching. This method was used to analyze the SI concentration of VS-

Co during this research.  

 

3.3.8. Environmental Scanning Electron Microscopy - Energy Dispersive X-Ray 

(ESEM-EDX)  

ESEM/EDX is able to image and elementally analysis a wide range of sample types without any 

form of preparation. It is therefore possible to examine wet, oily or outgassing samples. It is also 

possible to perform dynamic experiments such as wetting within the ESEM chamber, which is 

not otherwise possible with other conventional SEM's.  ESEM/EDX analysis can be used for a 
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wide range of applications. FAST uses the techniques to investigate the following prior to and 

after an experiment:  

• Mineral surfaces – dissolution effects from core flood or scale dissolvers, adhering 

precipitation, identifying formation damage 

• Wettability Issues - oil or water wet identification when oil or water added in situ. 

• Precipitate morphology and composition – Scale Inhibitor_Cation complexes, 

Naphthenate deposits, interfacial salts from mutual solvent investigations, silicate 

complexes, scale inhibitor interactions on scale formation 

• Precipitation surface coverage – on a metal coupon, to observe if pre-treatment of a metal 

surface prevents surface scaling and to what degree 

• Surface structures – metal, polymerics, fluorinated coatings 

The machine at Institute of GeoEnergy Engineering is an XL30 ESEM with LAB6 filament 

alongside an Oxford Instruments X-Max 80mm EDX detector and INCA software, shown in 

Figure 3.3. 

 

Figure 3.3. ESEM - Philips XL30 at Heriot-Watt University 

 

The General Laboratory Procedure of ESEM/EDX Analysis is fully explained in Appendix 6.1. 
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3.3.9. Particle Size Analyser (PSA)  
 

Particle size and its distribution is important information required prior to executing static 

adsorption/precipitation or non-equilibrium sand pack experiments. For this study, sand, 

kaolinite and siderite minerals were measured before being used in the various experiments. 

Having a consistent size and distribution is important for the analysis as adsorption/precipitation 

(particularly adsorption) onto these minerals very much depends on their particle size and 

distribution (i.e. specific surface area). The Malvern Master Sizer MS-20 was used to measure 

particle size and its distribution. Refer to Figure 6.7 (Malvern Master Sizer MS-20 Instruction 

Manual) 

This machine uses the principle of laser diffraction to determine the particle size of the precipitate 

of SI-M2+ described in Chapter 4. The technique of laser diffraction is based around the principle 

that particles passing through a laser beam will scatter light at an angle that is directly related to 

their size. 

The Operation Procedure of Particle Size Analyser (PSA) is fully explained in Appendix 6.2. 

 

3.3.10.  Detailed Experimental Procedure for the Static Adsorption/Compatibility 

Tests 
 

1. Prepare NSSW brine by dissolving the relevant salts in distilled water and subsequently 

filter this brine through a 0.45μm filter paper. 

2. Prepare a 10,000-ppm SI stock solution in the test brine and further dilute to appropriate SI 

concentrations (50, 100, 500, 800,1,000 2,000 and 4000ppm) for the adsorption test in the 

same test brine. Exception: [VS-Co] initial=100, 500, 1,000, 2,500, 5,000 and 10,000ppm. 

3. Record the pH and then adjust the pH of all stock solutions (blanks and SI/SW samples) to 

the required initial test pH value: i.e. pH0 2, 4 and 6. 

4. Prepare two sets of bottles - one for adsorption (contains mineral) testing, and the other for 

compatibility (no mineral present) testing. Prepare duplicate sample bottles for each test 

condition for adsorption, but only one for compatibility. 

5. Weigh samples of mineral substrate into appropriately labelled 150 cm3 plastic bottles (m= 

5 and 10 g). 

6. Pipette 40 cm3 of the appropriate SI solution into each bottle (V=0.04 L). 
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7. Cap the bottles and shake for 5 seconds before placing in an oven at test temperature (C) 

and atmospheric pressure. 

8. Check the bottle caps for tightness after 1 hour and tighten if loose, to avoid evaporation. 

9. After 24 hours in the oven, remove the test bottles and immediately filter through individual 

0.22-μm membrane filters; keep the labelled mineral/precipitate on their filter papers and 

the separate supernatant solutions. 

10. Leave the filtered supernatant solution to cool to room temperature for approximately 24 

hours. 

11. Measure the post-test pH. 

12. Sample the filtered supernatant using a pipette, and dilute the sample volume in a known 

matrix volume (x10 1% Na+) ready for analysis alongside the associated stock solutions by 

inductively coupled plasma-optical emission spectrometry (ICP-OES) for [SI], [Ca2+], and 

[Mg2+]. Exception: Analyse the [SI] of the VS-Co samples/stocks by the wet chemical 

matrix-matched easy hyamine technique instead of ICP-OES95 

13. Plot up the data generated 

14. Perform ESEM/EDX analysis and PSA on the collected and dried solid phases 

(precipitate/mineral combined and separate) to analyse the morphology and particle size of 

the mineral-substrate grains and any bulk precipitate formed. 

15. Analyse and interpret all the results 

The schematic of the static adsorption and compatibility experiment was illustrated previously 

in Figure 3.1.  

 

3.3.11.  Typical Test Schedule Example (Bottle Test) 
 

The bottles were numbered to track each concentration used. Experiments at each concentration 

were performed in duplicate to assure the consistency of the results. 
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Bottle No. [SI], ppm active Bottle No. [SI], ppm active 

1 Blank S1a (950C) 0 

2 Blank S2a (950C) 50 

3 50 S3a (950C) 100 

4 50 S4a (950C) 500 

5 100 S5a (950C) 800 

6 100 S6a (950C) 1000 

7 500 S7a (950C) 2000 

8 500 S8a (950C) 4000 

9 800 S1b (Room 

Temperature) 

0 

10 800 S2b (Room 

Temperature) 

50 

11 1000 S3b (Room 

Temperature) 

100 

12 1000 S4b (Room 

Temperature) 

500 

13 2000 S5b (Room 

Temperature 

800 

14 2000 S6b (Room 

Temperature) 

1000 

15 4000 S7b (Room 

Temperature) 

2000 

16 4000 S8b (Room 

Temperature) 

4000 
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4. CHAPTER 4: EXPERIMENTAL RESULTS and 

DISCUSSION 

4.1. Introduction  

In this Chapter, we present some of the main experimental findings of this thesis.  The results 

are presented as follows: 

(i) The solubility of calcite and dolomite in North Sea Sea Water (NSSW) and in distilled 

water (DW) – Section 4.2 

(ii) The Phosphonate Scale Inhibitors Retention in Carbonates (dolomite and calcite) – 

Section 4.3 

(iii) The Polymeric Scale Inhibitors (PPCA and PFC) Retention in Carbonates (calcite 

and dolomite) – Section 4.4 

(iv) The Phosphate Ester Scale Inhibitors Retention (at two different reservoir 

temperature; T= 80oC & 60oC) in Carbonates (calcite and dolomite) – Section 4.5 

(v) Comparison of the Phosphonate and Polymeric Scale Inhibitors (DETPMP & PPCA) 

Retention on Limestone Substrates – Section 4.6 

Finally, a full overview and summary of all of this work, including the overall conclusions 

and findings of this research, are presented in the Chapter 5.  

 

4.2. Solubility of Calcite & Dolomite in NSSW & DW 

In this section, we present the results on the solubility of calcite and dolomite in North Sea Water 

(NSSW) and Distilled Water (DW).  No scale inhibitor was used in these measurements, and so 

these can be considered as being “baseline” mineral solubility experiments. To measure the 

solubility of calcite and dolomite, these mineral substrates were put in plastic bottles with two 

different masses of mineral (m= 5& 10 g); then NSSW and DW adjusted to various initial pH 

values (pH0= 2, 4, 6 & 8) were added to the bottles.  The samples were put in an oven at a 

reservoir like temperature (T=95oC) for 24 hrs. Then, they were taken out and filtered. The 

supernatant solutions were analysed by ICP to look at initial and final concentrations of divalent 

cations ([Ca2+], [Mg2+]) and also final pH of supernatants were measured and recorded. 
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Figure 4.1. Total [Ca2+] Generated In Situ for Calcite & Dolomite with NSSW at Different pH Values 

 

As shown in Figure 4.1, for lower initial pH (pH = 2), the amount of calcium generated in situ 

by the carbonate rock dissolution increases. This is simply due to acid dissolution of the 

carbonates (both calcite and dolomite). However, the rock dissolution is negligible as pH 

changes from pH0 4 to pH0 8. In addition, at pH0 2, the amount of calcium generated through rock 

dissolution is higher for the calcite/NSSW system than for the dolomite/NSSW system. It is due 

partly to the lower amount of calcium in dolomite compared to calcite, and also to the fact that 

dolomite is somewhat less reactive.  
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Figure 4.2.  Total [Ca2+] Generated In Situ for Calcite & Dolomite with Distilled Water (DW) at Different pH 

Values 

 

The corresponding calcite and dolomite solubility in distilled water (DW) at the same initial pH 

values (pH0= 2, 4, 6 & 8) is shown in Figure 4.2, [Ca2+] generated in situ by rock dissolution for 

the pH0 2 case is again the highest amount is 140 ppm and 20 ppm for calcite and dolomite; the 

results above for NSSW were ~ 179 ppm and 79 ppm for calcite and dolomite cases, respectively.  

Thus, NSSW is able to dissolve more carbonates than DW. In addition, calcium generated in situ 

in calcite is higher than in dolomite, as the later has less calcium content than the former and the 

dolomite is less reactive. 
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Figure 4.3.  [Mg2+] Generated In Situ for Calcite & Dolomite with NSSW at Different pH Values 

 

Figure 4.3 shows the amount of magnesium (Mg2+) generated in situ through rock dissolution in 

NSSW; note that the difference is not obvious in this case since the NSSW already contains 

about 1400ppm Mg2+.  The Mg2+ generated in the dolomite/NSSW system (~66ppm) is more 

than that in the calcite/NSSW system (~39 ppm).   This is related to higher amount of magnesium 

in dolomite. Furthermore, [Mg2+] generated through rock dissolution is negligible and does not 

change significantly as pH is increased (contrary to [Ca2+] generated in situ results).   
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Figure 4.4. [Mg2+] Generated In Situ for Calcite & Dolomite with DW at Different pH Values 

 

The Mg2+results for the carbonate/DW systems are shown inFigure 4.4.  At the lowest pH value 

(pH0=2), rock dissolution occurs in dolomite/DW system and some magnesium is leached out of 

system (~ 80 ppm). However, once the solution pH is increased, the amount of magnesium 

generated decreases to 20 ppm and does not change very significantly at higher initial pH values.  

In the calcite/DW system, this amount of Mg2+ is ~ 3 ppm at pH0 = 2 and is even less at higher 

initial pH values.  These results are simply because of the fact that there is a very small amount 

of Mg in the calcite sample, and fairly significant amounts in the dolomite (approx. CaMg (CO3) 

2).    
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Figure 4.5. Final pH for Calcite and Dolomite with SW at Different pH Values 

As seen in Figure 4.5, the final pH of the solution increases as the carbonates contact with NSSW 

because of rock dissolution. In addition, in all initial adjusted pH values, final pH is around 8 for 

both calcite and dolomite substrates, although this amount is slightly higher for the 

dolomite/NSSW system. This implies that the aqueous system is buffered because of the 

presence of carbonate minerals.     
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Figure 4.6. Final pH for Calcite and Dolomite with DW at Different pH Values 

Figure 4.6 shows the corresponding final pH results for calcite and dolomite in DW are rather 

different to those in NSSW (above). The final pH values for the dolomite/DW system are higher 

than those for the calcite/DW system, as shown in Figure 4.6; the final pH for the dolomite/DW 

system is around pHf ~9 while this is pHf ~7.5 for the calcite/DW system.    

To sum up this section, some conclusions as follows: 

1) As pH is reduced, the amount of divalent cations (Ca2+, Mg2+) generated in situ by rock 

dissolution increases. 

2) The amount of calcium generated through rock dissolution is higher in the calcite/NSSW 

system than for the dolomite/NSSW system.  This is attributed to the relatively lower amount of 

calcium in dolomite compared to calcite, and the lower reactivity of the dolomite. 

3) NSSW is able to dissolve more carbonates than DW, so more divalent cations are generated 

in carbonates/NSSW system in comparison with carbonates/DW. 
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4) More magnesium is produced in dolomite than in calcite as dolomite has a far higher 

magnesium content than calcite 

5) Final pH of solution increases as the carbonates contact with NSSW because of rock 

dissolution. In addition, in all initial adjusted pH values, final pH is around 8 for both calcite and 

dolomite substrates, although this amount is a little bit higher for dolomite/NSSW in comparison 

with calcite/NSSW.  

6) Final pH of dolomite/DW is higher than that of calcite/DW system as shown above (pHf for 

dolomite/DW system is around 9 while this amount is ~7.5 for calcite/DW system). This change 

might be attributed to the carbon dioxide (CO2) content of these system. 

These findings presented in this part help us to understand behaviour of different SIs in terms of 

retention on carbonates which will be brought later on.  

4.3. Phosphonate Scale Inhibitors Retention in Carbonates  

Experimental Results for “Apparent Adsorption”, app 

The aim of this section is to investigate dominant mechanisms governing the retention of Di-

Ethylene Tetra- amine Penta (DETPMP) on two different carbonate substrates, calcite and 

dolomite. This commonly applied phosphonate scale inhibitor (SI) is readily detectable via “P” 

by Inductively Coupled Plasma- optical emission spectrometry (ICP-EOS).  This has been done 

by carrying out a range of static “apparent adsorption” experiments where we plot the apparent 

adsorption, app vs. Cf  the final SI concentration as a function of (m/V) where m is the mass of 

substrate (calcite and dolomite) and V is the solution volume.  As explain in Chapter 2, this 

allows us to easily identify SI concentration regions when pure adsorption () occurs and where 

coupled adsorption/precipitation () occurs. These apparent adsorption plots are measured for 

a specific fraction size of the crushed carbonate substrates (100-315𝜇𝑚  ) as well as at various 

(m/V) ratios. All of the SI/calcium precipitates have been examined using Environmental 

Scanning Electron Microscope / Energy-dispersive X-Ray (ESEM/EDX).  In addition, the 

impact of the initial pH of the solution on apparent adsorption of DETPMP inhibitor was studied 

for two carbonate mineralogies (calcite and dolomite) at a reservoir like temperature, T=95oC.  

For these static apparent adsorption tests, the experiments were conducted using m= 5 and 10 g 

of carbonate substrates for a fixed volume (V= 40 ml) of solution, i.e. for two (m/V) ratios.  As 
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the experimental results presented below will show, only 2 values of (m/V) are required to clearly 

establish the 2 retention regimes, i.e. pure adsorption () and coupled adsorption/precipitation 

(/).  In the corresponding compatibility tests (no mineral present), the experiments were 

performed to investigate the intrinsic precipitation behaviour of the solution, since no mineral 

was present in these tests. Hence, any loss in SI concentration from solution in these 

compatibility tests must be due to pure precipitation ( only).  

In this section, we present the experimental results under the following headings: 

Apparent adsorption of DETPMP on Moroccan Calcite and Skye Dolomite:  

The results of the static coupled adsorption/precipitation (/) experiments; referred to as 

“apparent adsorption” experiments, are plotted as Γapp vs. Cf, the final concentration of SI in 

solution in the manner of a “normal” adsorption isotherm.   Figure 4.7 (a), Figure 4.7(b) & Figure 

4.7(c) show the apparent adsorption level vs. final SI concentration of scale inhibitor for two 

masses (m = 5g and 10g) of 100-315𝜇𝑚  size fraction of calcite and dolomite as a function of 

the final scale inhibitor concentration (Γapp vs. Cf) in synthetic NSSW at T = at 95°C for initial 

pH0 = 2, 4 & 6, respectively.  
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Figure 4.7. Comparison of apparent adsorption for DETPMP- i.e. Γapp vs. Cf - onto two masses (m = 5g and 10g) 

of calcite and dolomite for initial pH values of (a) pH0 2 (b) pH0 4 (c) pH0 6; all experiments at T = 95°C 
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substrate and initial pH value. DETPMP in NSSW shows pure adsorption behaviour up to 

[DETPMP] ~100ppm and then a much wider region of coupled adsorption/precipitation 

behaviour above ~100ppm, where the apparent adsorption measurements diverge for different 

m/V values. These results also show that coupled adsorption/ precipitation is the dominant 

retention mechanism over all of the [DETPMP] concentration region > 100ppm. The apparent 

adsorption values are in the region of 5-25 (mg SI/g substrate) which are much greater than the 

normal lower pure adsorption levels of 0-2 (mg SI/g substrate). Thus, the regions of pure 

adsorption and coupled adsorption/ precipitation behaviour are unequivocally demonstrated for 

DETPMP on calcite and dolomite for all initial pH values.  

The DETPMP/dolomite and DETPMP/calcite systems both qualitatively show very similar 

trends in apparent adsorption. However, there are some quantitative differences between these 

two systems, in that the apparent adsorption of DETPMP is higher for the dolomite system than 

for the calcite system.   This is actually rather surprising, since it is well known that calcite is 

rather more chemically reactive than dolomite.  This result has been repeated in our laboratory 

and has been reproduced several times on the Moroccan calcite and Skye dolomite samples used 

in this work.  To explain this finding, we must first present the additional final pH and [Ca2+] 

data for each of the above experiments.   

Final pH Values, pHf: In all apparent adsorption experiments, for the various initial pH values 

(pH0 2, 4, 6), the final pH values (pHf) were measured, as were the final [Ca2+]f values in every 

case (presented below).  All the pH results are presented in Figure 4.8 (a), Figure 4.8(b) and 

Figure 4.8(c), each corresponding to the apparent adsorption results in Figure 4.7 above. Also 

shown in these figures are the pH results for the compatibility (no mineral present) tests and 

these show that there are no noticeable changes in pH in the pure compatibility test at initial 

adjusted pH0 2 and 4 (Figure 4.8 (a) and Figure 4.8(b)). Thus, DETPMP is completely compatible 

with NSSW in the absence of calcite/dolomite mineral up to [DETPMP] =4000ppm in the 

solutions at pH0 2 and 4. However, when the initial pH is increased to pH0 6 ( Figure 4.8(c)), the 

final pH in the compatibility tests declines gradually which indicates that there is some 

incompatibility between DETPMP and divalent cations (Ca2+ and Mg2+) in the NSSW and this 

is giving some precipitate, even in the absence of carbonate mineral.  
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Figure 4.8 (a), Figure 4.8(b) and Figure 4.8(c) also show the final pH values (pHf) in the presence 

of calcite and dolomite for all initial pH conditions and DETPMP concentrations used in the 

apparent adsorption experiments.  Thus, every pHf point in these figures corresponds to one of 

the apparent adsorption points (or compatibility test – no mineral) in Figure 4.7(a), Figure 4.7(b) 

and Figure 4.7(c).  Once substrates (calcite and dolomite) are added to the DETPMP solution, 

the pH rises from their initial values (pH0 2, 4 and 6) to pH ~ 8 due to dissolution of 

calcite/dolomite substrate in the scale inhibitor solution (or in the brine in the compatibility tests). 

At DETPMP concentrations of ~100ppm, the retention regime changes from pure adsorption () 

to coupled adsorption/ precipitation (), and we observe that the pH decreases quite sharply. 

This is obviously associated with the precipitation process and this will be explained later.  The 

detailed results for pHf in Figure 4.8(a), Figure 4.8(b) and Figure 4.8(c) show that the final pH 

values of the solutions in the calcite/DETPMP system are less than the final pH values in the 

dolomite/DETPMP system solutions.  For the DETPMP/calcite system, for pH0 2, the pH goes 

from pHf = 7.5 (brine only) down to pHf ~5 as the DETPMP concentration increases; the 

corresponding result for pH0 4 are pHf ~7.5 (brine only) and pHf ~5.5 (high DETPMP 

concentration), and for pH0 6 are pHf ~7.5 - 8 (brine only) and pHf ~6 (high DETPMP 

concentration). For the DETPMP/dolomite system, for pH0 2, the pH goes from pHf ~8.2 (brine 

only) down to pHf ~6 as the DETPMP concentration increases; the corresponding result for pH0 

4 are pHf ~8.2 (brine only) and pHf ~6 (high DETPMP concentration) and for pH0 6 are pHf ~8.2 

(brine only) and pHf ~7 (high DETPMP concentration).    
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Figure 4.8. Comparison of pH for DETPMP onto two masses (m = 5g and 10g) of calcite and dolomite at (a) pH0 

2 (b) pH0 4 (c) pH0 6 & T = 95°C for all tests 

Final Calcium Concentrations, [Ca2+]f:  For all of the apparent adsorption vs. Cf 

measurements, the final levels of solution calcium ion concentrations, [Ca2+]f, have also been 

measured by ICP-OES. These calcium results are presented as normalised concentrations, i.e. 

([Ca2+]f /[Ca2+]0) in Figure 4.9(a), Figure 4.9(b) and Figure 4.9(c); the initial calcium 

concentration in the NSSW is [Ca2+]0 = 428ppm. Again, we first focus on the normalised calcium 

results for the compatibility (no mineral) tests in these figures; clearly the compatibility results 

for the pH0 2 and 4 cases in Figure 4.9(a) and Figure 4.9(b) show that the solutions are completely 

compatible since normalised calcium ([Ca2+]f /[Ca2+]0) = 1 at all DETPMP concentration.  

However, for the pH0 6 case in Figure 4.6(c), the normalised calcium ([Ca2+]f /[Ca2+]0) is < 1 and 

drops as low as ~0.4 (~170 ppm) at the highest DETPMP concentration tested, showing that this 

solution is incompatible and some precipitation occurs (of SI/Ca complex).  We now consider 

the cases in the presence of the carbonate minerals and it is clear from these results that the 

carbonate rock is taking part in the reaction scheme to some degree in most of these cases.  In 

all cases (pH0 2, 4 and 6) the final calcium levels are always higher for the calcite than for the 

dolomite, confirming that the calcite in indeed more reactive.  Most calcite dissolution is, as 
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expected, observed in the pH0 2 case in Figure 4.9(a) where the normalised calcium level reaches 

([Ca2+]f /[Ca2+]0) ≈ 1.6 (~680 ppm); for the DETPMP/calcite system it is also found that the final 

([Ca2+]f /[Ca2+]0) ≈ 1.2 for pH0 4 and ≈ 1.05 for pH0 6.  In contrast, the dolomite behaviour is 

rather different.  Only in the pH0 2 case, for lower values of DETPMP concentrations do we see 

normalised calcium > 1; in fact it is ~1.3 – 1.4 for DETPMP at values of final SI concentration, 

Cf <500ppm.  In the other higher initial pH cases where pH0 4 and 6, then the normalised calcium 

is reduced below 1 in nearly all cases for the DETPMP/dolomite system.   This implies that the 

precipitate (the DETPMP/Ca complex) in the dolomite case actually removes any leached Ca 

from the carbonate rocks and some of the initial solution calcium from the system.  This will be 

quantified and demonstrated further in the mass balance calculation presented below. 
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Figure 4.9. Comparison of C/C0 Ca2+ for DETPMP onto two masses (m = 5g and 10g) of calcite and dolomite at 

(a) pH0 2 (b) pH0 4 (c) pH0 6 & T = 95°C for all tests 
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ESEM/EDX Analysis for DETPMP-Dolomite and DETPMP-Calcite Systems: After the 

filtration of the solids (either just mineral substrate or substrate + precipitated SI/Ca complex), 

the filter papers were dried, photographed and used for ESEM/EDX analysis. This was carried 

out to investigate the morphology of the precipitated complex in the presence of calcite and 

dolomite substrate.  In particular, we wished to establish if the precipitate was formed as a grain 

coating around the calcite and dolomite particles or whether it formed independently as a bulk 

solution precipitate. 

Figure 4.10 and Table 1.1. and Table 4.2.  present ESEM/EDX results for the DETPMP/calcite 

system, and Figure 4.11 and Table 4.3.  & Table 4.4 present the ESEM/EDX results for the 

DETPMP/dolomite system.   

                                             

                                                  

 

(a) 

 

(b) 
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Figure 4.10. Morphology of calcite grains and precipitate at 4000ppm DETPMP from ESEM photographed 

samples a) calcite grain (pH0 2) b) bulk precipitate (pH0 2) c) calcite grain (pH0 4) d) bulk precipitate (pH0 4) e) 

calcite grain (pH0 6) f) bulk precipitate (pH0 6) g) bulk precipitate, compatibility test, pH0 6 

 

Table 4.1. EDX analysis of 4000ppm DETPMP for 100-315µm calcite at pH0 2& 4 from ESEM 

 
Calcite grain 

4000 ppm (pH0 2)  

Bulk precipitate 

4000 ppm (pH0 2) 

Calcite grain 

4000 ppm (pH0 4) 

Bulk precipitate 

4000ppm (pH0 4) 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic 

C 18 27 20 30 37 48 8 12 

O 49 56 40 52 48 45 51 64 

Na 2 1 1 1 - - 3 2 

Mg 2 2 4 3 - - 5 4 

P 8 5 15 8 0.4 0.2 14 9 

Cl 3 1 3 2 - - 6 3 

Ca 18 8 11 8 16.6 6.8 13 7 

 

 

(e) 

 

(f) 

 

(g) 

 

Compatibility test (NO MINERAL) 
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Table 4.2. EDX analysis of 4000ppm DETPMP for 100-315µm calcite and Compatibility test at pH0 6 from ESEM 

 
Calcite grain 

4000 ppm (pH0 6)  

Bulk precipitate 

4000 ppm (pH0 6) 

Compatibility Test 

4000 ppm (pH0 6) 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic 

C 10 17 - - 17 26 

O 49 61 54 69 40 47 

Na 1 1 3 3 2 2 

Mg 1 1 8 6 8 6 

P 3 2 18 12 19 11 

Cl 1 1 6 5 7 4 

Ca 35 17 11 5 7 4 

 

As shown in Figure 4.10 and Table 4.1 &Table 4.2.   for the DETPMP results at pH0 4 & 6, 

phosphorous is clearly detected at a high level (~15% by weight) in the finer precipitate which 

forms in the bulk mainly on the filter paper.  This is illustrated in Figure 4.10(a) & Figure 4.10(b) 

and Table 1.1. (DETPMP/Calcite at pH0 2).  However, there is a detectable amount (~8% by 

weight) on the calcite grains themselves for the 4000ppm DETPMP case at pH0 2 ( Figure 

4.10(a), Table 4.1).  This amount is possibly some of the SI/Ca precipitate adhering to the calcite 

surface or is part of the adsorbed SI.  Therefore, we observed no “surface coating” of the SI/Ca 

complex around the calcite grains in these experiments, and we see no evidence for the 

hypothesis of “surface poisoning” by the Ca-DETPMP complex. In addition, the amount of 

phosphorus detected by EDX for two different initial pH values, pH0=2 and 4, are quite similar 

(~ 15% by weight) and it confirms that the amount of apparent adsorption for these pH values 

are quite similar, as shown in Figure 4.10(a) & Figure 4.10(b).  

As pH is increased from 2 to 6, the SI interacts more with Ca2+ from the NSSW in the 

compatibility test (no substrate) showing DETPMP is incompatible with NSSW at pH0 6 

(contrary to pH0 2& 4).  Hence, a similar quantity of phosphorous is detected at 4000 ppm in the 

compatibility test (~18% by weight; see Figure 4.10(g)) which is similar to the phosphorus 

detected in the adsorption test (~ 18% by weight) (Figure 4.10(f)). Furthermore, as the pH of the 

DETPMP solutions increases, the amount of phosphorous detected clearly increases which 

supports the corresponding static apparent adsorption experimental results. 
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Figure 4.11. Morphology of dolomite grains and precipitate at 4000ppm DETPMP from ESEM photographed 

samples a) dolomite grain (pH0 2) b) bulk precipitate (pH0 2) c) dolomite grain (pH0 4) d) bulk precipitate (pH0 4) 

e) dolomite grain (pH0 6) f) bulk precipitate (pH0 6) g) bulk precipitate, compatibility test, pH0 6 

  

Table 4.3.  EDX analysis of 4000 ppm DETPMP for 100-315 µm dolomite at pH0 2& 4 from ESEM 

 
Dolomite grain 

4000 ppm (pH0 2)  

Bulk precipitate 

4000 ppm (pH0 2) 

Dolomite grain 

4000 ppm (pH0 4) 

Bulk precipitate 

4000ppm (pH0 4) 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic 

C 15 22 19 28 - - 19 28 

O 55 62 49 54 63 77 47 52 

Mg 9 6 7 5 14 11 7 5 

P 4 2 13 7 2 1 13 7 

Cl 1 1 2 2 1 1 5 2 

Ca 16 7 10 4 20 10 8 6 

 

Table 4.4. EDX analysis of 4000 ppm DETPMP for 100-315 µm dolomite and Compatibility test at pH0 6 from 

ESEM 

 
Dolomite grain 

4000 ppm (pH0 6)  

Bulk precipitate 

4000 ppm (pH0 6) 

Compatibility Test 

4000 ppm (pH0 6) 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic 

C 17 24 5 11 12 21 

O 54 59 25 38 33 43 

Na 8 7 9 9 9 7 

Mg 6 3 21 16 25 16 

P 2 1 7 5 8 5 

Ca 13 6 33 21 13 8 

 

(g) 

 

Compatibility test (NO MINERAL)  
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As shown in Figure 4.11 and Table 4.3.  & Table 4.4 for the DETPMP/dolomite tests, high levels 

of phosphorus (P) have been detected in the compatibility test for 4000 ppm DETPMP ( ~25%) 

which is similar to the quantity of phosphorous detected at 4000 ppm in the adsorption test  

(~21% by weight) at pH0 6.  However, there are some detectable quantities of P on the dolomite 

grains themselves, as for the  4000 ppm DETPMP cases ([P] ~ 6% by weight on the grains) 

which are possibly due to some of the SI/Ca precipitate adhering to the dolomite surface or it 

may possibly be a part of the adsorbed SI. In addition, the amount of calcium, magnesium and 

phosphorus detected by EDX at two initial adjusted pH values (pH0 2&4) are quite similar which 

confirms that the amount of missing phosphorus and cations due to the formation of SI/M2+ 

complex in the corresponding apparent adsorption experiment are very similar. However, when 

the pH is increased to pH0=6, the quantity of phosphorus detected increases remarkably (~21% 

by weight), which is more than in the pH0 2 &4 cases and this again proves that pH plays a more 

important role in the formation of DETPMP/Ca complex than the amount of calcium, which is 

higher for the acidic pH values, pH0 2 & 4. Thus, the higher the pH, the more DETPMP retention 

on the substrate (i.e. more precipitation) occurs. Furthermore, the amount of phosphorus detected 

through EDX analysis for DETPMP/dolomite system is greater than for the DETPMP/calcite 

which supports the apparent adsorption results reported above. 

 

Mass Balance Calculation for the DETPMP/Carbonate System 

Mass Balance Equations:  Figure 4.12 shows a schematic of the mass balances occurring in an 

apparent adsorption experiment, where Figure 4.12 (a) shown the initial (t=0) state of the system. 

This shows the situation at t = 0, immediately after the carbonate substrate (of mass = m) is added 

to the DETPMP solution at a given initial pH= pH0 and Ca2+ (denoted C1,0) and DETPMP 

concentration (denoted C2,0).  The resulting equilibrium system is shown in Figure 4.12(b), where 

the supernatant has a final level of [Ca2+] = C1,f  and [DETPMP] = C2,f , and the pH = pHf.  A 

mass of precipitated complex (SI_Can where n = stoichiometry, the number of Ca ions per 

molecule of DETPMP) has formed and is denoted by  and the final mass of carbonate substrate 

is denoted 𝑚′.  Note that precipitation  is in units of moles (or mass) per unit volume of liquid.  

Since some carbonate dissolution has occurred then, 𝑚′ < 𝑚. In addition, there may be some 

actual SI adsorption on the carbonate substrate which we denote  but we have demonstrated 
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by measurement (in Figure 4.7) that this level is very small.  By definition, apparent adsorption 

is given as follows in the notation above as:   

Γ𝑎𝑝𝑝 = 
𝑉 (𝐶1,𝑜−𝐶1,𝑓)

𝑚
                                                                                                                                 (4.1) 

and this is the reported value in Figure 4.7.  The full physico-chemical description of the process 

is shown in Figure 4.7 and hence, we may write this same quantity, Γ𝑎𝑝𝑝, as: 

Γ𝑎𝑝𝑝 = 
𝑚′.Γ+V.Π

𝑚
                                                                                                                                         (4.2) 

Since  is actually very small and (
𝑚′

𝑚
= 0.99), then Γ𝑎𝑝𝑝 ≈ (

𝑉

𝑚
)Π to a very good approximation.  

The mass balance for calcium can now be written as follows, where the initial total mass of Ca, 

MCa.T, is given by (see Figure 4.12(a)): 

MCa.T = V.C1,0 + fCa1.m                                                                                                               (4.3) 

Where fCa1 is the mass fraction of Ca in the carbonate substrate (e.g. for CaCO3, the fCa1 = 0.407). 

The mass balance for total calcium at equilibrium is as follows: 

 MCa.T = V.C1,f + fCa2. Γ𝑎𝑝𝑝.m+ fCa1. 𝑚′                                                                                       (4.4) 

Where fCa2 is the mass fraction of Ca in the SI_Can precipitation complex. This is more 

complicated to obtain since the stoichiometry of the SI_Can complex, i.e, n, varies with solution 

chemistry, particularly pH. However, common phosphonates, including DETPMP, have been 

studied by Shaw et al.96 and this quantity can be estimated (see below). 

The expressions in equation (4. 3) and (4. 4) for the total amount of calcium, MCa.T, are the same 

quantity and hence:  

V.C1,0 + fCa1.m = V.C1,f + fCa2. Γ𝑎𝑝𝑝.m+ fCa1. 𝑚′                                                                         (4.5) 

and this can be rearranged to:  

fCa1. (𝑚 −𝑚′)= V. (C1,f - C1,0) + fCa2. Γ𝑎𝑝𝑝.m                                                                               (4.6) 

the quantity on the left hand side (LHS) above is clearly the mass of calcium dissolution from 

the carbonate substrate, MCa.D . Thus, the quantity (MCa.D = V. (C1,f - C1,0) + fCa2. Γ𝑎𝑝𝑝.m) can be 
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calculated from measured quantities if fCa2 can be obtained. The related quantity of the mass of 

calcium in both the precipitate and the solution, MCa.P , is given by: 

MCa.P = V.C1,f + fCa2. Γ𝑎𝑝𝑝.m                                                                                                           (4.7) 

And clearly the quantities MCa.D and MCa.P are related by:  

MCa.D = MCa.P - V.C1,0                                                                                                                                                                            (4.8) 

Thus, the total calcium generated by carbonate rock dissolution is equal to the sum of the amount 

involved in complexation/precipitation and that remaining in solution, minus the initial mass of 

calcium present in solution (V.C1,0).   To calculate the fCa2, we use a combination of experimental 

data suggested by the modelling developed by Silva et al.94 as shown in Figure 4.13.   

 

 

 

 

 

 

 

No Precipitation (=0)                                                                                                                   app,f 

a) Before precipitation                                                                                                    b)  After precipitation 

Figure 4.12.  Schematic of Scale Inhibitor/ Rock system a) before precipitation b) after precipitation97 
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Figure 4.13.  Match between experimental and modelling results for stoichiometry of Ca2+ involved in 

complexation with DETPMP as a function of the final pH; Silva et al.94 

 

Mass Balance Results:  The mass balance approach presented above is now used to calculate 

various useful quantities.   Firstly, the calculated amount of Ca2+ generated by carbonate rock 

dissolution is shown for all apparent adsorption experiments in Figure 4.14 for calcite and in 

Figure 4.15 for dolomite. Note that in these figures we plot the amounts of calcium vs. the initial 

DETPMP concentrations and that results for calcite are up to 2000ppm of DETPMP (Figure 

4.14), and for dolomite they are given up to 4000ppm (Figure 4.15); also note that the apparent 

adsorption results for both the m = 5g and 10g substrate masses (duplicates of each) are 

combined, as shown in the error bars.  Both of these figures are qualitatively similar in that more 

Ca dissolution from the rock occurs at lower initial pH0 values and as the DETPMP concentration 

increases; that is rock dissolution is enhanced both by lowering pH (more acid) and by increasing 

[DETPMP] (more complexation).  Relatively more Ca dissolution occurs for calcite than 

dolomite, which is best seen by comparing the initial [DETPMP] = 2000ppm results in Figure 

4.14 and Figure 4.15; this comparison shows that for [DETPMP] = 2000ppm for pH0 2, then 

~21mg of Ca is produced by rock dissolution for calcite, and ~16 mg Ca for dolomite. However, 
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the rock Ca dissolution amounts are quite similar for both calcite and dolomite at the other initial 

values of pH0 4 and 6. 

 

Figure 4.14. Average Calcium Generated from Calcite Dissolution Results 
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Figure 4.15. Average Calcium Generated from Dolomite Dissolution Results 

The mass balance analytical approach above is now used to determine how much calcium is 

involved in complexation and how much is left in solution. We calculate both the average amount 

of calcium in solution and the average amount in the precipitate for every apparent adsorption 

experiment; “average” in this context means an average over both the (duplicate samples) of the 

m = 5g and 10g results.  Figure 4.16 and Figure 4.17 show the “Ca in solution” and the “Ca in 

precipitate” results for all experiments for calcite and dolomite, respectively.  Both of these 

figures for calcite and dolomite show that for [DETPMP] up to and including the 100ppm level, 

all the calcium is in the solution and none is in the precipitate, since obviously no precipitate 

formed.  At DETPMP concentrations above 100ppm, then some calcium is shown as being in 

the precipitate and this amount increases in all cases as the concentration increases and this 

quantity (and the proportion of the total Ca in the precipitate) also increases as pH0 increases. 

Plotting the results in this way highlights that more calcium is observed in the precipitate in the 

dolomite case (Figure 4.16) compared with the calcite case (Figure 4.17), which is completely 

consistent with the direct apparent adsorption results (app) themselves.  
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Figure 4.16. Calcium in Precipitation (PPT) and Solution Results in DETPMP/Calcite System 
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Figure 4.17. Calcium in Precipitation (PPT) and Solution Results in DETPMP/Dolomite System 
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Figure 4.18. Speciation of DETPMP (H10A) with pH36 

 

As shown in Figure 4.18, at very low (acidic) pH, the equilibrium is to the left and the 

molecule is more associated as H10A, and at higher pH it is more dissociated into m.H+ 

and H10-mAm-. The dissociated H10-mAm- species is much more likely to complex with 

Ca2+ to form a SI/Ca complex in its dissociated form (i.e. at higher pH values) and less 

likely to form complexes at lower pH values96,98; see (ii) below.  Essentially, whatever 

other reactions are happening in the system, the DETPMP molecule responds to the local 

pH by speciating to the appropriate changed entity, as follows:  
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− +𝑯+  
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−𝒊⟶𝑯𝒏−(𝒊+𝟏)𝑨

−(𝒊+𝟏) +𝑯+ 𝒊 = 𝟏,  𝟐,  … ,  𝒏 

 

(ii) Ca/Mg – SI Binding and Complex Formation: complexation between the dissociated 

SI (DETPMP) and the Ca2+ (and Mg2+) occurs to form a complex denoted SI_Can , 
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n, which is the ratio of Ca ions to DETPMP molecules.   The complexation process 

of SI with divalent cations (mainly Ca2+) is described as follows:     

𝑪𝒂𝟐+ + (
𝟐

𝒊
)𝑯𝒏−𝟏𝑨

−𝒊 → 𝑪𝒂𝟐+[𝑯𝒏−𝟏𝑨
−𝒊]

(
𝟐
𝒊
)
                                 𝒊 = 𝟏, 𝟐, … . , 𝒏 

𝑴𝒈𝟐+ + (
𝟐

𝒊
)𝑯𝒏−𝟏𝑨

−𝒊 → 𝑴𝒈𝟐+[𝑯𝒏−𝟏𝑨
−𝒊]

(
𝟐
𝒊
)
                                 𝒊 = 𝟏, 𝟐, … . , 𝒏 

 

(iii) The Carbonate System: the interaction of the SI dissociation and the Ca/Mg binding 

with the carbonate system.  That is, the CO2/bicarbonate/carbonate coupled aqueous 

and the rock dissolution of the calcite/dolomite, as follows:  

𝑪𝑶𝟐 +𝑯𝟐𝑶 → 𝑯𝑪𝑶𝟑
− +𝑯+ 

𝑯𝑪𝑶𝟑
− → 𝑪𝑶𝟑

𝟐− +𝑯+ 

𝑪𝒂𝑪𝑶𝟑 (𝒔) → 𝑪𝒂𝟐+ + 𝑪𝑶𝟑
𝟐− 

𝑪𝒂𝑴𝒈(𝑪𝑶𝟑)𝟐 (𝒔) → 𝑪𝒂𝟐+ +𝑴𝒈𝟐+ + 𝟐𝑪𝑶𝟑
𝟐− 

𝑯𝟐𝑶 → 𝑶𝑯
− +𝑯+ 

Describing this overall process requires a coupled set of equilibrium equation representing each 

process, and such a model is describing in Silva et al.94.  In addition, in Chapter 2, Appendix 2.1 

a full model of the process is described.  This model requires that we know the quantities of Ca2+ 

generated by rock dissolution, how much is involved in complexation (to form SI_Can ) and how 

much remains in solution (as free Ca2+ or as soluble SI_Can complex).   Work on applying this 

model to analyze the results presented here is in progress.   

Analysis of the Key Observations:  We now consider the apparent adsorption experiments 

reported in this work in the light of the chemical system described immediately above.  That is 

we wish to explain the observed  app vs. Cf results using the supporting measurements of the 

pHf and [Ca2+]f  which we have for all app experiments.   As noted above, the ideal case would 

be to model the complete system in a rigorous manner and reproduce all the results 

quantitatively.  This activity is in progress and here we will consider just two key observations 

which we will explain qualitatively; these are as follows: 
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(1) System Behaviour:  That the qualitative behaviour of the calcite and dolomite systems are 

very similar in terms of the app vs. Cf  results for each and the related behaviour of the 

pHf and [Ca2+]f. 

(2) Calcite vs. Dolomite  app:  That the app for the dolomite case is (counter intuitively) higher 

than for calcite, although calcite is certainly rather more “reactive”.    

The first point on system behaviour above is simply a description of the 3-part chemical system 

above.  That is, when the carbonate mineral is put into the DETPMP/brine solution (which 

contains ~428ppm Ca2+ already)  at a given initial pH0, then several coupled chemical reactions 

occur, as follows:  (i) re-speciation of the DETPMP (H10A) in the changing pH solution, (ii) acid 

dissolution of the rock to produce more Ca2+ in solution (more at pH0 2 than for pH0 4 or 6), (iii) 

calcium SI binding to the SI in solution which takes up both the existing Ca2+ in solution as well 

additional Ca2+ from the rock to form a  SI_Can complex (n = stoichiometry), (iv) the SI_Can 

complex is sparingly soluble (especially for higher n values) and this may precipitate, (v) the 

resulting pH changes which occur in this coupled system of reactions leading to the final pH = 

pHf.  It is evident for this description that the two main factors affecting the amount of 

precipitation of the DETPMP_Can complex are the pH which determines the degree of 

dissociation of the DETPMP (H10A) and the level of solution Ca2+.  More precipitate is expected 

at higher pH and higher solution [Ca2+]; but the question remains: which of these 2 effects - pH 

or [Ca2+]- is more important in the DETPMP/carbonate system?  

Accepting the above as a qualitative description of the system behaviour, we now go on to 

explain why we observe the calcite vs. dolomite result, i.e. that app is higher for dolomite.  In 

fact, answering the question immediately above also explains why we see the higher app for 

dolomite.  We conclude from pHf and [Ca2+]f  results that pH is in fact the more important factor 

for the formation of DETPMP_Can complex.  In all cases in Figure 4.8, the final pHf was higher 

for dolomite than for calcite, but results in Figure 4.9 show that the [Ca2+]f   was actually higher 

in all cases for calcite.  Since it is the same SI (DETPMP) , then it will behave according to 

whichever factor has the greater effect – pH or  [Ca2+]  - and it is evident from our results that 

pH (i.e. the degree of dissociation of the H10A = DETPMP) is more important than the calcium 

level in solution.  
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To Sum up this section, the bulk “apparent adsorption” behaviour (app vs. Cf,) one of the most 

widely applied phosphonate scale inhibitors (DETPMP) on calcite and dolomite mineral 

substrates has been studied. An extensive series of apparent adsorption experiments were carried 

out for DETPMP in North Sea Seawater (NSSW) brine at T = 95oC.   In addition to measuring 

app at 2 (m/V) ratios at 3 initial pH0 values (2, 4 and 6) for a wide range of DETPMP 

concentrations from 0 to 4000ppm, the final pHf and [Ca2+]f values were also measured for all 

cases.  In all experiments where precipitates were formed (of DETPMP_Can complex; n = 

stoichiometry), these were studied by performing both ESEM and EDX measurement to 

establish the morphology of the deposits (ESEM) and their compositions (EDX). 

 

A qualitative chemical description of the DETPMP/carbonate system in the experiments reported 

in this work is presented and it is believed that it is described by 3 main chemical processes, as 

follows:  (i) The treatment of the DETPMP as a weak poly-acid, in this case described by H10A, 

and this of course speciates into higher charged components as pH increases described a set of 

dissociation contacts. (ii) The binding of Ca2+ (and also Mg2+) to the dissociated DETPMP 

species to form a complex denoted DETPMP_Can, which may precipitate since it is sparingly 

soluble. (iii) The previous processes are coupled to normal aqueous carbonate system i.e. 

CO2/bicarbonate/carbonate/CaCO3 – CaMg(CO3)2. A qualitative explanation of our results can 

be given based on this view.  A more quantitative model is in development to describe this full 

coupled system Silva et al94.  

 

The specific conclusions from this work are as follows: 

1. Regions of both pure adsorption () and coupled adsorption precipitation () are 

clearly observed for DETPMP on both calcite and dolomite substrates.  Pure adsorption 

() is observed in the very low SI concentration region (≤ 100 𝑝𝑝𝑚) on both calcite and 

dolomite.  However, precipitation is more dominant for SI/carbonate retention than 

adsorption for both calcite and dolomite, in the sense that it occurs over a much wider 

[SI] range, >100+ppm.  The actual amount of precipitate formed varies from case to case, 

depending on the SI concentration, substrate (calcite/dolomite), initial pH0 and 

temperature T (although a fixed T = 95oC was used in this work).  
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2. Qualitatively, both the DETPMP/dolomite and DETPMP/calcite systems behave quite 

similarly, in that they both show very similar trends in apparent adsorption and in the 

resulting final pH and final [Ca2+] behaviour.  For both the DETPMP/dolomite and 

DETPMP/calcite systems, apparent adsorption () increases with increased pH and 

[Ca2+].  However, there are some quantitative differences between these systems in that 

(i) apparent adsorption is higher for dolomite than for calcite, (ii) the final pHf is also 

higher for dolomite than calcite, and (iii) the final [Ca2+]f is lower for dolomite than 

calcite.  These observations are related through a complex coupling of the SI/substrate 

chemistry where the joint effect of the higher final pH of the DETPMP/dolomite system 

leads to a more dissociated DETPMP and a higher app resulting in a lower final Ca2+ 

level. Indeed, this results demonstrates that the formation of DETPMP/Ca complex is 

more affected by pH than by [Ca2+]. Previous work has shown that this is not the case for 

the polymeric scale inhibitor, PPCA, which shows the opposite effect, i.e.  [Ca2+] is more 

important than pH in determining the amount of precipitated SI/Ca complex.  

 

3. All solid samples (carbonate substrate and SI/Ca complex precipitate) were examined by 

ESEM to establish the morphology of the precipitates in particular, and EDX to establish 

their compositions. ESEM/EDX results detected high levels of P (phosphorus; from the 

DETPMP) concentrations in the deposit where clear  occurred and these increase as 

app (precipitation) increases.  Very little P is detected directly on the calcite or dolomite 

grain surfaces although traces are sometimes seen.  No evidence is seen of any “coating” 

or “poisoning” of the SI/Ca complex on the calcite or dolomite grains.   Thus, the 

DETPMP/Ca complex precipitation is principally a bulk solution phenomenon rather 

than being a grain surface reaction.  

 

4. Mass balance calculations showed that the level of calcium generated in calcite is higher 

than in dolomite as we expected (calcite has relatively more calcium than dolomite). In 

addition, the amount of calcium left in solution in calcite/DETPMP system is higher than 

in dolomite/DETPMP system.  Also, the calcium extent of complexation in 

dolomite/DETPMP system is higher than in calcite/DETPMP system; this extent relates 

to the stoichiometry, n, in the DETPMP_Can complex.   
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5. An equilibrium model describing the inhibitor dissociation (where DETPMP = H10A , a 

weak poly acid), the Ca- binding to the dissociated SI species and the precipitation of the 

SI_Can complex, coupled to the carbonate system has been applied to qualitatively to 

explain theses experimental findings.   

4.4. Polymeric Scale Inhibitors Retention in Carbonates   

In this section, the bulk “apparent adsorption” behaviour (app, vs. Cf) of two polymeric scale 

inhibitors (SI), PolyPhosphino Carboxylic Acid (PPCA) and Phosphorus-Functionalized Co-

Polymer (PFC), onto carbonate mineral substrates (calcite and dolomite) has been studied for 

initial solution pH values of pH0 =  2, 4 and 6.  In nearly all cases, precipitates formed at higher 

SI concentrations were due to the formation of sparingly soluble SI/Ca complexes.  A systematic 

study has been carried out on the SI/Ca precipitates formed, by applying both Environmental 

Scanning Electron Microscopy - Energy Dispersive X-Ray (ESEM/EDX) and particle size 

analysis (PSA), and this identifies the morphology and the approximate composition of the 

precipitates. 

For PPCA, at all initial solution pH values, regions of pure adsorption ( ) ([PPCA] <100ppm) 

and coupled adsorption/ precipitation () are clearly observed for both calcite and dolomite. 

PFC at pH0 = 4 and 6 also showed very similar behaviour with a region of pure adsorption () 

for [PFC] < 500ppm and a region of coupled adsorption/precipitation () above this level.  

However, the PFC/calcite case at pH 2 showed only pure adsorption, while the PFC/dolomite 

case at pH 2 again showed coupled adsorption/ precipitation at higher PFC concentrations.  For 

both SIs on both carbonate substrates, precipitation is the more dominant mechanism for SI 

retention than adsorption above a minimum concentration of approximately 100 – 500 ppm SI.  

The actual amount of precipitate formed varies from case to case, depending on the specific SI, 

substrate (calcite/dolomite) and initial pH (pH0 2, 4 and 6).    

 Although the qualitative behaviours of both PPCA and PFC were similar on both carbonate 

substrates, the apparent adsorption of PPCA was higher on calcite than on dolomite, and the 

apparent adsorption of PFC was higher on dolomite than on calcite.  We discuss here how these 

observations are related to the reactivity of the different carbonate minerals, the resulting final 
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pH (which affects the dissociation of the SI), Ca-SI binding and the solubility of the resulting 

complex.   

Here, we present the results of the static coupled adsorption/precipitation () experiments; 

which we have referred to as apparent adsorption experiments. Figure 4.19 and Figure 4.20 

show the apparent adsorption level of PPCA and PFC for two different masses (m = 5g and 

10g) of 100-315𝜇𝑚  calcite and dolomite as a function of the final SI concentration in synthetic 

NSSW at initial pH values of pH = 2, 4 and 6 at 95°C, respectively. 
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Figure 4.19. Comparison of apparent adsorption for PPCA onto two masses (m = 5g and 10g) of calcite and 

dolomite at T = 95°C and (a) pH02, (b) pH0 4, (c) pH0 6 

0

1

2

3

4

5

6

7

8

9

10

0 500 1000 1500 2000 2500 3000 3500

A
p

p
a

re
n

t 
A

d
so

rp
ti

o
n

, 
m

g
 S

I/
g

 S
u

b
st

ra
te

Final [SI], ppm

5 g Calcite, pH4

10 g Calcite, pH4

5 g Dolomite, pH4

10 g Dolomite, pH4

(b)

0

1

2

3

4

5

6

0 500 1000 1500 2000 2500 3000 3500 4000

A
p

p
a

re
n

t 
A

d
so

rp
ti

o
n

, 
m

g
 S

I/
g

 S
u

b
st

ra
te

Final [SI], ppm

5 g Calcite, pH6

10 g Calcite, pH6

5 g Dolomite, pH6

10 g Dolomite, pH6

(c)



140 
 

 

 

 

0

2

4

6

8

10

12

14

0 1000 2000 3000 4000 5000 6000

A
p

p
a

re
n

t 
A

d
so

rp
ti

o
n

, 
m

g
 S

I/
g

 S
u

b
st

ra
te

Final [SI], ppm

5 g Calcite, pH2

10 g Calcite, pH2

5 g Dolomite, pH2

10 g Dolomite, pH2

(a)

0

2

4

6

8

10

12

0 500 1000 1500 2000 2500 3000 3500

A
p

p
a

re
n

t 
A

d
so

rp
ti

o
n

, 
m

g
 S

I/
 g

 S
u

b
st

ra
te

Final [SI], ppm

5 g Calcite, PFC pH4

10 g Calcite, PFC pH4

5 g Dolomite, PFC pH4

10 g Dolomite, PFC pH4

(b)



141 
 

 

Figure 4.20. Comparison of apparent adsorption for PFC onto two masses (m = 5g and 10g) of calcite and 

dolomite at T = 95°C and (a) pH0 2, (b) pH0 4, (c) pH0 6 

The results in Figure 4.19 and Figure 4.20 clearly show regions of both pure adsorption (where 

apparent adsorption levels for different (m/V) ratios overlap) and coupled 

adsorption/precipitation (where results from different (m/V) values diverge) for PPCA, 

regardless of the type of carbonate substrate and the initial solution pH. However, PFC is retained 

on calcite through a pure adsorption mechanism at initial adjusted pH0 2 (Figure 4.20(a)). Note 

that the [PFC] was increased to 6,000 ppm to make sure pure adsorption occurs at the PFC/calcite 

system at initial adjusted pH0 2. As seen in Figure 4.20(a), the results have converged, and it was 

confirmed that pure adsorption is the main retention mechanism for the PFC/calcite system at 

initial adjusted pH0 2. At the other initial pH values (pH0 4 and 6), both pure adsorption and 

coupled adsorption/precipitation were observed for PFC (similar to PPCA). PPCA in NSSW has 

pure-adsorption behaviour up to approximately 100 ppm and coupled adsorption/ precipitation 

for [PPCA]>100 ppm. PFC shows a larger region of pure adsorption (C only) at lower PFC 

concentrations (up to approximately 500 ppm) compared with PPCA at initial adjusted pH 4 and 

6. That the adsorption region for PFC is more significant than for the PPCA is probably because 

of the presence of more sulfonate groups on the PFC, whereas PPCA has mainly carboxylic acid 

groups36.  
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The most interesting specific observations from these initial apparent-adsorption results are the 

following. 

1. For PPCA, the amount of apparent adsorption, app, decreases as pH increases. At lower pH 

values, the PPCA solution is more acidic and dissolves more carbonate substrate, generating 

more divalent cations in situ. Therefore, the dissociated PPCA will interact with the additional 

divalent cations, particularly Ca2+, in the solution, leading to more precipitation (i.e., observed 

as a higher apparent adsorption). At higher pH values (pH0 6), the PPCA would be somewhat 

more dissociated (more negative species, A–, in solution), but the amounts of Ca2+, and [Mg2+] 

dissolved into the solution would be much less. Thus, the effect is an increased level of 

precipitation (i.e., a higher apparent adsorption) at the lower initial pH level. 

2. Qualitatively, both the PPCA/dolomite and PPCA/calcite systems behave quite similarly in 

that they both show very similar trends in apparent adsorption. However, there are quantitative 

differences between these PPCA/dolomite and PPCA/calcite systems in that apparent adsorption 

is less for the dolomite than for the calcite. This might be attributed to the Ca concentration, 

which PPCA needs in order to precipitate. Because calcite contains relatively more Ca than 

dolomite, the former produces more Ca in situ than the latter, and subsequently PPCA has a 

higher apparent adsorption on calcite substrate compared with dolomite. Therefore, Ca 

availability contributes more than pH to form a SI/Ca2+ complex in the PPCA/carbonate system. 

 

3. For PFC, the apparent adsorption, app, is approximately the same at pH0 6 and 4, whereas in 

the PFC/calcite system at pH0 2, only pure adsorption is observed. This is because the sulfonate 

functional group has high tolerance to divalent cations because it is more acidic, and the sulfonate 

group interacts less with Ca2+. However, at higher pH values (pH0 4 and 6), the SI becomes more 

dissociated and interacts more with Ca to form a PFC/Ca precipitate. Moreover, the PFC has 

been more retained on dolomite substrate than on calcite because the final pH is higher in the 

dolomite/PFC system than in the calcite/PFC system. PFC has more P content than PPCA, 

therefore the former is more susceptible to pH than the latter. Thus, PFC becomes more 

dissociated in the PFC/dolomite system than in the PFC/calcite case, and consequently more 

apparent adsorption occurs. Thus, pH would contribute more than Ca affinity to form a SI/Ca2+ 

complex in the PFC/carbonate system, which is different from the apparent adsorption behaviour 

of PPCA in the carbonate system. 
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4. The region of pure adsorption () is more extensive for PFC than for PPCA. The pure  region 

extends up to [PFC] of approximately 500 ppm and [PPCA] of approximately 100 ppm because 

of the presence of more phosphonate groups on the PFC, whereas PPCA mainly has carboxylic 

acid groups36. 

To understand the SI apparent adsorption behaviour and the effect of both pH and Ca2+, the likely 

mechanisms occurring here are shown schematically in Figure 4.21. When the SI first contacted 

the carbonate formation, it dissolved the rock, increasing the pH value to 7 and 8 for calcite and 

dolomite substrates, respectively. This increase in solution pH then causes the inhibitor to 

become more dissociated. All SIs are a weak polyacid (e.g., HnA), which dissociates as follows: 

 

 

 

 

At given pH: 

Hn –m A
m–⇆ Polyanion 

 

 

 

 

Thus, it is adsorbed on the surface as 

 

 

 

 

Figure 4.21. Schematic of polymeric SI adsorption on carbonate substrates 
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Therefore, at very low (acidic) pH, the equilibrium is to the left and the molecule is more 

associated as HnA; at higher pH, it is more dissociated into H+ and An–, where the An– is the 

remainder of the molecule as shown (approximately) in the preceding schematic. Note that the 

PPCA structure is quite accurate (with molecular weight=approximately 3,500 Daltons), but the 

PFC is approximate, and P is higher (approximately 2%) than in PPCA (approximately 0.5%)36. 

In PFC, the P is attached in the monomers making up the copolymer, whereas in PPCA, it is as 

shown on the backbone. Thus, the schematic adsorption and precipitation might be shown as 

after dissociation of SI at high pH, the inhibitor interacts with Ca2+ to form the SI/Ca2+ complex: 

 

Hn-m A
m- + Ca2+  ⇆ Ca-SI (aq) ⇆ Ca-SI (s) 

 

 

To support these observations, further ancillary results will be presented here on carbonate 

dissolution (changing [Ca2+] and [Mg2+] in solution) and on the final pH values of the system. 

Further ESEM-EDX and PSA data are also presented here on the precipitates (and carbonate 

substrates) themselves. 

Figure 4.22 and Figure 4.23 present the final pH results for PPCA (Figure 4.22) and PFC (Figure 

4.23) for both the blank and apparent-adsorption experiments on calcite and dolomite given in 

Figure 4.19 and Figure 4.20.  First, we note from the blank-solution results that the pH remained 

at its initial value (pH0 2, 4, or 6) for all SI concentrations in the absence of carbonate substrate 

for both PPCA and PFC. In the presence of a carbonate mineral substrate, these final pH results 

give a good indicator of the total system response.  

We summarize these results as follows. 

1. For PPCA (at the higher concentrations), the final pH values for initial solution pH0 2, 4, and 

6 were pH=7, 7 to 7.3, and 8, respectively, for calcite, and pH=7.6 to 8, 7.5 to 8.3, and 8 to 8.2, 

respectively, for dolomite. A somewhat-higher final pH value was found for dolomite than for 

calcite for all initial pH values. 

2. For PFC (at the higher concentrations), the final pH values for initial solution pH0 2, 4, and 6 

were pH=5 to 5.1, 5.6 to 6, and 6 to 6.3, respectively, for calcite, and pH=7.6 to 8.2, 6.9 to 7.8, 

Solubility = CS Precipitate 
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and 7.6 to 7.9, respectively, for dolomite. A higher final pH value was again found for dolomite 

compared with calcite for all initial pH values. 

3. Overall, PFC results in a lower final pH value than PPCA under all initial conditions for both 

carbonate minerals. 
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Figure 4.22. Comparison of pH for PPCA onto two masses (m = 5g and 10g) of calcite and dolomite at T = 95°C, 

pH0 2, 4 and 6 
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Figure 4.23. Comparison of pH for PFC onto two masses (m = 5g and 10g) of calcite and dolomite at T = 95°C, 

pH0 2, 4 and 6 

Here, we present final divalent cation (mainly Ca2+ & Mg2+) levels for PPCA and PFC for both 

the blank and apparent adsorption experiments on calcite and dolomite given in Figure 4.19 and 

Figure 4.20.  The initial solution (synthetic seawater) has a calcium level of, [Ca2+] = 428ppm 

(approximately 10.7mM) and a magnesium level of, [Mg2+] = 1368ppm (approximately 57mM).  

Figure 4.24 and Figure 4.27, these are the Ca2+and Mg2+ levels to which results are normalized 

and present the final differences in normalized [Ca2+] for both compatibility and adsorption tests 

for the PPCA/carbonate and PFC/carbonate systems.    

In summary, the final normalized calcium results from these figures show the following: 

1. None of the blanks (i.e., with no carbonate substrate present) in Figure 4.24 and Figure 

4.25 show any significant deviations from normalized [Ca2+] = 1, indicating that all 

solutions are completely compatible and there is no loss of Ca2+ by precipitation for any 

of the initial pH/[SI] conditions; 

 

2. For both SIs (PPCA and PFC) and both carbonate minerals (calcite and dolomite), the 

normalized [Ca2+] is well above unity for all initial pH0 2, 4 solutions. From normalized 
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[Ca2+] ~ x1.8–x3 and [Ca2+] ~ x1.4–x1.8 for PPCA/carbonate, and [Ca2+] ~x2–x3 and 

[Ca2+] ~ x1.4 – x 1.6 for PFC/carbonate, respectively (although all final pH values are 

well above this value);  

 

3. All initial pH0 6 cases (PPCA, PFC and calcite/dolomite) give normalized [Ca2+] levels 

that are mostly less than or slightly greater than unity (PFC/calcite has a normalized 

[Ca2+] x1.03 – 1.07).  
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Figure 4.24. Comparison of Changes in normalized C/C0 of [Ca2+] in calcite and dolomite systems vs. final 

[PPCA] at pH0 2, 4 and 6 
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Figure 4.25.  Comparison of Changes in normalized C/C0 of [Ca2+] in calcite and dolomite systems vs. final [PFC] 

at pH0 2, 4 and 6 

We note that initial and final levels of Mg2+ were also measured in all apparent adsorption 

experiments but the results indicated that the role of Mg was secondary in these polymeric SI 

systems.  In summary, the final normalized magnesium results from these figures show the 

following: 

1. Firstly, none of the blanks (i.e. with no carbonate substrate present) in Figure 4.26 and 

Figure 4.27 show any significant deviations from normalized [Mg2+] = 1, indicating 

that all solutions are completely compatible and there is no loss of Mg2+ by 

precipitation for any of the initial pH/[SI] conditions; 

 

2. For both SIs (PPCA and PFC) and both carbonate minerals (calcite and dolomite), the 

normalized [Mg2+] is well above unity for all initial pH0 2, 4 solutions; from 

normalized [Mg2+] ~ x1.1–0.9 and ~x1.2–x1.1 for PPCA/carbonate; ~x1 and ~ x1.2 – 

x 1.1 for PFC/carbonate, respectively  (although all final pH values are well above this 

value – see above);  
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All initial pH0 6 cases (both PPCA, PFC and calcite/dolomite) give normalized [Mg2+] levels 

that are mostly below or just above unity. According to these results, Ca is mainly involved and 

Mg is hardly involved in complexation with these SI. Moreover, in the PPCA/calcite and 

PFC/calcite systems, final [Mg2+] levels off at a normalised value of [Mg2+] <1 which confirms 

that magnesium is somewhat involved in the complexation process, but not as significantly as 

calcium. In the dolomite/SI systems, normalised values of [Mg2+] is around 1, which means that 

the consumption of magnesium in the interaction with the SIs and gain from dolomite dissolution 

is approximately balanced. 
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Figure 4.26. Comparison of Changes in normalized C/C0 of [Mg2+] in calcite and dolomite systems vs. final 

[PPCA] at pH0 2, 4 and 6 
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Figure 4.27. Comparison of Changes in normalized C/C0 of [Mg2+] in calcite and dolomite systems vs. final [PFC] 

at pH0 2, 4 and 6 

 

ESEM/EDX Results: ESEM/EDX analysis was used to examine the surface of the carbonates 

both before and after treatment in all of the apparent adsorption experiments reported above. 

After filtration, all the filter papers containing calcite/dolomite substrates and the precipitated 

complex (if present) for each of the PPCA and PFC concentrations tested were dried and taken 

for ESEM-EDX analysis.   The results are shown by presenting the directly observed ESEM 

images in the figures along with some representative EDX compositions from these images as 

tables of % (weight and atomic) of the various elements present; the latter results are approximate 

but can be taken as “semi-quantitative”. We have studied all of the precipitates where they 

occurred in these experiments, but we focus here only on the highest concentration results since 

these are the cases for which the most precipitate was obtained, and which show the clearest 

results.  PSD results, however, are shown for all cases below.  Figure 4.28 shows the ESEM 

results for the 4000ppm PPCA case at pH0 2 where PPCA has the highest app in both calcite and 

dolomite. This figure shows significant amounts of smaller sized granular precipitate, 

particularly in Figure 4.28(b) and Figure 4.28(d), which focus specifically on this precipitate. 
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The precipitate occurs mainly as a separate material rather than coating the carbonate grains. 

From the solution ICP results, this precipitate certainly contains both Ca and PPCA (P). 

However, the EDX detects no phosphorus (P) for these cases but it does detect Ca, and so we do 

not show the results tables here.  No P is detected mainly because of the low content of 

phosphorus in PPCA (~0.5% of P)36. 

 

                       
     a) 4000 ppm, 100-315 µm Calcite, pH2                                           b) Precipitate, 4000 ppm, 100-315 µm Calcite, pH2 

 

                 
          c) 4000 ppm, 100-315 µm Dolomite, pH2                                    d) Precipitate, 4000 ppm, 100-315 µm Dolomite, pH2 
 

Figure 4.28. Morphology of 4000 ppm PPCA Samples for 100-315 µm calcite and dolomite at pH0 2 on ESEM 

photographed samples 

PFC contains a higher proportion of P than PPCA and is much more detectable by EDX.  Results 

for the 4000ppm PFC precipitates formed at pH0 2, pH0 4 and pH0 6 for both calcite and dolomite 

are shown in Figure 4.29 (pH0 2), Figure 4.30 (pH0 4) and Figure 4.31 (pH0 6) (ESEM images) 
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and Table 4.5. (pH0 2), Table 4.6 (pH0 4) and Table 4.7 (pH0 6) (corresponding % weight/atomic 

by EDX). 

                 
     a) Calcite grain, 4000 ppm PFC, pH02                                              b) Fine solids deposited, 4000 ppm PFC, calcite, pH02 

 

                      
    c) Dolomite grain, 4000 ppm PFC, pH02                                                     d) Precipitate, Dolomite, 4000 ppm PFC, pH02 

 

Figure 4.29. Morphology of 4000 ppm PFC Samples for 100-315 µm calcite and dolomite at pH0 2 on ESEM 

Samples 
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Table 4.5. EDX analysis of 4000 ppm PFC for 100-315 µm calcite and dolomite at pH0 2 

 
Calcite grain 

4000 ppm (pH02)  

Sublayer calcite 

4000 ppm (pH02) 

Dolomite grain 

4000 ppm (pH02) 

Bulk precipitate 

4000ppm (pH02) 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic 

C - - - - 15 22 - - 

O 33 52 28 45 56 61 36 52 

Na 5 6 11 12 2 2 6 6 

Mg 2 2 3 3 10 7 19 18 

P 1 1 2 2 1 0.5 4 3 

S 3 2 3 3 1 0.5 4 3 

Cl 7 5 17 12 3 2 8 5 

Ca 49 32 36 23 11 5 21 13 

 

As shown in the Figure 4.29 and Table 4.5. , a significant amount of phosphorus was detected 

by EDX in the PFC/dolomite case (~4% wt) and a small amount of P is seen around dolomite 

grains which may be due to SI or SI/Ca precipitate adhering on the surface of dolomite. It should 

be mentioned that although PFC has been retained by pure adsorption on the calcite grain, some 

phosphorus was detected by EDX in the sublayer of the calcite grains (~2%wt) and around the 

calcite grains (~1% wt.); both of these levels are less than what were found in the PFC/dolomite 

system. 
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           a) Calcite grain, 4000 ppm PFC, pH04                                                   b) Precipitate, Calcite, 4000 ppm PFC, pH04 

 

                    
     c) Dolomite grain, 4000 ppm PFC, pH04                                                      d) Precipitate, Dolomite, 4000 ppm PFC, pH04 

 

Figure 4.30. Morphology of 4000 ppm PFC Samples for 100-315 µm calcite and dolomite at pH0 4 on ESEM 

Samples 

 

Table 4.6. EDX analysis of 4000 ppm PFC for 100-315 µm calcite and dolomite at pH0 4 

 
Calcite grain 

4000 ppm (pH04)  

Bulk precipitate 

4000 ppm (pH04) 

Dolomite grain 

4000 ppm (pH04) 

Bulk precipitate 

4000ppm (pH04) 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic 

C - - - - 15 13 - - 

O 59 77 50 66 54 61 55 71 

Na 2 2 3 3 2 1 6 5 

Mg 3 1.5 7 7 8 6 10 9 

P 3 2 11 7 2 1 3 2 

S 2 1 7 5 2 1 3 1 

Cl 1 0.5 4 3 14 6 7 4 

Ca 30 16 18 10 15 1 16 8 
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As shown in Figure 4.30 and Table 4.6 for the PFC results, phosphorus is clearly detected at a 

high level in the finer PFC/Ca precipitate which forms in the bulk (P ~11% and 3% by weight 

for calcite and dolomite respectively).  However, in addition, there is a smaller but detectable 

amount of P on the calcite and dolomite grains (~3% and 2% by weight, respectively) for the 

4000ppm PFC case.  This lower amount is possibly due to some of the PFC/Ca precipitate 

adhering to the calcite or dolomite surface or is part of the adsorbed SI. Some significant levels 

of sulphur (~2.12 % by weight) have been detected in the SI/dolomite case, appearing as some 

white spots on bulk precipitate (see Figure 4.30(d)), which may come from the PFC SI. 

ESEM/EDX results for the 4000ppm PFC case at pH0 6 for both calcite and dolomite are shown 

in Figure 4.31 and Table 4.7.   These results for the PFC/dolomite case show that phosphorus is 

again clearly detected at a significant level (~3%) in the finer precipitate which forms in the bulk.  

This is similar to the phosphorus levels detected for the PFC/Calcite case (~3%).  In addition, 

there is a detectable amount of P (~ 3% by weight, ~ 0.3% by weight) on the dolomite and calcite 

grains themselves, respectively; possibly due to some of the SI/Ca precipitate adhering to the 

dolomite and calcite surfaces or may be part of the adsorbed SI.  Furthermore, as the pH of the 

PFC solutions increases in the dolomite case, the amount of phosphorus detected, clearly 

increases (~ 3% and ~4% by weight at pH 4 and 6 respectively). In addition, it should be 

mentioned that in the PFC/dolomite system, Ca/Mg ratio for pH0 4 & 6 are quite similar (~1.6) 

while this ratio decreases as pH is reduced to pH=2 (Ca/Mg: 1.1). Moreover, the Ca/P ratio is 

higher than Mg/P for all initial pH values which confirms that calcium interacts more strongly 

with the inhibitor. In the PFC/calcite case, Ca/Mg ratio is higher than in the dolomite system.   
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       a) Calcite grain, 4000 ppm PFC, pH06                                               b) Precipitate, Calcite, 4000 ppm PFC, pH06 

                         

        c) Dolomite grain, 4000 ppm PFC, pH06                                         d) Precipitate, Dolomite, 4000 ppm PFC, pH06 
 

Figure 4.31. Morphology of 4000 ppm PFC Samples for 100-315 µm calcite and dolomite at pH0 6 on ESEM 

Samples 

 

Table 4.7. EDX analysis of 4000 ppm PFC for 100-315 µm calcite and dolomite at pH0 6 

 
Calcite grain 

4000 ppm (pH0 6)  

Bulk precipitate 

4000 ppm (pH0 6) 

Dolomite grain 

4000 ppm (pH0 6) 

Bulk precipitate 

4000ppm (pH0 6) 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic 

C 13 22 21 31 20 28 21 31 

O 51 61 49 54 51 54 44 49 

Na 1 0.5 3 2 2 2 7 5 

Mg - - 2 2 4 5 6 4 

P 0.3 0.2 3 2 3 12 3 2 

S - - 2 1 - - 2 1 

Cl 1 0.3 4 2 2 1 7 4 

Ca 34 16 16 7 18 8 10 4 
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Particle Size Analysis (PSA) & Particle Size Distributions (PSDs): Since we could not detect 

any phosphorus in PPCA/Carbonates by EDX, we required a method to carry out Particle Size 

Analysis (PSA). Particle size distributions (PSDs) were measured for all precipitates which 

formed in the apparent adsorption experiments. A Particle Size Analyser (PSA) manufactured 

by the Malvern Company was used. Firstly, the particle size analysis for the larger pure 

calcite/dolomite (100-315 µm) was performed using a 300 mm Lens (the largest one which can 

only detect larger particle of order ~100+ m) to measure the PSD and then similar PSD 

measurements were performed using the smaller 75mm lens (suitable for PSD down to ~1+ m 

sizes).   Results are first shown for the larger particle distributions in Figure 4.32 (a) (for 

PPCA/calcite) and Figure 4.32 (b) (for PPCA/dolomite).  We show PSA for PPCA/carbonate 

substrates at pH2 since this is the case for which most precipitate was observed. 

 

a) Larger grain sizes, 100-315 µm Calcite, pH0 2 
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b) Larger grain sizes, 100-315 µm Dolomite, pH0 2 

 

Figure 4.32. Particle Size Analysis for 100-315 µm calcite and dolomite residue at different concentrations and 

pH0 2 with the 300 mm lens 

The PSD results in Figure 4.32 show that there is good consistency in the measurement of the 

carbonate particle sizes with the 300mm lens for both experiments.  For these cases, we see that 

only large particle sizes are observed and are broadly in agreement with the calcite/dolomite size 

range we expect.  When these same sample cases were examined by the smaller lens (45 mm 

lens) which can “see” much smaller particles (from ~1 – 20 m), we see no fine particles of this 

size for the 100ppm case; see Figure 4.33– the “flat line”.  However, when at increased PPCA 

concentrations where the system is going from a region of pure adsorption to coupled 

adsorption/precipitation, we now see peaks of PSD between ~1 – 10 m (Figure 4.32). Clearly, 

these populations of smaller particles are the SI/Ca precipitated material which forms as this 

finer material; note that this is clearly distinguishable from the calcite/dolomite grains (which 

are much bigger as shown in Figure 4.32 and this can also be seen directly from the ESEM results 

in Figure 4.28). 
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a) Small precipitate particles, 100-315 µm Calcite, pH0 2 

 
b) Small precipitate particles, 100-315 µm Dolomite, pH0 2 

 

Figure 4.33. Particle Size Analysis for 100-315 µm precipitate deposited on filter paper at different concentrations 

and pH0 2 with 45 mm lens 
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In this section, results have been presented for a range of apparent adsorption experiments for 

the polymeric SIs PPCA and PFC on the carbonate minerals calcite and dolomite. The results 

are plotted as graphs of app, vs. Cf, at different (m/V) ratios, as shown in Figure 4.19 and Figure 

4.20. In these experiments, the initial pH was fixed (at pH0  2, 4, or 6), as was the initial amount 

of Ca in the solution ([Ca2+]0 =428 ppm), but both of these quantities changed at equilibrium; 

pH always increased and the final normalized [Ca2+] was either greater than unity (initial pH0 2 

and 4) or approximately unity (pH0 6). Final pH and final [Ca2+] levels were measured for all 

experiments (i.e., for each concentration point in the apparent-adsorption curve). In addition, all 

precipitates were analysed using ESEM-EDX and PSA. These carbonate systems are much more 

chemically reactive than sandstone minerals (e.g., quartz, feldspar, and clays), which have 

already been studied extensively. The inhibitor solution reacts chemically with the rock to 

change the solution pH and [Ca2+] levels such that, for the higher SI concentrations, precipitation 

of a sparingly soluble SI/Ca complex is formed, giving a region where coupled 

adsorption/precipitation (denoted ) occurs. The detailed observations (described previously) 

for apparent adsorption, the corresponding final pH and normalized [Ca2+] behaviour, and the 

ESEM-EDX/ PSA results are summarized in Table 4.8.. It is these results that we must explain 

qualitatively, and in due course reproduce by modelling.  
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Table 4.8. Summary of apparent adsorption, the corresponding final pH values and normalized [Ca2+] 

observations, and the ESEM-EDX and PSA results from the experiments 

 

 

The specific conclusions from this section are the following. 

 

1. Both pure adsorption () and coupled adsorption/precipitation (P) regions are clearly 

observed for PPCA, on both dolomite and calcite, for initial pH values of pH0 2, 4, and 6. This 

is also the case for PFC at pH0 2, 4, and 6, except in the case at pH0 2, where PFC shows only 

pure adsorption on calcite because the sulfonate functional group is more acidic, and this group 

has higher tolerance (lower binding) to Ca2+. 

2. Precipitation is more dominant for SI/carbonate retention than adsorption in the sense that it 

occurs over a much wider SI range, above a minimum concentration of approximately 100 ppm 

(for PPCA) and approximately 500 ppm (for PFC). This is probably because of the presence of 

more sulfonate groups on the PFC, whereas PPCA mainly has carboxylic acid groups. 
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3. The actual amount of precipitate formed varies from case to case, depending on the specific 

SI (different chemistries), the substrate (calcite or dolomite), initial pH (different levels of rock 

dissolution and divalent-cation generation in situ), and temperature T (although a fixed T=95oC 

was used in this work). In the low-SI-concentration region (<100 ppm for PPCA and<500 ppm 

for PFC), only pure adsorption () is observed. Hence, in a squeeze treatment in the lower SI 

tail, the dynamic region of the return curve would be controlled by the relevant low-concentration 

region of the adsorption isotherm, (C). However, the general “loading” of the formation with 

SI/M2+ complex (i.e., the total amount retained as a “reservoir” of SI within the formation) would 

be as a result of the precipitation/dissolution process.  

4. For PPCA, the main observations are that the apparent adsorption (app) levels are higher for 

lower initial pH conditions (lower initial pH, more Ca generation in situ, more SI/M2+ complex 

formation), and higher for calcite than for dolomite (more Ca content relatively in calcite than in 

dolomite). It confirms that the level of Ca contributes to the PPCA retention in carbonate 

formations. 

5. For PFC, the main observations are that the apparent-adsorption (app) levels are 

approximately the same at pH0 4 and 6, and higher for dolomite than for calcite (the final pH 

value of the PFC/dolomite system is higher than that of the PFC/calcite case; as a result, PFC 

becomes more dissociated in the former system and consequently shows higher retention). We 

also note that one case, PFC on calcite at pH0 2, shows only pure adsorption (the more acidic 

sulfonate functional group has high tolerance to Ca2+). This observation for the PFC/carbonate 

system is different from the PPCA/carbonate case. 

6. Results from ESEM-EDX and PSA generally confirm and are consistent with the static 

apparent-adsorption results. For both PPCA and PFC, it is clear from the ICP-OES results that 

both Ca and P are lost from the solution and form a precipitate. This precipitate can be observed 

directly by ESEM, where a distinct granular precipitate sized much smaller than the carbonate 

grains (approximately 100 to 400 mm) is observed. This is further confirmed by PSA using the 

smaller (45-mm) lens, which detects a precipitate with a size range of approximately 1 to 10 mm. 

EDX does not detect any P in the PPCA/Ca precipitate because the P content of PPCA is too low 

to detect using this method, but it does detect Ca. For the PFC/Ca precipitate, EDX does easily 

detect high P concentrations in the deposit where clear C/P has occurred, and the EDX levels are 
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higher as app (precipitation) increases. Very little P is detected directly on the calcite or dolomite 

grain surfaces, but traces are sometimes seen. 

 

4.5. Phosphate Ester Scale Inhibitors Retention in Carbonates  

In this section, we investigated the retention of the environmentally friendly SI, polyhydric 

alcohol phosphate ester (PAPE), on calcite and dolomite substrates. Elemental analysis of the 

supernatant solution as well as pH measurement and environmental scanning electron 

microscopy (ESEM) with energy dispersive X-ray analysis (EDX) were all used to investigate 

SI retention and to identify the morphology/composition of the resultant SI−Ca precipitates. 

Results revealed that PAPE was retained by calcite via pure adsorption at an initial test pH (pH0) 

of 4 and then precipitated at pH0 6. In contrast, the PAPE/dolomite system was found to be 

effectively pH-independent, with precipitation dominating at both pH0 values. Any temperature 

effect was negligible for dolomite/PAPE retention, whereas with calcite, retention was smaller 

at lower temperature, which is attributed to the temperature-dependence of the substrate 

solubility. Overall, the final pH of the system and the resulting degree of SI dissociation 

contributed more to PAPE retention than did the final calcium concentration. EDX analysis 

confirmed scale-inhibitor phosphorus in the deposited solids, indicating coupled 

adsorption/precipitation. This phosphorus increased with the amount of precipitation and with 

the temperature, confirming the corresponding static adsorption test results. 

 

First of all, we present the impact of pH on the apparent adsorption of PAPE on both calcite and 

dolomite. From the stock solution of [SI] = 10000 ppm active PAPE, lower SI concentrations of 

50, 100, 500, 800, 1000, 2000, and 4000 ppm were prepared by dilution and used for the apparent 

adsorption and compatibility (no mineral substrate) experiments. The pH values of the various 

PAPE solutions were adjusted to initial pH values (pH0) of 4 or 6 for the various experiments. 

Because of the lower thermal stability of PAPE, the maximum temperature for the experiments 

was limited to 80 °C.  
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Figure 4.34. Apparent adsorption (app, vs. Cf) for PAPE with 5 and 10 g of (a) calcite and (b) dolomite at pH0 4 & 

6; T = 80°C 

Figure 4.34 (a) shows that, for calcite at pH0 4 (solids lines), pure adsorption was observed for 

all concentrations of PAPE. For the same substrate at pH0 6 (dashed lines, Figure 4.34(a)), pure 

adsorption was observed up to ~800 ppm with deviation at higher PAPE concentrations 

(a) 

(b) 
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indicating the occurrence of coupled adsorption/precipitation ()10,79. This behaviour can be 

explained by the pH-dependence of scale inhibitor dissociation in relation to the final pH of the 

solutions. It has been shown previously that at lower pH values, phosphonate inhibitors are less 

dissociated, which would lead to lower propensity for precipitation and therefore lower apparent 

adsorption42,99.  

For the PAPE/dolomite system shown in Figure 4.34 (b), both pure adsorption and coupled 

adsorption/precipitation predominates for both initial pH values. Only pure adsorption was seen 

for [SI] up to ~100 ppm, but above a PAPE concentration of 100ppm, the curves deviate 

indicating a change in retention regime to coupled adsorption/precipitation. Unlike the calcite 

system, the apparent adsorption of the PAPE/dolomite system was effectively pH 

independent43,44.  

When compared with the retention mechanisms of other scale inhibitors, it is believed that the 

weak polyacidic nature of PAPE could lead to a greater degree of dissociation at higher pH. This 

may be attributed to the different chemistry of the PAPE/carbonate systems compared to the 

retention of other conventional inhibitors (phosphonate and polymeric scale inhibitors) where 

the retention increases as pH increases for phosphonate SIs and as pH decreases for polymeric 

inhibitors42,79. Here, PAPE was retained more on dolomite than on calcite, which is consistent 

with previous phosphonate inhibitor/carbonate system observations. This can be related to the 

higher final pH values in the PAPE/dolomite system compared to those for the PAPE/calcite 

system (see the corresponding figures showing final pH below). Since the inhibitors such as 

PAPE can be considered as weak polyacids, schematically represented as HnA, these can be 

partly dissociated (i.e. HnA ⇆ H+ + Hn-1A
-).  Therefore, at very low (acidic) pH, the HnA 

equilibrium is to the left and the molecule is more associated as HnA, and at higher pH it is more 

dissociated into H+ and Hn-1A
-. The SI (HnA) is much more likely to complex with Ca2+ to form 

a SI/Ca complex in its dissociated form (i.e. at higher pH values) and less likely to form 

complexes at lower pH values98,100.  

In the PAPE/dolomite system, the final pH is higher than for PAPE/calcite, due to the higher 

solubility of dolomite in the matrix brine (NSSW), so the PAPE inhibitor would therefore be 

somewhat more dissociated (more Hn-mAm- in solution) than in calcite. Thus, PAPE is much more 

likely to interact with divalent cations and form SI-M2+ in dolomite than in calcite43. Hence, it 
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was observed that the degree of apparent adsorption of PAPE on dolomite was more than on 

calcite, even though the calcium content of calcite was relatively higher than that of dolomite. It 

can therefore be concluded that pH, in particular pHf, controls PAPE retention in carbonate 

systems as opposed to the calcium concentration. These results have implications on the 

application pH that should be used when PAPE is deployed in carbonate reservoirs.  

Now, we study the impact of temperature on PAPE retention in carbonates. As PAPE was seen 

to be retained more on the carbonate substrates at pH0 6, the experiments were repeated at an 

initial pH of 6 and a temperature of 60°C to investigate the effect of temperature on apparent 

adsorption.  

 

(a) 
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Figure 4.35. Apparent adsorption (app vs. Cf) for PAPE with 5 and 10 g of (a) calcite and (b) dolomite at T = 60 

& 80°C; pH0 6 

As shown in Figure 4.35(a), the resultant Гapp with calcite was lower at 60°C than at 80°C. 

Calcite is less soluble at higher temperature, however the interactions between the scale inhibitor 

and Ca2+, including the strength of SI-M2+ binding, increases significantly with temperature and 

thus the solubility of the SI-M2+ complex decreases, resulting in more precipitation/retention101.  

The dominant retention mechanism of PAPE with calcite at 60°C changes from coupled 

adsorption/precipitation to pure adsorption, although both mechanisms exist above 2000 ppm 

PAPE. In fact, temperature affected apparent adsorption of PAPE on calcite quite significantly. 

It was therefore concluded that PAPE works more effectively at higher temperature in calcite 

formations, at least in terms of retention, although there may be chemical stability issues at 

elevated temperature.  

The Гapp of PAPE on dolomite was not as temperature dependent (Figure 4.35 (b)) as it was for 

calcite, with apparent adsorption increasing as lower temperature only at the highest PAPE 

concentration52. These results show that PAPE has good retention characteristics at both 

temperatures and is therefore a good SI candidate for these reservoir and operational conditions. 

When the scale inhibitor is injected into carbonate formations, the SI (weak polyacid) solution 

contacts the carbonate mineral substrate and causes rock dissolution leading to an increase of 

(b) 
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initial pH to ~7 and 8 for calcite and dolomite substrates, respectively. The increased solution 

pH causes the inhibitor to become more dissociated, and these negatively charged species 

(dissociated scale inhibitor) are then able to be adsorbed onto the positively-charged rock surface 

through electrostatic interactions49.  In addition, if the scale inhibitor concentration is sufficiently 

high, Ca2+ binds with the dissociated scale inhibitor (SI-Ca2+ complexation)96. Thus, the entire 

system is coupled and the 3 parts of the equilibrium system are:  

(i) The dissociation of SI as a weak polyacid (HnA) to form dissociated species, such as Hn-

mAm- right up to An- at very high pH values; 

(ii) These dissociated SI species, which are very strong chelating agents, then bind with 

Ca2+ (and/or Mg2+) ions to form SI/Ca complexes which are known to be sparingly 

soluble; 

(iii) The above reactions are coupled to the carbonate system since the lower pH solution 

conditions and the chelating power of the dissociated SI cause the carbonate equilibrium 

to change.   

To explain these observations, further ancillary results will be presented below on carbonate 

dissolution and on the final pH values of the system. Figure 4.36(a) and Figure 4.36(b) show the 

final solution pH as a function of final SI concentration for the corresponding apparent 

adsorption experiments presented in Figure 4.34(a) and Figure 4.34(b).  
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Figure 4.36. Final pH as a function of [PAPE] with 0, 5 or 10 g of calcite or dolomite at T = 80°C, (a) pH0 4 and 

(b) pH0 6 

For pH0 4 at 80°C compatibility tests (no substrate) there was no noticeable change in final pH 

(see Figure 4.36(a)), showing that PAPE was compatible with NSSW at these conditions. The 

final pH increased when the tests were repeated in the presence of 5 or 10 g of either carbonate 

substrate due to the dissolution of calcite or dolomite with the associated liberation of Ca2+ (& 

Mg2+ for dolomite) and carbonate (CO3
2-)45. This trend was observed until the retention regime 

changed from pure adsorption to coupled adsorption/precipitation, at which point the divalent 

cations generated in situ were consumed by the formation of a SI-M2+ complex87. The final pH 
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for dolomite was higher than the calcite system, resulting in a greater degree of PAPE 

dissociation and a higher tendency for apparent adsorption (as shown in Figure 4.34(a) and 

Figure 4.34(b)).  

When the tests were repeated at pH0 6 (Figure 4.36 (b)), a slight decrease in final pH (to ~pH 

5.6) was noted at high [PAPE] in the absence of any carbonate substrate, suggesting a slight 

incompatibility of the SI with NSSW at these conditions. This incompatibility is not desirable, 

as the inhibitor should precipitate far away from the wellbore, therefore it would be prudent to 

inject PAPE/NSSW at a lower pH to avoid this issue.  

The final solution pH as a function of final scale inhibitor concentration is shown in Figure 

4.37(a) and Figure 4.37(b) for the carbonate systems at T = 60°C and 80°C, for a single pH0 of 

6. 
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Figure 4.37. Final pH as a function of [PAPE] with 0, 5 and 10 g of (a) calcite or (b) dolomite at T = 60 & 80°C, 

pH0 6 

Figure 4.37 (a) shows that PAPE was not compatible with NSSW at 60°C which was similar to 

the PAPE/NSSW behaviour at 80°C (Figure 4.36(b)). Thus, the final pH at the highest 

concentration ([PAPE] = 4000 ppm), decreased due to the reaction between PAPE and the 

calcium in NSSW. In the presence of calcite, the final pH of the scale inhibitor solution increased 

due to rock dissolution and then decreased due to a change in the retention mechanism from pure 

adsorption to coupled adsorption/precipitation along with the associated phosphorus and calcium 

removal from solution due to complexation and precipitation. Moreover, the final pH at 60°C 
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decreased so sharply that it was lower than the pH required for PAPE dissociation96,99. In other 

words, the scale inhibitor was in its more associated form and the apparent adsorption of PAPE 

on the calcite mineral at the lower temperature was reduced and the dominant mechanism of 

retention was pure adsorption43. However, at 4000 ppm, PAPE was sufficiently dissociated that 

the retention mechanism switched to precipitation. Thus, the retention mechanism of PAPE on 

calcite was dependent on temperature; lower temperature results in less dissociated PAPE and 

accordingly less precipitation. In the PAPE/dolomite system (Figure 4.37 (b)), the final pH 

values for 60oC and 80oC were quite similar from 0 – 2000 ppm, however, the pH at 4000 ppm, 

T = 60oC was a little higher than that at T = 80oC, which indicates greater PAPE dissociation 

and supports the conclusion that the apparent adsorption of PAPE on dolomite is greater at 60°C 

than at 80°C for [PAPE] = 4000 ppm (Figure 4.37 (b)). 

To further establish the pure adsorption and coupled adsorption/precipitation behaviour, changes 

of [Ca2+] and [Mg2+] concentration were measured before and after the experiments79. Results 

are shown in Figure 4.38(a) and Figure 4.38(b), where a decrease in divalent ions from input 

concentration can be attributed to the precipitation of a M2+-PAPE complex and any increase 

was due to carbonate substrate dissolution. That said, it is possible for [Ca2+] to reach levels 

above the input concentration and for precipitation to occur as the [Ca2+] increases due to 

dissolution and [Ca2+] decreases because of complexation. These figures show the calcium and 

magnesium concentrations normalised to their initial solution values of [Ca2+]0 = 428 ppm and 

[Mg2+]0 = 1368 ppm. 
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Figure 4.38. Comparison of C/C0 Ca2+ for PAPE with 0, 5 or 10 g of calcite or dolomite at T = 80°C, (a) pH0 4 

and (b) pH0 6 

As shown in Figure 4.38(a), at pH0 4 there was no noticeable change in normalised [Ca2+] in the 

absence of calcite or dolomite substrates (compatibility tests), therefore PAPE was seen to be 

compatible with NSSW at this pH0. Furthermore, in the presence of calcite, the calcium 

(a) 

(b) 
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concentration increased as a function of PAPE concentration up to ~1.6 times the initial value52. 

For dolomite, calcium decreased as [PAPE] increased, down to approximately a third of input 

concentration for 4000 ppm SI.  

When the tests were repeated at pH0 6 (Figure 4.38 (b)), calcium consumption was noted in the 

compatibility tests due to chemical reaction between SI and calcium from the solution, which 

confirms PAPE was incompatible with NSSW at pH0 6. In addition, the normalised calcium 

concentration was lower for pH0 6 than pH0 4 for both substrates, due to the low-pH-driven 

dissolution (~ 0.4 and ~ 1 in dolomite and calcite, respectively)102. 

 

(a) 
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Figure 4.39. Comparison of C/C0 Ca2+ for PAPE with 0, 5 and 10 g of (a) calcite or (b) dolomite at T = 60 & 

80°C, pH0 6 

The calcium concentration decreased in the absence of a carbonate substrate (Figure 4.39(a)) and 

Figure 4.39(b)), indicating that PAPE was incompatible with NSSW in these conditions. For 

2000 and 4000 ppm PAPE, a SI-M2+ complex was formed at 80°C, while 4000 ppm PAPE was 

required for precipitation at 60°C, suggesting that PAPE incompatibility increased at higher 

temperature. Because the solubility of PAPE-Ca2+ was lower at higher temperature, this results 

in more precipitation being formed at higher temperature.   

In the PAPE/calcite system, the normalised calcium concentration in PAPE/calcite system at 

60°C levelled off ~ 1, which means that all calcium generated in situ was consumed and there 

was no excess calcium in solution, while in the same system at 80°C, normalised [Ca2+] 

decreased even below the baseline, which means that some calcium was consumed from the 

NSSW. Indeed, the calcium involved in complexation for PAPE/calcite system at 60°C was less 

than that at 80°C, meaning that less reaction occurred at lower temperature leading to less 

apparent adsorption43.   

Figure 4.39 (b) shows that the calcium decrease for dolomite was more significant than for 

calcite, and this is thought to be due to the lower solubility of dolomite at these conditions52. 

Furthermore, the normalised calcium concentration in the dolomite system was similar at both 

(b) 
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temperatures, except for the highest [PAPE] = 4000 ppm, ~ 0.6 and 0.5 at 60 & 80°C, 

respectively, meaning that calcium consumption was about the same.  

The level of Mg2+ should also be taken into account when examining the retention of PAPE and 

research has shown that magnesium has a poisoning effect for phosphonate scale inhibition 

performance103. The normalised magnesium concentration is presented to in Figure 4.40(a) and 

Figure 4.40(b); note that Mg is present in the initial NSSW brine ([Mg2+]0 = 1368 ppm) and it 

may be available from the dolomite substrate (CaMg(CO3)2) but it is only present at trace levels 

in calcite. 
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Figure 4.40. Comparison of C/C0 Mg2+ for PAPE with 0, 5 and 10 g of calcite and dolomite at T = 80°C, (a) pH0 

4 and (b) pH0 6 

As shown in Figure 4.40(a) and Figure 4.40(b), there was no significant change in Mg2+ 

concentration in the compatibility tests, i.e. no reaction/precipitation. When dolomite was 

present in the SI solutions, a continuous increase in the normalised magnesium concentration 

was observed ([Mg2+] ~ x1.1), which was higher at pH0 4 for Ca2+ (due to complexation of SI-

Ca2+). However, at pH0 6, in situ magnesium generation (for dolomite) was less than that at pH0 

4 and the overall result was that the final magnesium levels in solution approximately levels off 

at a normalised value of [Mg2+] ~ 1. The change in magnesium concentration was insignificant 

in comparison to the calcium concentration, indicating that magnesium is effectively not 

involved in any chemical reactions with PAPE to form a complex, while the calcium 

concentration changes more significantly, clearly demonstrating that it has greater tendency to 

complex with PAPE than the magnesium does (Figure 4.40 (a) and Figure 4.40(b))87. The initial 

and final Mg2+ concentrations were also measured for the 60°C (not presented here) and were 

seen to be identical to those at 80°C, indicating that the role of Mg2+ was also secondary in these 

systems. 

Now, SI/Ca complex should be analysed by ESEM/EDX analytical method as performed before 

for DETPMP and PFC cases. So, after filtration, all of the solids collected from the static 
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apparent adsorption tests were examined using ESEM/EDX to investigate the morphology of the 

precipitated complex in the presence of calcite and dolomite substrates and to analyse the surface 

elemental composition of all the solids present42,79.  

 

a) Calcite grain, 1000 ppm PAPE 
 

b) Fine solids deposited, calcite, 1000 ppm PAPE 

 

c) Calcite grain, 4000 ppm PAPE 

 

d) Fine solids deposited, calcite, 4000 ppm PAPE 

 

e) Dolomite grain, 1000 ppm PAPE 

 

f) Precipitate, dolomite, 1000 ppm PAPE 
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g) Dolomite grain, 4000 ppm PAPE 
 

h) Precipitate, dolomite, 4000 ppm PAPE 

 

Figure 4.41. ESEM images of solids recovered from tests at 1000 and 4000 ppm PAPE at pH0 4, T = 80°C 

 

Table 4.9.  EDX analysis of the solids from 1000 and 4000 ppm PAPE for 100-315 µm calcite at pH0 4, T = 80°C 

 
Calcite grain 

1000 ppm  

Fine Solids Deposited  

1000 ppm 

Calcite grain 

4000 ppm 

Fine Solids Deposited 

4000ppm 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic 

C 18 29 12 20 14 20 13 20 

O 41 48 52 63 56 62 53 64 

Na 7 6 - - 1 0.5 - - 

Mg - - 1 0.4 11 9 0.23 0.48 

P - - 1.46 0.3 - - 1.26 0.68 

Cl 8 4 0.54 0.3 1 0.5 0.45 0.24 

Ca 26 13 33 16 17 8 32 15 

 

 

Table 4.10. EDX analysis of the solids from 1000 and 4000 ppm PAPE for 100-315 µm dolomite at pH0 4, T = 

80°C 

 Dolomite grain 

1000 ppm  

Bulk Precipitate 

1000 ppm 

Dolomite grain 

4000 ppm 

Bulk Precipitate 

4000 ppm 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic 

C 13 19 15 23 13 20 12 19 

O 58 65 54 61 54 62 54 62 

Na - - - - 2 1 1 1 

Mg 11 7 - - 8 5 8 5 

P - - 1 1 5 3 6 4 

Cl 1 1 1 1 1 1 2 1 

Ca 17 8 29 14 17 8 17 8 
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The results in Figure 4.41and Table 4.9. , show that phosphorous (indicative of the PAPE scale 

inhibitor) was clearly detected at low levels (1.26% and 1.46% at both 1000 ppm and 4000 ppm, 

respectively) on the calcite substrate. The amount of phosphorus did not change significantly as 

[SI] increased, which suggests that the retention regime at pH0 4 was pure adsorption. In other 

words, the Ca/P ratio becomes constant as [PAPE] increases which confirms the corresponding 

apparent adsorption of PAPE on calcite at pH0 4 (Table 4.10), phosphorous was clearly detected 

at high levels (~5 % at 4000 ppm PAPE), significantly higher than was detected for calcite grains. 

In addition, phosphorus was detected around the dolomite grains (Figure 4.41(e) & Figure 4.41 

(g)), which indicated the SI-Ca precipitate adhering to the dolomite surface. Moreover, the 

phosphorus detected by EDX in the bulk precipitate for dolomite increased in line with PAPE 

concentration, contrary to the calcite system, which adds further evidence that PAPE retention 

differs between these systems. PAPE is retained on dolomite through coupled 

adsorption/precipitation while pure adsorption is the predominant mechanism with calcite44. 
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a) Calcite grain, 4000 ppm PAPE 

 

b) Precipitate, Calcite, 4000 ppm PAPE 

 

c) Precipitate, Dolomite, 4000 ppm PAPE 

 

d) Compatibility test, 4000 ppm PAPE 

Figure 4.42.  ESEM images of solids recovered from tests calcite and dolomite grains at 4000 ppm PAPE at pH0 

6, T = 80°C 

 

Table 4.11. EDX analysis of the solids from 4000 ppm PAPE for 100-315 µm calcite and dolomite at pH0 6, 

T = 80°C 

 
Calcite grain 

4000 ppm  

Bulk Precipitate 

4000 ppm 

(PAPE/Calcite) 

Bulk Precipitate 

4000 ppm 

(PAPE/Dolomite) 

Compatibility test 

4000ppm 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic 

C 13 21 11 18 - - 12 19 

O 51 60 52 61 55 71 52 60 

Na 1 1 1 1 2 2 2 1 

Mg 3 2 3 3 6 5 4 4 

P 7 4 9 5 18 12 15 9 

Cl 2 4 2 1 5 3 4 2 

Ca 23 11 21 11 14 7 11 5 
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As shown in Figure 4.42 and Table 4.11, a high level of phosphorus (15 wt%) was detected in 

the compatibility test for 4000 ppm PAPE, while the quantity of phosphorous detected at 4000 

ppm with calcite and dolomite in the bulk precipitate were 9 and 18 wt%, respectively. There 

was also a significant amount of phosphorus (7 wt%) detected on the calcite grains themselves 

at 4000 ppm PAPE, which suggests SI-Ca precipitate adhering to the calcite surface or (less 

likely) part of an adsorbed SI layer42. Moreover, as the pH of the PAPE solutions increased, the 

amount of phosphorus detected in bulk precipitate clearly increased. Finally, the extent of 

phosphorus detected for dolomite was higher than for calcite, which confirms the corresponding 

apparent adsorption results. 

 

a) Calcite grain, 4000 ppm PAPE, pH0 6, T = 60°C 

 

b) Precipitate, calcite, 4000 ppm PAPE, pH0 6, T = 60°C 

 

c) Precipitate, dolomite, 4000 ppm PAPE, pH0 6, T = 60°C 

 

d) Compatibility test, 4000 ppm PAPE, pH0 6, T = 60°C 

 

Figure 4.43. ESEM images of solids recovered from tests calcite and dolomite grains at 4000 ppm PAPE at pH0 6, 

T = 60°C 
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Table 4.12. EDX signals on the solids from 4000 ppm PAPE for 100 – 315 µm calcite and dolomite at pH0 6, 

T = 60°C 

 
Calcite grain 

4000 ppm  

Bulk Precipitate 

4000 ppm 

(PAPE/Calcite) 

Bulk Precipitate 

4000 ppm 

(PAPE/Dolomite) 

Compatibility test 

4000ppm 

Element Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic % 

C 14 23 12 19 11 17 - - 

O 54 63 50 61 52 62 41 58 

Na 1 0.7 1 1 1 1 3 3 

Mg 1 1 2 1 8 6 8 8 

P 2 1 5 3 8 5 20 15 

Cl 1 0.3 1 1 2 1 8 5 

Ca 27 12 29 14 18 7 20 11 

As shown in Figure 4.43 and Table 4.12., there was significant phosphorus detected in the 

samples (bulk precipitation for both PAPE/carbonates and compatibility test (no minerals 

present)) and the amount of phosphorus in the calcite system was lower than for the dolomite 

system and these results are consistent with the corresponding apparent adsorption results. In 

addition, PAPE was seen to be incompatible with NSSW as bulk precipitation was observed in 

the absence of minerals (Figure 4.43 (d)). The quantity of phosphorus in the compatibility 

experiment at 60°C was ~ 20% wt and 15% wt at 80°C. For calcite, the amount of phosphorus 

detected, either around the calcite grain or in bulk precipitation, was lower at lower temperature 

(2 and 5 wt%, and 7 and 9 wt% for the calcite grain and bulk precipitate at 60 and 80°C, 

respectively). In the PAPE/dolomite system, the phosphorus content was greater at 80°C for the 

highest concentration of PAPE (4000 ppm), which indicates that PAPE retention was greater at 

80°C than at 60°C (18 and 8 wt% at 80°C and 60°C, respectively). 

To sum up this section, the bulk “apparent adsorption” behaviour (app vs. Cf,) of PAPE scale 

inhibitor (SI) on calcite and dolomite mineral substrates has been studied over a range of 

conditions. A systematic application of ICP-OES (to determine [P] from the SI, [Ca2+] and 

[Mg2+]), pH analysis and ESEM/EDX of the SI/Ca precipitates formed has allowed for the 

rationalisation of the results in reference to the intrinsic functionality of the scale inhibitor and 

the reactivity of the carbonate mineral substrates. 

The specific conclusions from this work are as follows: 
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1. Both pure adsorption () and coupled adsorption precipitation () regimes were clearly 

observed for PAPE with a dolomite substrate at pH0 4 and 6, while for the PAPE and calcite 

case at initial adjusted pH 4, only pure adsorption was observed at 80°C.  However, 

precipitation is more dominant for PAPE/carbonate retention than adsorption. At 60°C and 

pH 6, the situation is different in that pure adsorption is the dominant retention regime for 

calcite/PAPE, while in the PAPE/dolomite system, precipitation is the dominant 

mechanism.   

2. In general, the degree of apparent adsorption increased at higher pH for PAPE/calcite 

system (contrary to polymeric scale inhibitors). In the PAPE/calcite system at pH0 4, the 

retention regime was only pure adsorption, while for PAPE/dolomite and PAPE/calcite 

systems at pH0 6, precipitation was the more dominant mechanism.  

3. The amount of apparent adsorption in the PAPE/dolomite system was seen to be effectively 

pH independent, which is quite different to the PAPE/calcite system in which the apparent 

adsorption was greater at higher pH.  

4. For all concentrations of PAPE, the amount of apparent adsorption on calcite was lower at 

60°C than at 80°C. In contrast, apparent adsorption did not change due to temperature for 

the PAPE/dolomite system, except at [PAPE] = 4000 ppm, where precipitation was lower 

at 80°C.  

5. The carbonate mineralogy plays an important role in determining the detailed retention 

mechanism of PAPE in carbonate systems. Greater retention was observed for PAPE with 

dolomite than on calcite, despite the former being less chemically reactive. Therefore, 

during the design of squeeze treatments in carbonate formations, the rock composition 

should be taken into consideration.  

6. Calcium has much higher affinity for chemical interaction with PAPE than magnesium. 

Thus, it is mainly the calcium-PAPE complex that is involved in the retention process. 

7. In the PAPE/calcite system, apparent adsorption increased at higher temperature, which 

may be a kinetic effect leading to the rapid formation of a SI-Ca2+ complex. However, in 

the PAPE/dolomite system, apparent adsorption did not change noticeably as a function of 

temperature, possibly highlighting the dominance of pH in this system.  For PAPE/calcite, 

both temperature and pH affected retention. 
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8. Results from the ESEM/EDX generally confirm and are very consistent with the static 

adsorption results. EDX detectable phosphorus levels (indicating the presence of the PAPE 

inhibitor) were observed in the precipitated deposits formed by combined   The 

amount of phosphorus detected, though not strictly quantitative, was seen to increase as 

app (precipitation) increased.  In addition, phosphorus (PAPE) was detected on the surface 

of the calcite or dolomite grains directly, with the amount detected higher at 80°C than at 

60°C (only at 4000 ppm for dolomite), in line with the corresponding apparent adsorption 

results.   

4.6. Phosphonate and Polymeric Scale Inhibitors Retention on Limestone 

Substrates 

We have already studied the apparent adsorption of three types of SIs (Phosphonate (DETPMP), 

Polymeric (PPCA, PFC) and Phosphate Ester (PAPE) inhibitors) on two carbonate substrates 

(calcite and dolomite) in previous sections of this chapter. In this section, we examine the 

apparent adsorption of DETPMP & PPCA on two limestone samples to investigate effect of this 

mineralogy on apparent adsorption.   

4.6.1. DETPMP retention on Limestone  

Similar apparent adsorption/compatibility results are now presented for DETPMP as a typical 

example of a phosphonate SI.  DETPMP was made up as a stock solution at [SI] =10000 ppm 

active and this was subsequently used to make the various concentrations in the apparent 

adsorption experiments, in exactly the same manner as for [DETPMP] in section 4.2.  pH was 

measured for all the stock solutions and was later adjusted to pH0 4& 6. Static adsorption/ 

compatibility tests were carried out at the pH0 4& 6 of the DETPMP solutions at 95°C.  Figure 

4.44 & Figure 4.45 show the apparent adsorption level of scale inhibitor (DETPMP in mg SI / g 

rock) for two masses, m = 5g and 10g, of 100- 315 𝜇𝑚 limestone samples as a function of the 

final scale inhibitor concentration. 
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Figure 4.44. Apparent adsorption (app vs. Cf) for DETPMP onto 2 masses (m = 5g and 10g) of Ayrshire 

Limestone at two different pH values (pH0 4, 6); T = 95°C 

 

Figure 4.45. Apparent adsorption (app vs. Cf) for DETPMP onto 2 masses (m = 5g and 10g) of Skye Limestone at 

two different pH values (pH0 4, 6); T = 95°C 
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As shown in these figures, apparent adsorption of DETPMP increases as pH increases. This may 

be ascribed to higher dissociation of DETPMP at pH0 6; i.e. the SI (DETPMP) is much more 

likely to complex with Ca2+ to form a SI/Ca complex in its dissociated form (i.e. at higher pH 

values) and less likely to form complexes at lower pH values. Although the amount of apparent 

adsorption in both systems are similar qualitatively, the compositions of SI-M2+ analysed by 

EDX which come up later are different. In addition, apparent adsorption of DETPMP on Skye 

limestone is a little higher than on Ayrshire as the former has more iron which has been involved 

in complexation and thus more retention104.  

The pH changes in the DETPMP/Ayrshire Limestone and DETPMP/Skye Limestone apparent 

adsorption experiments are plotted as a function of final SI concentration (Cf) in Figure 4.46 & 

Figure 4.47. 

 

Figure 4.46. Comparison of pH for DETPMP onto 2 masses (m = 5g and 10g) of Ayrshire Limestone at two 

different initial pH values (pH0 4, 6); T = 95°C 
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Figure 4.47. Comparison of pH for DETPMP onto 2 masses (m = 5g and 10g) of Skye Limestone at two different 

initial pH values (pH0 4, 6); T = 95°C 

The results in Figure 4.46 & Figure 4.47 show that there are no noticeable changes in pH in the 

pure compatibility tests (no limestone present) at initial adjusted pH0 4. Thus, DETPMP is 

completely compatible with NSSW at pH0 4 in the absence of mineral in the solution. However, 

once pH is increased to pH06, DETPMP is not compatible with NSSW anymore as final pH starts 

to decrease from 1000 ppm. This means, DETPMP has become enough dissociated and it attracts 

calcium which is necessary for complexation from NSSW solution. However, if limestone 

substrates are added to the DETPMP solution, the pH rises from its initial value pH  (pH0 4&6; 

initially adjusted pH) to pH ~ 8 due to dissolution of limestone substrates in a scale inhibitor 

solution and divalent cations, particularly Ca2+, Mg2+ and Fe2+ (in Skye limestone case),  are 

leached out of substrates. As the retention regime changes from pure adsorption to coupled 

adsorption/ precipitation, pH then decreases due to chemical reaction between SI and divalent 

cations. It should be mentioned that final pH for pH0 6 is slightly higher than for pH0 4 in both 

DETPMP/limestone systems which shown DETPMP has capacity to adsorb cations for 

precipitation and consequently more apparent adsorption at the corresponding pH (pH0 6).  

Figure 4.48 &Figure 4.49 show the changes of [Ca2+] in solution before and after the experiments 

in the SI/limestone systems in NSSW for both the adsorption and the compatibility tests. 
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Figure 4.48. Comparison of C/C0 of [Ca2+] trends for DETPMP/Ayrshire limestone systems in different pH values 

(pH0 4, 6); T= 95°C 

 

Figure 4.49. Comparison of C/Co of [Ca2+] trends for DETPMP/Skye limestone systems in different pH values 

(pH0 4, 6); T = 95°C 
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Figure 4.48 & Figure 4.49 show that there are no significant changes in Ca2+ concentration for 

compatibility tests at pH0 4 while at pH0 6 as mentioned above, DETPMP is incompatible with 

NSSW and forms complex with calcium present in SW.  The differences if final pH and Ca are 

all consequences of the balance between the carbonate substrate dissolution and precipitation of 

the SI/Ca complex.  They can only be explained properly by modelling. 

 

Figure 4.50. Comparison of C/C0 of [Mg2+] trends for DETPMP/Ayrshire limestone systems in different pH 

values (pH0 4, 6); T = 95°C 
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Figure 4.51.  Comparison of C/C0 of [Mg2+] trends for DETPMP/Skye limestone systems in different pH values 

(pH0 4, 6); T = 95°C 

As shown in Figure 4.50 & Figure 4.51, there is no significant change in [Mg2+] in the 

compatibility test at pH0 4. However, once pH is increased to pH0 6, the normalised concentration 

of magnesium reduces because of Mg2+ involvement in complexation process with SI. In 

addition, once limestone samples are added to DETPMP solution, some more magnesium is 

leached out of system because of rock dissolution and final [Mg2+] levels off at a normalised 

value of [Mg2+] ~ 1 which also confirms that magnesium is not significantly involved in the 

complexation process.  

In addition, to confirm the corresponding apparent adsorption results, all of the solids collected 

from the static apparent adsorption tests for the DETPMP/Skye limestone and 

DETPMP/Ayrshire limestone systems have been examined as before using ESEM/EDX 

analysis.   
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    a) Skye Limestone grain, 4000 ppm DETPMP                             b) Precipitate, 4000 ppm DETPMP, Skye Limestone 

                                                  

                                               c) Precipitate, 4000 ppm DETPMP, Ayrshire Limestone 

Figure 4.52. Morphology of Skye and Ayrshire grains and Bulk Precipitation at 4000 ppm DETPMP at pH0 4, 

T=95oC on ESEM photographed samples 
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Table 4.13. EDX signals on the 4000 ppm DETPMP for 100-315 µm Skye and Ayrshire Limestone at pH0 4, 

T=95oC from ESEM 

 
Skye Limestone grain 

4000 ppm  

Bulk Precipitate 

4000 ppm 

(DETPMP/Skye 

Limestone) 

Bulk Precipitate 

4000 ppm 

(DETPMP/Ayrshire 

Limestone) 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic 

C 15 23 3 3 8 12 

Na 1 1 2 3 1 1 

Mg 2 1 5 5 4 3 

P 4 2 13 10 14 9 

S 1 0.5 0.5 0.5 - - 

Cl 1 1 4 4 4 2 

K 1 0.5 0.5 0.5 - - 

Ca 18 8 34 20 17 9 

O 57 63 38 54 52 64 

 

As shown in Figure 4.52 and in  

Table 4.13., phosphorous is clearly detected at a high level (~13% & ~14% by weight for Skye 

and Ayrshire limestone Samples, respectively) in the finer precipitate which forms in the bulk, 

mainly on the filter paper. However, there is a remarkable detectable amount (~4% by weight 

for Skye limestone) on the Skye limestone grains which is most probably some of the SI/Ca 

precipitate adhering to the Skye limestone surfaces or (less probably) could be part of the 

adsorbed SI.  In addition, the amount of phosphorous detected in DETPMP/Skye limestone 

system is higher than DETPMP/Ayrshire limestone which confirms the SI retains more or less 

in both limestone samples. 
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 a) Precipitate, 4000 ppm DETPMP, Skye Limestone               b) Precipitate, 4000 ppm DETPMP, Ayrshire Limestone 

                                                         

                                                           c) Precipitate, 4000 ppm DETPMP, Compatibility test 

Figure 4.53. Morphology of Skye and Ayrshire grains and Bulk Precipitation at 4000 ppm DETPMP at pH0 6, 

T=95oC on ESEM photographed samples 
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Table 4.14. EDX signals on the 4000 ppm DETPMP for 100-315 µm Skye and Ayrshire Limestone at pH0 6, 

T=95oC from ESEM 

 

Bulk Precipitate 

4000 ppm 

(DETPMP/Skye 

Limestone 

Bulk Precipitate 

4000 ppm 

(DETPMP/Ayrshire 

Limestone) 

Bulk Precipitate 

4000 ppm (Compatibility 

test) 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic 

O 53 68 54 73 37 53 

Na 3 3 3 2 6 5 

Mg 7 7 5 4 14 12 

P 18 12 11 6 23 14 

S 1 1 - - 1 1 

Cl 5 3 5 2 10 7 

Ca 11 5 22 13 9 8 

Fe 2 1 - - - - 

 

The results in Figure 4.53 and Table 4.14., show that phosphorous is clearly detected at high 

levels (~23% by weight for the 4000 ppm DETPMP cases, respectively) in the compatibility test.  

Furthermore, there is also a high detectable amount (~ 18 and 11% by weight at 4000 ppm for 

Skye and Ayrshire limestone samples, respectively) in the finer precipitate which forms in the 

bulk and is mainly retained on the filter paper. It should be mentioned that in DETPMP/Skye 

limestone system, some Iron (~ 2% by weight) has been detected that leads to more DETPMP 

retention in Skye limestone. In addition, the Iron has not been detected at the same system, pH0 

4.  

4.6.2. PPCA Retention on Limestone Substrates 

First, a stock scale inhibitor (SI) concentration at 10000 ppm active (ppm = mg/L) was prepared 

and used to make the various SI concentrations in the experiments.  SI concentrations of 50, 100, 

500, 800, 1000, 2000 and 4000 ppm were used in all the experiments.  pH was measured for all 

the stock solutions and was later adjusted to an initial value of pH0 4& 6 to investigate impact of 

pH on apparent adsorption.  

To interpret the results here, we note that the inhibitors such as PPCA can be considered as weak 

acids, schematically represented as HA.  These can be partly dissociated (i.e. HA ⇆ H++A-) with 

a relatively low Ka value (where Ka = [H+][A-]/[HA] and this is usually of order Ka ~ 10-4 – 10-
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5).  Therefore, at very low (acidic) pH, the HA equilibrium is to the left and the molecule is more 

associated as HA, and at higher pH it is more dissociated into H+ and A-.  The SI (HA) is much 

more likely to complex with Ca2+ to form a SI/Ca complex in its dissociated form (i.e. at higher 

pH values) and less likely to form complexes at lower pH values.  Also, complexation of the SI 

is favoured at higher concentrations of calcium, [Ca2+].   In fact, the SI species such as PPCA 

are actually weak poly-acids where, for example, DETPMP has 10 dissociating Hs.  That is, 

DETPMP can be denoted schematically as H10A and dissociation is described by a series of 10 

Ka values, Ka1, Ka2 etc. 

 

Figure 4.54. Apparent adsorption (app vs. Cf) for PPCA onto 2 masses (m = 5g and 10g) of Ayrshire Limestone at 

two different pH values (pH0 4, 6); T = 95°C 
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Figure 4.55. Apparent adsorption (app vs. Cf) for PPCA onto 2 masses (m = 5g and 10g) of Skye Limestone at 

two different pH values (pH0 4, 6); T = 95°C 

Figure 4.54 & Figure 4.55 show the results for apparent adsorption vs. the final SI concentration 

(app, vs. Cf) for 2 masses of calcite and dolomite substrates (m = 5g and 10g).  The results clearly 

indicate that both pure adsorption and coupled adsorption/precipitation took place at both initial 

adjusted pH values (pH0 4&6). Only pure adsorption is seen for [SI] up to ~100ppm, before the 

different (m/V) curves start to deviate, indicating that coupled adsorption/precipitation behaviour 

was occurring. In addition, the results in the figures also show that for PPCA, coupled adsorption/ 

precipitation is the predominate mechanism for its retention in both limestone porous media. 

Moreover, apparent adsorption increases as pH decreases. At pH0 4, the PPCA solution is more 

acidic and can dissolve more carbonate substrate and accordingly more divalent cations will be 

generated in situ.  So, the dissociated PPCA will interact with the increased divalent cations by 

carbonate rock dissolution, leading to more precipitation (i.e. an observed higher “apparent 

adsorption”).   At pH0 6, the PPCA would be somewhat more dissociated (more A- in solution) 

as described above, but the amount of divalent cations dissolved into solution would be much 

less.   Also, the effect of the carbonate is to drive the final pH up to about pH ~8 (see results 

below).   The net effect here is that it is at the lower pH (initial pH0 4) where a higher [M2+]  is 
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dissolved into solution and the pH is increased in any case (by the carbonate dissolution); thus, 

the effect is an increased level of precipitation (i.e. a higher “apparent adsorption”) at this lower 

pH level.   

Figure 4.56 & Figure 4.57 show the pH trend in solution as a function of final SI concentration 

for the corresponding apparent adsorption experiments in Figure 4.54 & Figure 4.55. 

 

 

Figure 4.56.   pH trend for different masses of Ayrshire limestone & Skye limestone (100-315 µm) versus final 

[PPCA] at pH0 4; T=95oC 
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Figure 4.57. pH trend for different masses of Ayrshire limestone & Skye limestone (100-315 µm) versus final 

[PPCA] at pH0 6; T=95oC 

As shown in these figures, there are no significant changes in pH in the bulk compatibility tests 

(no limestone present); the constant lines at pH0 4 & 6 are the solutions with no solid present, 

i.e. no reaction/adsorption.  These compatibility results show that PPCA is compatible with 

NSSW without the limestone minerals in the solution.  However, if limestone substrates are 

added into solution then at equilibrium, pH rises from its initial adjusted pH to ~8 due to 

dissolution of limestone substrates and the reaction of the scale inhibitor with divalent cations 

which was generated in situ, as described above. As [SI] increases, for the initial pH0 6 case, the 

final pH tends to flatten out around pH 8 which is due to the limestone. However, at initial 

adjusted pH 4, the final pH reduced to pH ~7 which can be ascribed to more precipitation of 

PPCA/M2+ complex.   This explains why more M-PPCA complex was produced at pH0 4 than 

at pH0 6.    However, to prove that this explanation is correct, we must measure changes in the 

divalent ion levels particularly [Ca2+] before and after the apparent adsorption experiments in 

the mixture of SI and NSSW solution. Figure 4.58 & Figure 4.59 show the differences in the 

normalised [Ca2+] for both compatibility and adsorption tests at initial pH0  4 and pH0  6. 
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Figure 4.58. Comparison of C/C0 of [Ca2+] trends for PPCA/Ayrshire Limestone & PPCA/Skye limestone systems 

in pH0 4; T = 95°C 

 

Figure 4.59. Comparison of C/C0 of [Ca2+] trends for PPCA/Ayrshire Limestone & PPCA/Skye limestone systems 

in pH0 6; T = 95°C 
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The [Ca2+] results in Figure 4.58 & Figure 4.59 show quite clearly that there is no distinct change 

in [Ca2+] in compatibility tests (no rock substrate) which means PPCA does not react with 

calcium and the scale inhibitor is completely compatible with NSSW. However, once limestone 

samples are added to the scale inhibitor solution, a considerable amount of additional [Ca2+] is 

generated in situ due to rock dissolution, rising to ~2x and ~ 1.8x the pH0 4 for Skye limestone 

and Ayrshire limestone respectively; note that these increases in [Ca2+] are in spite of the loss of 

calcium from solution by precipitation of the SI/Ca complex.  At pH0 6, the calcium losses by 

complex precipitation and gains in solution by leaching from the Ayrshire limestone substrate 

are approximately balances (normalised levels of calcium remain at ~1). However, in 

PPCA/Skye limestone system at pH0 6, the calcium generated in situ is used in complexation and 

reduces from ~x1.7 to ~x1.2 which is different than normalised calcium concentration in 

Ayrshire limestone/PPCA that this normalised concentration reaches to ~1.  

Like the DETPMP/limestone systems, after filtration, all the filter papers containing limestone 

substrates and (in some cases) the precipitated complex for each of the PPCA concentrations 

tested were examined by ESEM-EDX analysis. In the PPCA case at initial pH value, pH0 4, we 

could not see any traces of phosphorus on the limestone crystals themselves at the highest PPCA 

concentration (4000 ppm) although we observed precipitate on the filter paper.  This lack of 

observed P (by EDX) might be attributed to the low content of this element in PPCA (~ 0.5 % 

phosphorus)36. 
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     a) 4000 ppm, 100-315 µm Skye limestone, pH04                           b) 4000 ppm, 100-315 µm Ayrshire limestone, pH04 

 

Figure 4.60. Morphology of 4000 ppm PPCA Samples for 100-315 µm Ayrshire & Skye limestone at pH0 4 on 

ESEM photographed sample 

 

Table 4.15. EDX signals on the 4000 ppm PPCA for 100-315 µm Skye and Ayrshire Limestone at pH0 4, T=95oC 

from ESEM 

 

Bulk Precipitate 

4000 ppm 

(DETPMP/Skye 

Limestone 

Bulk Precipitate 

4000 ppm 

(DETPMP/Ayrshire 

Limestone) 

Element % Weight % Atomic % Weight % Atomic 

C 8 9 21 22 

O 66 74 67 60 

Na 2 3 0.5 0.4 

Mg 4 3 0.4 0.5 

S 1 0.3 0.1 0.1 

Cl 1 0.7 1 1 

Ca 10 3 10 16 

Fe 8 7 - - 

 

Results in Figure 4.60 and Table 4.15. show that phosphorous has not been detected at the highest 

concentration of PPCA (4000ppm), although we observe significant amounts of precipitate for 

this concentration, according to ICP results (and by visual observation, Figure 4.61). As 

discussed above, this is mainly because of the low content of phosphorus in PPCA36.  
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a) 4000 ppm, 100-315 µm Ayrshire limestone, pH4                         b) 4000 ppm, 100-315 µm Skye limestone, pH4 

 

 

Figure 4.61. Visual observation of precipitate formed and deposited on Limestone grains at 4000 ppm PPCA& 

pH0 4 
 

Thus, it was necessary to show the occurrence of precipitated PPCA/Ca complex by another 

analytical method such as Particle Size Analysis (PSA), and results for PSA are presented below. 

Particle size distributions (PSDs) have been measured for all of the Skye limestone experiments 

described above and this should detect any precipitate which has formed in these apparent 

adsorption experiments.  We used a Particle Size Analyser (PSA) manufactured by the Malvern 

Company. Firstly, we measured particle size analysis for the larger pure Skye limestone mineral 

samples (100-315 µm) and, for this purpose, we used a 300 mm Lens (the largest one) to measure 

the PSD and the results are shown in Figure 4.62.   

Precipitate formed and deposited on limestone grains 
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Figure 4.62. Particle Size Analysis for 100-315 µm Skye limestone residue in different concentrations and pH0 4 

with 300 mm lens 

These PSD results in Figure 4.62 show that there is good consistency in the measurement of the 

limestone particle sizes with the largest 300mm lens for the experiments at pH0 4.  For these cases 

(pure limestone and 100ppm PPCA), we see that only large particle sizes are observed broadly in 

agreement with the limestone size range we expect.  When these same sample cases (for example 

100ppm PPCA) were examined by the smaller lens (45 mm lens) which can “see” much smaller 

particles (from ~1 – 20 m), we see no fine particles of this size; see Figure 4.63– the “flat line” 

100ppm case.  However, we then examined cases using this smaller (45mm) lens for the 

experiments at increased PPCA concentrations where the system is going from a region of pure 

adsorption to coupled adsorption/precipitation.  These cases are shown in Figure 4.63 and we now 

see peaks of PSD between ~1 – 10 m.   Clearly, these populations of smaller particles are the 

SI/Ca precipitated material which forms as this finer material; note that this is clearly 

distinguishable from the limestone grains (which are much bigger; see Figure 4.62).  
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Figure 4.63. Particle Size Analysis for 100-315 µm precipitate deposited on filter paper in different concentrations 

and pH0 4 with 45 mm lens 

 

4.6.3. DETPMP & PPCA retention in Skye limestone substrate at T=80oC 

In the next apparent adsorption experiments on DETPMP and PPCA, the effect of reducing the 

temperature was investigated. For this purpose, temperature was decreased from T = 95oC 

(Reservoir like temperature) to T = 80oC.  Since these inhibitors were retained more on Skye 

limestone, this particular limestone was selected as adsorbent. For DETPMP, pH0 6 was selected 

and for PPCA, pH0 4 was chosen as these respective SIs were retained on the limestone substrates 

at their maximum levels.    
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Figure 4.64. Comparison of apparent adsorption (app vs. Cf) for DETPMP onto 2 masses (m = 5g and 10g) of 

Skye limestone at two different temperatures (T = 95°C & 80°C); pH0 6 

 

Figure 4.65. Comparison of Apparent adsorption (app vs. Cf) for PPCA onto 2 masses (m = 5g and 10g) of Skye 

Limestone at two different temperatures (T = 95°C & 80°C); pH0 4 
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The first feature to note in Figure 4.64 is that, at both experimental temperatures (95°C & 80°C), 

regions of both pure adsorption and coupled adsorption/precipitation are observed.  As shown in 

Figure 4.64, the region of pure adsorption at lower SI concentration is extended as temperature 

is reduced. At the higher temperature, the solubility of the SI-M2+complex decreases resulting in 

more precipitation (higher apparent adsorption). The dominant retention mechanism of 

DETPMP on Skye limestone changes from coupled adsorption/precipitation to pure adsorption 

when temperature is decreased from T = 95oC to T = 80oC, respectively, although both 

mechanisms still occur.   In fact, temperature affects the apparent adsorption of DETPMP on 

limestone substrate significantly, i.e. DETPMP is retained at higher levels (greater app) at higher 

temperature in limestone formations.   

Figure 4.65 shows that the apparent adsorption of PPCA also decreases as temperature is 

reduced, as was observed for DETPMP. In addition, the range of pure adsorption retention 

mechanism of PPCA on limestone extends once temperature is decreased from 95oC to 80oC, 

although both mechanisms exist (~ 1000 ppm the retention mechanism changes to coupled 

adsorption/precipitation). In fact, the temperature decrease has affected apparent adsorption of 

PPCA on limestone substrate quite significantly. Thus, PPCA works more effectively at higher 

temperature in limestone formations in terms of the quantity of retention (as does DETPMP as 

observed in Figure 4.64).  

Figure 4.66 & Figure 4.67 show the pH trends in solution as a function of final SI concentration 

for the corresponding apparent adsorption experiments in Figure 4.64 & Figure 4.65. 
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Figure 4.66. Comparison of pH trend for different masses of Skye limestone (100-315 µm) versus final    

[DETPMP] at pH0 6; T = 95°C & 80°C 

 

Figure 4.67. Comparison of pH trend for different masses of Skye limestone (100-315 µm) versus final [PPCA] at 

pH0 4; T = 95°C & 80°C 
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Results in Figure 4.66 show that some precipitate is formed in the bulk compatibility experiment 

(no carbonate substrate present) and pH declines from the initial adjusted value (pH0 6) to pH 

~5.75, although calcium concentration in NSSW is low. So, DETPMP is already incompatible 

with NSSW at pH0 6. After the addition of carbonate substrate to the SI solutions, pH increases 

because of limestone dissolution and divalent cations including Ca2+and Fe2+ in solution also 

increase by dissolution of the carbonate substrate. In the region where the retention regime 

changes from pure adsorption to coupled adsorption/ precipitation, the pH then decreases due to 

chemical reaction between SI and divalent cations. Moreover, in the PPCA/Skye limestone case, 

as shown in Figure 4.67, there are no significant changes in pH in the bulk compatibility tests 

(no limestone present); the constant lines at pH0 4 are the solutions with no solid present, i.e. no 

reaction/adsorption.  These compatibility results show that PPCA is compatible with NSSW 

without the limestone mineral in the solution.  However, if limestone substrate is added to the 

solution then at equilibrium, pH rises from its initial adjusted pH to ~8 due to dissolution of 

carbonate substrates and the reaction of the scale inhibitor with the calcium which was generated 

in situ, as described above.  As [SI] increases, the final pH reduced to pH ~7 & 7.2 in T=80oC & 

95oC respectively which can be ascribed to more precipitation of PPCA/Ca complex in the 

PPCA/limestone system at 95oC than at 80oC.   

To further establish the pure adsorption and coupled adsorption/ precipitation behaviour, changes 

in [Ca2+] concentration were measured before and after the experiments in both adsorption and 

compatibility tests. Any decrease in the Ca2+ is due to precipitation of M2+-DETPMP complex.  

Figure 4.68 & Figure 4.69 show the differences in normalised [Ca2+] amount for both 

compatibility and adsorption tests for DETPMP at initial pH (pH0 6) and PPCA at initial pH 

(pH0 4)  studied, respectively.  Note that there are mechanisms for both increasing the final Ca2+ 

level (dissolution of the rock) and decreasing the Ca2+ level (precipitation of the SI – Ca2+ 

complex).  The balance between these effects is clearly different in these figures and this must 

be explained by a successful model of this process.  
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Figure 4.68. Comparison of changes in normalized C/C0 of [Ca2+] for Skye limestone bed vs final [DETPMP] at 

pH0 6; T = 95°C & 80°C 

 

Figure 4.69. Comparison of changes in normalized C/C0 of [Ca2+] for Skye limestone bed vs final [PPCA] at pH0 

4; T = 95°C & 80°C 
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As indicated Figure 4.68 , the value of C/Co for calcium in the compatibility tests decreases due 

to chemical reaction between SI and calcium from the solution which confirms DETPMP is 

incompatible with NSSW at pH0 6. In addition, the normalised calcium concentration decreased 

as temperature was reduced which means the remaining calcium concentration in solution at T 

= 80oC is higher than that at T = 95oC. In other words, calcium is less involved in the 

complexation process at lower temperature, which confirms the corresponding apparent 

adsorption results (lower apparent adsorption at the lower temperature).  

In the PPCA/Skye limestone system, the [Ca2+] results in Figure 4.69 indicate quite clearly that 

there is no distinct change in [Ca2+] in compatibility tests (no rock substrate) which means that 

PPCA may bind with calcium to some degree but the complex is soluble and the scale inhibitor 

is completely compatible with NSSW at pH0 4.  However, once limestone is added to the scale 

inhibitor solution, a considerable amount of additional [Ca2+] is generated in situ due to rock 

dissolution, rising to ~2x the initial value for both temperatures; note that these increases in 

[Ca2+] are in spite of the loss of calcium from solution by precipitation of the SI/Ca complex. 

Moreover, normalised [Ca2+] increases continuously at pH0 4 as rock is dissolved and M2+ is 

generated.  

Finally, ESEM-EDX analysis was used to examine the surface of Skye limestone both before 

and after treatment in the apparent adsorption experiments. Therefore, after filtration, all the 

filter papers containing carbonate substrates and (in some cases) the precipitated complex for 

each of the DETPMP concentrations tested were dried and sent for ESEM-EDX analysis.  

 

 

 

 



218 
 

                       

c) Compatibility test, 4000 ppm DETPMP, pH6, T=80oC         d) Bulk Precipitate, 4000 ppm DETPMP, pH6, T=80oC 

Figure 4.70. Morphology of Bulk Precipitate at 4000 ppm DETPMP at pH0 6, T=80oC on ESEM photographed 

samples 

 

Table 4.16. EDX signals on the 2000 & 4000 ppm DETPMP for 100-315 µm at pH0 6, T=80oC from ESEM 

 

Bulk Precipitate 

4000 ppm 

(DETPMP/Skye 

Limestone 

Bulk Precipitate 

4000 ppm (Compatibility 

test) 

Element % Weight % Atomic % Weight % Atomic 

N 40 18 30 31 

O 34 59 40 40 

Na 2 2 3 4 

Mg 4 4 6 7 

P 11 10 14 12 

S - - - - 

Cl 3 2 2 4 

Ca 5 3 5 4 

Fe 1 2 - - 

 

As shown in Figure 4.70 and Table 4.16., significant levels of phosphorus are detected in all 

samples. These results are consistent with the corresponding apparent adsorption results. In 

addition, DETPMP is incompatible with NSSW and a bulk precipitate was formed in the absence 

of minerals in the solution at [DETPMP] = 4000 ppm. The quantities of phosphorus in 

compatibility experiment at 80oC are ~ 14% wt for the 4000 ppm DETPMP case.  
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For the PPCA/Skye limestone system, phosphorous has not been detected by EDX analysis at 

the highest concentration of PPCA (4000ppm), although we observe significant amounts of 

precipitate for this concentration, according to ICP results (and by visual observation). As 

discussed above, this is mainly because of the low content of phosphorus in PPCA36. Thus, we 

have to show the occurrence of precipitated PPCA/Ca complex by another analytical method 

such as Particle Size Analysis (PSA), and results for PSA are presented below.  

 

Figure 4.71. Particle Size Analysis for 100-315 µm Skye limestone residue in different concentrations and pH0 4 

with 300 mm lens 

These PSD results in Figure 4.71 show that there is good consistency in the measurement of the 

limestone particle sizes with the largest 300mm lens for the experiments at pH0 4.  For these cases 

(pure limestone and 100ppm PPCA), we see that only large particle sizes are observed broadly in 

agreement with the limestone size range we expect.  When these same sample cases (for example 

100ppm PPCA) were examined by the smaller lens (45 mm lens) which can “see” much smaller 

particles (from ~1 – 20 m), no fine particles of this size are observed; see Figure 4.72 and note 

the “flat line” 100ppm case.  However, we then examined cases using this smaller (45mm) lens 

for the experiments at increased PPCA concentrations where the system is going from a region of 

pure adsorption to coupled adsorption/precipitation.  These cases are shown in Figure 4.72 and we 

now see peaks of PSD between ~1 – 10 m.   Clearly, these populations of smaller particles are 
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the SI/Ca precipitated material which forms as this finer material; note that this is clearly 

distinguishable from the limestone grains (which are much bigger; see Figure 4.71).  

 

Figure 4.72. Particle Size Analysis for 100-315 µm precipitate deposited on filter paper in different concentrations 

and pH0 4 with 45 mm lens 

 

The specific conclusions from the work presented in this section, are as follows: 

1. Both pure adsorption () and coupled adsorption precipitation () regions are clearly 

observed for DETPMP and PPCA SIs on limestone substrates at pH0 4 & pH0 6 and T=95oC & 

T= 80oC. However, the region of pure adsorption is more extended to higher concentrations for 

DETPMP & PPCA/carbonate as temperature reduced.    

2. The amount of apparent adsorption of DETPMP and PPCA on limestone decreases as 

temperature is reduced. At lower temperatures, the solubility of the SI-M2+complex increases 

resulting in less precipitation and hence a lower “apparent adsorption”. 

3. For the DETPMP/Carbonate system, the quantity of apparent adsorption increases as the 

solution pH increases, contrary to the corresponding results for PPCA. This may be ascribed to 

two competing parameters, i.e. (a) the effect of pH where increasing pH gives a more dissociated 

SI (as it is a weak poly acid, HnA), and (b) the level of solution calcium ion concentration, [Ca2+], 
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where a higher level of [Ca2+] tends to increase the amount of precipitate. For the phosphonate 

SI (DETPM), it is the solution pH (pH increase ➔ more dissociation) which is the more 

dominant effect controlling the system.  However, for the polymeric SI, PPCA, it is the level of 

solution calcium, [Ca2+], which contributes more to the degree of precipitation of the PPCA_Ca 

complex.  

4. For the PPCA/carbonate system, the amount of apparent adsorption increases as pH decreases, 

since at low pH more carbonate substrate is dissolved, and accordingly more divalent cations are 

generated in situ.  At the lower initial pH0 4, we still expect the PPCA to be less dissociated and 

hence form less precipitate.  However, the combined effect of this higher calcium dissolution 

along with the increase in pH caused by the carbonate rock dissolution process itself leads to 

more PPCA/Ca precipitate. 

5. Mineralogy has an important role on the retention of these SIs in carbonate systems since the 

retention behaviour of the various carbonates is significantly different between calcite and 

limestone systems (calcite system discussed earlier in the chapter).  The retention of both SIs 

DETPMP and PPCA was greater for the limestone sample containing iron, as Fe2+ enhances the 

precipitate of SI-M2+.  

6. Our results appear to indicate that, as phosphonate functional group exists in the SI chemical 

structure, the reactivity of SI with Ca2+ increases resulting in more precipitate being formed and 

a corresponding increase in the apparent adsorption level. This is the reason why DETPMP is 

retained more on carbonates than PPCA, which has mostly carboxylic acid functional group. 

7. Results from the ESEM/EDX and Particle Size Analysis (PSA) generally confirm, and are 

very consistent with, the static apparent adsorption results.  EDX detected P (phosphorus) 

concentrations are seen in the deposit where clear coupled  has occurred and the EDX level 

are higher as app (precipitation) increases.  A little P is also detected directly on the carbonate 

grain surfaces but this is generally very minor compared with the high P levels in the finer bulk 

precipitate.    When the 45mm lens is used in the PSA, then this much finer SI/Ca precipitate can 

be observed directly which has formed mainly from the bulk solution (only in the app regime).  

This finer precipitate is shown to have high levels of P by EDX. In addition, the amount of 

phosphorus (P) detected is higher at 95°C than at 80°C which is exactly in line with the 

corresponding apparent adsorption results.   
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Note: In this Chapter, the various parts of the work were carried out as indicated in the structure 

laid out in the Introduction (Section 4.1).  The conclusions from each of these parts of the 

apparent adsorption research were presented at the end of each of these sections.  A full overview 

and summary of all of this work, including the overall conclusions and findings of this research, 

are presented in the Chapter 5 below.  
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5. CHAPTER 5: SUMMARY of EXPERIMENTAL RESULTS 

and DISCUSSION 

This chapter presents and discusses the results from the experimental study of the retention 

mechanisms of generically different scale inhibitors (SI) in carbonate systems. A wide range of 

“apparent adsorption” experiments were performed and the apparent adsorption, app, vs. Cf, the 

final SI concentration were plotted for various values of (m/V) ratio.  As explained previously, 

this allowed us to easily identify concentration regions when pure adsorption () and where 

coupled adsorption/precipitation () occurred.  Supplementary data on the final solution Ca2+ 

(and Mg2+) and pH were also collected for every apparent adsorption point. All of the SI/calcium 

precipitates were also analysed using Environmental Scanning Electron Microscope / Energy-

Dispersive X-Ray Spectroscopy (ESEM/EDX) and Particle Size Analysis (PSA).  These 

techniques give us direct information on the morphology of any precipitates formed, e.g., 

whether they were formed as free crystalline (or amorphous) precipitates or whether they formed 

as “coated structures” on the surface of the carbonate grains.  The EDX measurements also gave 

us an approximate chemical composition of the precipitates; for example, it was able to establish 

if the precipitates contained P (from the SI) and Ca and in what approximate atomic ratios.  

 

Here, we present typical results of the impact of pH, mineralogy and temperature on the bulk 

“apparent adsorption” behaviour of these common commercially available scale inhibitors (SI) 

on carbonate mineral substrates (calcite, dolomite and limestone). Table 5.1. presents a summary 

of all the experimental conditions examined and presented in this thesis. 
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Table 5.1. Experimental conditions examined to study scale inhibitor retention mechanisms on carbonate substrates 

Scale Inhibitor 

Experimental 

Temperature 

(oC) 

Calcite  

(Adjusted pH) 

Dolomite  

(Adjusted pH) 
Limestone (Adjusted pH) 

pH0 2            pH0 4           pH0 6   pH0 2        pH0 4          pH0 6   pH0 2           pH0 4             pH0 6 

DETPMP 95oC ✓ ✓ ✓ ✓ ✓ ✓ - ✓ ✓+80oC 

PPCA 95oC ✓ ✓ ✓ ✓ ✓ ✓ - ✓+ 80oC ✓ 

PFC 95oC ✓ ✓ ✓ ✓ ✓ ✓ - - - 

PAPE 80oC   - ✓ ✓+60oC - ✓ ✓+60oC - - - 

VS-Co 95oC - ✓ - - ✓ ✓ - - - 

 

5.1. Summary of Apparent Adsorption Results 

All systems and conditions studied are shown in Table 5.1., but not all of the results are presented 

here.  Instead, two “end-member” examples are shown for DETPMP (Figure 5.1) and PPCA 

(Figure 5.2).   Figure 5.1and Figure 5.2 summarise a large amount of data and they are organized 

as follows: For each scale inhibitor (SI = DETPMP and PPCA), results are presented for three 

minerals in turn, viz. SI/Calcite, SI/Dolomite and SI/Limestone.  Under each SI/mineral system, 

three corresponding sets of results are shown from left to right for all experiments – the apparent 

adsorption vs. the final SI concentration (app vs. Cf), the final pH for all cases and the final 

normalized [Ca2+] (normalized to its initial value in seawater, [Ca2+]0 = 428ppm).  The final SI 

concentration range is dependent on the reactions that occurred, so the range can vary 

significantly, as shown in the following plots.  

In the discussion below, we will first describe the results in Figure 5.1 and Figure 5.2  and then 

go on to explain them qualitatively.  In simple terms, the amount of precipitation in the 

SI/carbonate system (i.e. the higher levels of app) depends on the pH and the solution 

equilibrium [Ca2+].   At higher pH, the SI is more dissociated and hence can chelate more Ca2+ 

and more precipitate may be formed96,103.  At lower pH, SI interacts with the carbonate then 

additional Ca2+ dissolves which in turn causes additional precipitation.  However, this entire 

system - SI dissociation ↔ carbonate mineral ↔ solution pH ↔ solution Ca2+ - is an equilibrium 

(and kinetic) system.  The balance of SI dissociation and the solution Ca2+ and pH determines 

the overall behaviour and this “balance” is different for DETPMP and PPCA as we first show 

experimentally and then explain theoretically below.   
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 (a) DETPMP/Dolomite  

   

Apparent Adsorption, app (mg/g) Final pH Final Normalised [Ca2+]; C/Co 

   

   

 (b) DETPMP/Calcite  

   

Apparent Adsorption, app (mg/g) Final pH Final Normalised [Ca2+]; C/Co 
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c) DETPMP/Limestone 

   

Apparent Adsorption, app (mg/g) Final pH Final Normalised [Ca2+]; C/Co 

   

   

Figure 5.1. Apparent adsorption, final pH and normalized Ca2+ results for DETPMP at two masses (m= 5 & 10 g) 

of carbonate, two initial pH (pH0 4 & 6); (a) DETPMP/Dolomite (b) DETPMP/Calcite and (c) 

DETPMP/Limestone 

 
 

(a) PPCA/Dolomite 
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 (b) PPCA/Calcite  

   

Apparent Adsorption, app (mg/g) Final pH Final Normalised [Ca2+]; C/Co 

   

   

 (c) PPCA/Limestone  

   

Apparent Adsorption, app (mg/g) Final pH Final Normalised [Ca2+]; C/Co 

   

   

Figure 5.2. Apparent adsorption, final pH and normalized Ca2+ results for PPCA at two masses (m= 5 & 10 g) of 

carbonate, two initial pH (pH0 4 & 6): (a) PPCA/Dolomite (b) PPCA/Calcite and (c) PPCA/Limestone 

 

Figure 5.1 shows the results for apparent adsorption of DETPMP as a function of the final SI 

concentration (app, vs. Cf) for 2 masses of carbonate substrates (m = 5g and 10g).  The results 

in Figure 5.1 clearly indicate that both pure adsorption () and coupled adsorption/precipitation 

() occur for both initial pH values (pH0 4 or 6), for all 3 minerals (calcite, dolomite and 

limestone).  Pure adsorption is observed for [SI] up to ~100ppm, before the different (m/V) 

curves start to deviate, indicating that coupled adsorption/precipitation behaviour is occurring, 
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above this 100ppm DETPMP level.  In addition, we note that for DETPMP, as pH increases, the 

amount of apparent adsorption (precipitation) increases. This is due to the higher dissociation of 

DETPMP at pH0 6; i.e. the SI (DETPMP) is much more likely to complex with Ca2+ to form a 

SI/Ca complex in its dissociated form (i.e. at higher pH values) and less likely to form complexes 

at lower pH values103. Also, the amount of apparent adsorption of DETPMP on dolomite is 

greater (app ~ 25 mg/g) than on calcite (app ~ 20 mg/g) This result is counterintuitive since it is 

well known that calcite is much more reactive than dolomite and should give a higher solution 

Ca2+ (which indeed it does).  Dolomite is less reactive than calcite chemically, and the calcium 

content which DETPMP needs for precipitation in the dolomite case is lower than for calcite 

(see the final normalized [Ca2+]).  However, the final solution pH is also shown in Figure 5.1, 

and it is seen that the final pH for DETPMP/dolomite is higher in comparison with the 

DETPMP/calcite system.  Thus, the DETPMP becomes more dissociated, and more functional 

groups become available for complexation.  Thus, for DETPMP it is the pH effect rather than 

the final [Ca2+] which leads to the higher apparent adsorption (mainly precipitation, ) for the 

dolomite. It is shown below that the pH/Ca “balance” is the other way round for PPCA.     

Figure 5.2 shows the app vs. Cf  results for PPCA and the same three minerals (calcite, dolomite 

and limestone).  Again, we observe the same pure adsorption region ( only) at lower PPCA 

concentrations (again, up to [PPCA] ~100ppm) for all carbonates. At concentrations [PPCA] 

>100ppm, the two apparent adsorption curves for different (m/V) ratios diverge showing that 

coupled adsorption/precipitation () is occurring at these higher PPCA levels as was also seen 

for DETPMP. However, the apparent adsorption levels of PPCA are overall less than were 

observed for DETPMP, which is related to the DETPMP phosphonate functional groups that are 

susceptible to pH change and become dissociated at higher pH. PPCA mainly has carboxylic 

acid groups (phosphorus in the middle of backbone) which have less affinity to chelate calcium 

from the solution36.  As shown in Figure 5.2, apparent adsorption of PPCA increases when pH 

decreases. At pH0 4, the PPCA solution is more acidic and can dissolve more carbonate and 

accordingly more calcium (Ca2+) will be generated in situ.  So, the dissociated PPCA will interact 

with the increased calcium leached out of the system leading to more precipitation (i.e. an 

observed higher apparent adsorption).   At pH0 6, the PPCA would be somewhat more dissociated 

(more A- in solution) as described above, but the amount of Ca2+ dissolved into solution would 
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be much less. The net effect here is that at the lower pH (initial pH0 4), a higher [Ca2+] is 

dissolved in solution and the pH is increased (by the carbonate dissolution). Thus, the effect is 

an increased level of precipitation (i.e. a higher apparent adsorption) at this lower pH level. This 

adsorption behaviour is different when compared to the DETPMP/carbonate systems. 

Furthermore, PPCA is retained more in calcite (app ~ 10 mg/g), than in limestone (app ~ 9.5 

mg/g) and finally in dolomite (app ~ 8.5 mg/g) due to the lower content of calcium in the 

dolomite substrate than in calcite and limestone.  This observation is in contrast to the DETPMP 

retention in carbonates described above.  Therefore, these results show that the level of solution 

[Ca2+] is more important than pH for PPCA, when considering the pH/Ca “balance”.   

 

Table 5.2. gives a summary of these observations alongside associated qualitative data, for all 

the SI types investigated. 
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Table 5.2. A summary of observations and qualitative data for the apparent adsorption results (Γapp), for all SI 

types investigated, on various carbonate substrates 

Scale Inhibitor Calcite Dolomite Limestone 

DETPMP 

 

lowest app 

app ~ 20mg/g @ highest 

[SI] pH6 

 

Coupled  dominant at 

95◦C; 

app at pH2 ≈ pH4 < pH6; 

 

 

pH contributes more than 

[Ca2+] 

highest app 

app ~ 25mg/g @ highest 

[SI] pH6 

 

Coupled  dominant at 

95◦C; 

           app at pH2 ≈ pH4 < 

pH6; 

 

 

pH contributes more than 

[Ca2+] 

calcite < limestone ≤

 dolomite 

   app ~ 25mg/g @ highest 

[SI] pH6 

 

Coupled  dominant at 

95◦C; 

Extended  at 80◦C; 

     app at pH4 ≈ pH6 ; 

 

pH contributes more than 

[Ca2+] 

PPCA 

 

highest app 

app ~ 11mg/g @ highest 

[SI] pH2 

 

Coupled  dominant at 

95◦C; 

app at pH2 > pH4 >  pH6; 

 

 

[Ca2+] contributes more 

than pH in retention 

lowest app 

app ~ 10mg/g @ highest 

[SI] pH2 

 

Coupled  dominant at 

95◦C; 

app at pH2 > pH4 >  pH6; 

 

 

[Ca2+] contributes more 

than pH in retention 

dolomite < limestone ≤

 calcite 

app ~ 9mg/g @ highest [SI] 

pH4 

 

Coupled  dominant at 

95◦C; 

Extended   at 80◦C; 

app at pH4 >  pH6; 

 

[Ca2+] contributes more 

than pH in retention 

PFC 

 

lowest app 

app ~ 9mg/g @ highest [SI] 

pH6 

 

Coupled  dominant for 

Ph0= 4, 6;  dominant for 

pH0= 2 at 95◦C; 

app at pH2 <  pH4 ≈ pH6; 

 

pH contributes more 

than [Ca2+] in retention 

highest app 

app ~ 13mg/g @ highest 

[SI] pH2 

 

Coupled  dominant at 

95◦C; 

    app at pH2 > pH4 ≈ pH6; 

 

pH contributes more 

than [Ca2+] in retention 

- 

PAPE lowest app highest app - 
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 app ~ 6mg/g @ highest [SI] 

pH6 

 

Coupled   dominant, 

80◦C , pH= 6; 

Pure Adsorption   pH0= 4 

Extended  at 60◦C, pH0= 6; 

app at pH4 <  pH 6; 

 

Final pH contributes more 

than [Ca2+] in retention 

app ~ 12mg/g @ highest 

[SI] pH6 

 

Coupled   dominant; 

at 80◦C,  pH = 4 & 6 

at 60◦C, pH= 6; 

               app at pH4 ≈ pH 

6; 

 

Final pH contributes more 

than [Ca2+] in retention 

VS-Co highest app 

app ~ 4.5mg/g @ highest 

[SI] pH4 

 

Coupled   at > 3000ppm 

[VS-Co]; 

 to [VS-Co] =2500 ppm; 

 dominant at 95◦C; 

 

 

[Ca2+] contributes more 

than pH in retention 

lowest app 

app ~ 1.2mg/g @ highest 

[SI] pH4 

 

Some Coupled   

observed at pH4; 

 to [VS-Co] = 5000 ppm at 

pH4; 

app at pH4 > pH6; 

 dominant at 95◦C; 

 

[Ca2+] contributes more 

than pH in retention 

- 

 

The scale inhibitor VS-Co exhibits the most “adsorption like” behaviour of all the SIs studied in 

our work (although we would expect Poly Vinyl Sulphonate (PVS) inhibitor to show almost pure 

adsorption behaviour).  Figure 5.3 shows the apparent adsorption, app, vs. Cf for VS-Co on 

dolomite for two masses of substrate, m = 5g and 10g, at 95oC.  The 100-315𝜇𝑚 size fraction of 

dolomite was used and two initial pH values, pH0 4 and 6 were investigated. 
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Figure 5.3. Comparison of apparent adsorption for VS-Co onto 2 masses (m = 5g and 10g) of dolomite at 95°C & 

pH0 4, 6 

The app vs. Cf results in Figure 5.3, clearly show that only pure adsorption () is observed for 

the VS-Co /dolomite system at initial pH0 6, but that some coupled adsorption-precipitation 

() is seen at higher concentrations for the pH0 4 case.   It is also noted that, even when this 

precipitation behaviour is observed, the levels are very low (app ~ 1.2 mg/g), compared for 

example to DETPMP (app ~ 25 mg/g; see Figure 5.1(a)).  The very low app levels in Figure 5.3 

could be taken as being only pure adsorption. However, in our examination of the system using 

ESEM/EDAX and PSA we can directly observe small levels of precipitation for the Vs-

Co/dolomite system at pH0 4 (see Figure 5.7, Figure 5.8 & Figure 5.9).  Thus, the conclusion for 

the Vs-Co system is that it is pure adsorption however at lower initial pH levels, for higher SI 

concentrations, a small amount of precipitation can occur and this is directly observable.  This 

is in contrast to other SIs such as DETPMP and PPCA (Figure 5.1 and Figure 5.2) where the 

precipitation region dominates for all carbonate minerals at initial pH0 4 and 6. 

For these two VS-Co/dolomite systems, the final pH values have also been measured and these 

are shown in Figure 5.4, plotted against Cf, the final [VS-Co]. 
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Figure 5.4. Comparison of final pH trend for different masses of Skye dolomite (100-315µm) versus final [VS-

Co] at 95°C & pH0 4, 6 

The results in Figure 5.4 for the VS-Co dolomite system show that the pH rises from its initial 

value (pH0 4or 6; initially adjusted pH) to pH ~ 8 due to dissolution of the dolomite substrate.  

Figure 5.5 shows that calcium (and magnesium – not shown) are leached out of the dolomite 

substrate. However, there is no significant reaction between VS-Co and M2+ in solution and the 

retention regime is mainly pure adsorption.  

Figure 5.5 shows a steadily rising level of normalised [Ca2+] up to ~1.4 for the VS-Co dolomite 

system at pH0 4, however at pH0 6 the calcium loss, by complex precipitation and gains in 

solution by leaching from the dolomite substrate, are approximately balanced (normalised levels 

of calcium remain at ~1).   For the VS-Co/dolomite system, this implies that increasing the [VS-

Co] does indeed leach more Ca2+ from the dolomite into solution but this is not all precipitated.  
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Figure 5.5. Comparison of C/Co of [Ca2+] trends for VS-Co/Skye Dolomite at 95°C & pH0 4, 6 

It is well known that the sulphonate groups (have a low pKa; acidic) in the VS-Co structure are 

very tolerant to high levels of divalent ions such as Ca2+; i.e., they have low binding constants to 

these divalent ions.  In contrast, the phosphonate groups in other scale inhibitors bind more 

strongly to Ca2+ and the complex formed has a lower solubility.  

Any precipitates generated or grains of carbonate mineral collected were studied in detail using 

Environmental Scanning Electron Microscopy/Energy Dispersive X-Ray (ESEM/EDX) and 

Particle Size Analysis (PSA).  ESEM-EDX analysis was used to examine the surface of the 

carbonates both before and after treatment in the apparent adsorption experiments. This 

technique is usually utilized for SIs which have phosphorus, to confirm the corresponding 

apparent adsorption results and to observe whether the SI-M2+ complex is formed as a separate 

phase or if it forms as an integral coating around the grains. Here we present some examples of 

how to use these surface chemistry techniques in the context of SI/carbonate interactions. These 

measurements confirmed that, when precipitation occurred, it was mainly in the bulk solution 

and much less on the rock surface. 
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     a) Limestone grain, 4000ppm DETPMP, pH06, 95oC             b) Precipitate, 4000ppm DETPMP, Limestone, pH06, 95oC 

Figure 5.6. Morphology of limestone grains and bulk precipitation at 4,000ppm DETPMP at pH0 6, 95oC on 

ESEM photographed samples 

 

Table 5.3. EDX analysis of 4,000ppm DETPMP for 100-315µm limestone at pH0 6 

 
Limestone grain 

4000 ppm (pH=6)  

Bulk precipitate 

4000 ppm (pH=6) 

Element % Weight % Atomic % Weight % Atomic 

C 16 23 - - 

Na 1 1 2 3 

Mg 2 1 5 5 

P 4 2 13 10 

S 0.3 0.1 0.5 0.4 

Cl 1 1 4 3 

K 0.7 0.9 0.5 0.6 

Ca 18 8 34 21 

O 57 63 41 57 

 

 As shown in Figure 5.6 and Table 5.3., phosphorous is clearly detected at a higher level (~13% 

by weight) in the finer precipitate which forms in the bulk and is retained on the filter paper.  

However, there is a detectable amount (~ 4% by weight) on the limestone grains themselves.  

This amount is possibly some of the bulk SI/Ca precipitate adhering to the limestone surface or 

is part of the adsorbed SI on the limestone surface.  However, no “surface coating” of the 

precipitated SI/Ca complex around the limestone grains was observed in these experiments.  
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Thus, we see no evidence for the hypothesis of “surface poisoning” by the Ca-DETPMP 

complex.  

For the VS-Co/Ca complex case, these techniques can be used, as sulphur can be used to detect 

the VS-Co as it is a sulphonated copolymer SI. However, to make sure the VS-Co/M2+ complex 

has been formed in the solution and it is not the sulphur from the seawater sulphate content being 

measured, we need to use PSA as an alternative analytical method to confirm the apparent 

adsorption results.  

                                    

          a) 10,000ppm VS-Co, 100-315µm dolomite, pH04                        b) Precipitate, 10,000ppm VS-Co, dolomite, pH04 

Figure 5.7. Morphology of 10,000ppm VS-Co samples for 100-315µm dolomite & bulk precipitate at pH0 4 on an 

ESEM photographed sample 

 

Table 5.4. EDX analysis of 10,000ppm VS-Co for 100-315µm dolomite at pH0 4 

 
Dolomite grain 

10000 ppm (pH=4)  

Bulk precipitate 

10000 ppm (pH=4) 

Element % Weight % Atomic % Weight % Atomic 

C - - 12 18 

O 61 76 54 61 

Na 0.7 0.7 2 1.5 

Mg 16         13 12 9 

S         0.3 0.3 1 0.5 

Cl 2 1 3 2 

Ca 19 9 17 8 
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As indicated in Figure 5.7 and Table 5.4., only a trace amount of sulphur can be detected on the 

dolomite grain but we cannot say with certainty whether it is related to VS-Co since there are two 

sources of sulphur, seawater and VS-Co. Thus, we utilised the PSA method to confirm the results. 

PSA with the largest lens (300mm lens) was performed first and results for all particulates are 

shown in Figure 5.8.  This figure shows the measurement of the carbonate grain size distribution 

and hence highlighted no significant particle size change occurred. Using the smaller (45mm) lens, 

much smaller particles can be detected, if they are present, as shown in Figure 5.9.  Note that 

smaller particles in the size range 1 – 20m are only detected for the highest concentration VS-

Co (10,000ppm) case. These could be identified visually in the ESEM micrographs, Figure 5.7.  

No such particulates were observed in the pure adsorption region, as expected. 

 
 

Figure 5.8. Particle Size Analysis for 100-315µm dolomite residue at different SI concentrations 
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Figure 5.9. Particle Size Analysis for 100-315µm dolomite residue at different SI concentrations 

 

5.2. Summary and Conclusions 

The bulk “apparent adsorption” behaviour (app vs. Cf,) of five commercially available scale 

inhibitors (SI = DETPMP, PPCA, PFC, PAPE and VS-Co) on three carbonate mineral substrates 

(calcite, dolomite and limestone) have been studied.  In this research work, example results were 

presented for three of these SIs whilst the results for the others are presented elsewhere10,42,44.   

These carbonate systems are much more chemically reactive than sandstone minerals (e.g. quartz 

and clays) which have been studied previously. A systematic study has been carried out on the 

SI/Ca precipitates formed, by applying both ESEM/EDX and particle size analysis (PSA).   

 

The main conclusions from this work are as follows: 

1. For all SIs, regions of both pure adsorption () at lower [SI] and coupled 

adsorption/precipitation () retention mechanisms at higher [SI] were observed, with the 

dominant mechanism depending on SI chemistry, temperature and mineralogy.  For most SIs, 

precipitation was by far the dominant component of the “apparent adsorption”, app, in the 
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carbonate system, except for VS-Co where adsorption was much more prominent and very low 

(but observable) levels of precipitation were observed at an initial low pH value. The highest 

retention was observed for the phosphonate followed by the phosphate ester and polymeric SIs, 

for all substrates, due to the phosphonates higher phosphorus content, which are more reactive 

with Ca2+, causing greater precipitation. 

2.  The precipitation region was determined by the SI type and the levels of Ca2+ and pH resulting 

from the equilibrium coupled SI/carbonate/pH /solution Ca2+ system.  These two factors (final 

[Ca2+] and pH) determined the amount of precipitate for a given SI type since pH governs the 

state of dissociation of the SI (more dissociation at higher pH values leads to more Ca2+ chelation 

and more precipitate) and the actual [Ca2+] in solution.  Taking the DETPMP and PPCA “end 

members” as examples then, on balance, the phosphonate SI (DETPMP) is more sensitive to the 

final pH whereas the PPCA was more sensitive to the level of Ca2+ in solution.   This was 

concluded after finding that the highest polymeric SIs retention was observed at low pH for all 

substrates due to the increase in divalent cations (Ca2+, Mg2+ and Fe2+) available from rock 

dissolution for SI-M2+ precipitation. For phosphonate and phosphate ester SIs, the retention was 

greatest at high pH, as the SI functional groups were more dissociated (available) for 

complexation with M2+ ions.  

3. The conclusion in (2) above was further emphasised by the following observations:  (i) for 

polymeric inhibitors such as PPCA, their retention was highest on calcite (highest relative 

calcium content), followed by limestone and then dolomite. This confirms that calcium 

accessibility contributes more to the polymer inhibitor retention in carbonate reservoirs in 

comparison to pH.  (ii) the phosphonate and phosphate ester SIs were retained most on dolomite 

(higher final solution pH and more SI dissociated), followed by limestone and calcite. This 

means it is solution pH that affected the level of dissociated SI and thus is more important in 

determining the phosphonate SI retention (precipitation). 

4. Results from the ESEM/EDX and Particle Size Analysis (PSA) generally confirm and are very 

consistent with the static adsorption results.  EDX-detected P (phosphorus) concentrations were 

observed in the deposit where coupled  has clearly occurred and the P levels are higher as 

app (precipitation) increases.  A small amount of P is also detected directly on the carbonate 

grain surfaces but this is generally minor compared with the high P levels in the finer bulk 
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precipitate. When the 45mm lens is used in the PSA, then much finer SI/Ca precipitate, formed 

mainly in the bulk solution (only in the app regime), can be observed directly.  This finer 

precipitate is shown to have high levels of P by EDX, hence indicating the P containing scale 

inhibitor involvement. 

5.3. FUTURE WORK SUGGESTIONS 

This research work has considered the important parameters governing the retention in carbonate 

rocks for various scale inhibitors widely applied in the oilfield (phosphonate, polymeric and 

phosphate ester scale inhibitors). Carbonate substrates with different mineralogy compositions 

(calcite, dolomite and limestone) have been studied with regard to the operational conditions (pH 

of scale inhibitors injected and reservoir temperature) in static conditions to understand the 

fundamental of scale inhibitor retention. However, rarely in research is the last word spoken on 

a particular topic, and this work is no exception.  There are several areas of research within the 

topic of “scale inhibitor retention in carbonates”, that would certainly merit further detailed 

study, and some of these are listed below: 

(1)  The Full Modelling of the SI/Carbonate System:  To the best of our knowledge, there is 

no equilibrium model which can describe the system used in this work correctly.  The system to 

be modelled here is the SI treated as a weak polyacid (HnA), with Ca/Mg binding to form 

sparingly soluble complexes, coupled to the aqueous carbonate system.  Some attempts have 

been made in this work to develop a preliminary model as presented in Appendix 2.1 and in work 

published by Silva et al.94 Solutions of these equations agree qualitatively with our results and 

certainly support our mechanistic understanding of the system.  However, a full quantitative 

description of our experimental results has eluded us to date.  I would suggest that developing 

this quantitative agreement between the results of this thesis and a full model would be a priority 

for a new PhD entering this area of research.   Such a complete model, when incorporated into a 

transport model, would greatly enhance our ability to simulate scale inhibitor squeeze treatments 

in both laboratory and in the field.    

(2) Dynamic SI Retention Experiments in Carbonate Packs/Cores:  The “apparent 

adsorption” experiments in this thesis have been equilibrium bulk experiments.  However, to 

apply the results in field SI squeeze treatments then an understating the dynamics of scale 

inhibitor flow through porous media is required. This can be achieved by studying the flow of 
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the various SI species used in this work through carbonate packs or through carbonate cores.  

This will introduce the kinetic or dynamic aspects of the processes (which are already extremely 

complex).  In addition, this will yield information on any potential formation damage resulting 

from scale inhibitor interaction with carbonates in the near well formation.  Also, the information 

from such dynamic floods can be used to improve our simulations of squeeze treatments and 

also to compare the performance of various scale inhibitors in terms of their dynamic retention 

and return behaviour.   In particular, this work is highly recommended for the scale 

inhibitor/dolomite systems as this has not been done previously and there is no experimental data 

in the literature on this matter. This work will also help us to make the correct choice of scale 

inhibitor for squeeze treatments in the various types of carbonate system (dolomites, limestones, 

chalks etc.).  When the dynamic adsorption tests are performed, these can be combined with the 

equilibrium static apparent adsorption experimental results to give a more comprehensive 

understanding of this important and complex SI/brine/carbonate system.  

Another potential research area is how to increase scale inhibitor adsorption capacity. As a 

general rule, all carbonate samples which were used in this research were water-wet. However, 

in reality most of carbonate reservoirs are oil-wet. So, the efficiency of scale inhibitor retention 

reduces due to poor adsorption/ precipitation of inhibitors near wellbore (the adhered oil on the 

reservoir rock hinders adsorption of scale inhibitor on the reservoir rock and also decrease the 

reactivity of scale inhibitor with carbonate rock). Therefore, there is a great potential of research 

work on fabrication of proper chemical formulations such as surfactants or mutual solvents to 

change the wetting state of carbonate rocks near wellbore and consequently increase the 

adsorption capacity of the rocks. On the other hand, a potential of wettability alteration by scale 

inhibitor can be also investigated to minimize the oil production reduction from the scale 

inhibitor squeezed results from trapping water around wellbore and does not let oil flow come 

out due to a big capillary resistance against the oil flow from reservoir into the well.  

(3)  SI Treatments in Fractured Carbonates:  Finally, scale inhibitor squeeze treatment design 

in fracture carbonate reservoir would be a very important and technically challenging potential 

research topic.  This topic has not been extensively studied and would be new in inorganic scale 

management research. The main concern of scale inhibitor deployment in fractured carbonate 

reservoir is that the injected scale inhibitor may predominantly flow into the fracture spaces 
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rather than into the rock matrix, and hence mass transfer of scale inhibitor chemical into the 

matrix may not occur or be very low. Consequently, after a main SI treatment on back-production 

of the well, most of the scale inhibitor may be quickly returned to the well and very short squeeze 

lifetimes would be obtained. To investigate and model scale inhibitor squeeze treatments in 

fracture reservoirs, both modelling and experiments in fractured carbonate cores could be 

performed; this work could study the impact of fracture presence and also fracture orientation 

on the efficiency of scale inhibitor squeeze treatments in carbonate reservoirs.   There are several 

challenges in obtaining and preparing representative fractured carbonate rock samples for 

laboratory flow experiments.  Indeed, this is largely why there are also no lab studies of this.  

However, given the importance of scale management in fractured carbonate reservoirs, this topic 

cannot be neglected by the scale research community for much longer.   
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6. APPENDIX: GENERAL EQUIPMENT AND APPARATUS 

6.1. General Laboratory Procedure of ESEM/EDX Analysis 

Materials to remember to take to the machine: 

1. Upon arrival at the machine, check that the equipment is ready to use and if any settings have 

been changed to those appropriate for your specific sample use; 

a. Machine should always have been left in ‘hivac’ mode => Vent  first before going to 

H2O custom 

b. If already in ‘hivac’ mode, Vent  first and then set up for low vac conditions by => 

H2O custom, No PCA -> pump. Custom = 1 vent, pump – 0.4 pump, purge = 5 time 

and the stage goes to the middle X 0 Y 0 coordinates. Beam should be ~ 20-30μk. If 

> 40-60 then filament is starting to fail 

2. Press the High Tension (HT) button next to the computer to turn the HT on (the button will 

illuminate when switched on). The Vacuum button should always be on when the machine is not 

being used.   

 

 

Figure 6.1. Photograph of the vacuum and high tension control buttons on the ESEM instrument. These are 

located on the left-hand side of the desk 

 

3. Release the vacuum by clicking the Vent  button on the computer screen once (Figure 6.2)  

 



244 
 

 

Figure 6.2. Screen-grab of ESEM control software screen showing the location of the “Vent” button on the 

“Vacuum tab. 

4. The vent process may not start immediately after clicking the Vent  button, however do not 

click the Vent  button repeatedly as this may cause the software to crash. The venting process is 

accompanied by a characteristic noise of air being released and if this is not heard within 30 

seconds of clicking the button, then attempt again 

5. There is no obvious sign that the vent process is complete. To establish whether or not the 

vacuum is in effect, gently attempt to slide open the door of the vacuum chamber with your 

fingers. If the vacuum is still intact then this will not work, if it is released, then the door will 

open easily. Use minimal effort to open door. Forcing the door open when it is not ready will 

destroy the EDX window, resulting in costly replacement and several months to repair! 

6. Use blunt point forceps to place a sample on the stage inside the chamber. If a filter paper with 

sample on it is being investigated then place copper weights, for example 3 x 1 p coins on the 

edges of sample to avoid the paper and sample being blown about or there is a copper ring of an 

appropriate size available. If looking at loose material, then shake off excess material, otherwise 

this will be spread throughout the chamber during pump-down. Close the chamber door gently 

(otherwise the EDX window will break), also check that the sample is not going to hit the BSE 

detector, Figure 6.3, as the door is closed. 
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7. Using the controls on the screen, move the stage as far as possible to the bottom back right of 

the chamber.  Furthermore, the EDX must be moved out and away from the sample chamber.  

These steps must be followed every time the vacuum is pumped or vented, to prevent particulates 

from entering the system and causing damage to the equipment and detector. 

 

8. Expand the Vacuum bar and then click Low Vacuum (Water). Click ‘ok’ for ‘no PLA’ 

 

 

9. Go to Purge Mode bar and click on “Custom” check box. In custom purge setup, the following 

information should appear (Upper Pressure: 1.00 Torr; Lower Pressure: 0.4 Torr; Cycles: 5), 

having checked the information, click on OK. The pressure normally sits around 0.7 Torr 
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10. Now the machine is ready to be vacuumed by clicking on PUMP and then OK 
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11. The sample stage should now be seen on the computer screen. If not, go to Detectors at top 

of screen and click CCD to see the stage on the computer screen.  

 

 

Figure 6.3. CCD image of stage with filter paper in place, weighted with three 1p coins. 

12. Do not raise the stage while the machine is being vacuumed. 

13. When the vacuum status reads “Vacuum OK”, it is then safe to adjust the stage. First move 

it from the ‘safe zone area’ using X 0 and Y 0 and by rotating the Z-direction black knob 

clockwise for up (vertical alignment, Figure 6.4) on the machine. As a guide, after adjustment, 

the stage is approximately level with the black cable on the back wall of the chamber, Figure 

6.3. Check the focus on the backscatter detection screen (BSE/detector tab) where an image is 

viewed – step 19. 

14. Once this has been initially performed for the first sample of the session, to move forward 

from the safe zone next time, use X 0, Y 0 and Z 10 (or move the stage Z alignment using Z 

knob until the screen reading is close to 10mm for Z – then image should still be in focus). Prior 

to moving or pressing anything to move, go to the BSE screen and be ready to cancel the stage 

movement, by hovering the curser over the pop-up window cancel button. 

BSE detector

Black 
cable 
area
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Figure 6.4. Photo of the outside of the chamber door, highlighting the Z-direction control for vertical alignment. 

15. Minimize Vacuum tab and expand Beam tab. Click on 20.0 kV button to switch on the 

electron source (Figure 6.5). It may take a few seconds for the beam to stabilise, which is 

confirmed when the Emission Current (µA) reaches a stable reading. This is not always the same 

reading between analyses therefore one must use a stable number as indication. 

 

 

Figure 6.5. Screen grab showing the location of the 20.0 kV button in the Beam tab 

16. The machine has now been set up and is ready to take images by following the next steps  

17. Now, the sample appears in microscopic scale and a pop-up box will appear asking to link 

the working distance (WD) to the Z direction. Read but do not click OK on this box until the 

focus instructions have been followed and focus has been established in the next few steps. 
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18. To obtain an ESEM image, click on the Detectors drop-down menu and then select BSE 

(Figure 6.6). 

  

 

Figure 6.6. Screen grab showing the location of the BSE detector option within the Detectors drop-down menu. 

 

19. To zoom in or zoom out, (+) and (-) buttons on the keyboard are used, respectively. Right 

click the mouse (changes to a double headed arrow) and hold to be able to focus and drag right 

or left to improve the resolution of the image. The mouse does both automatically. If manually 

adjusting the focus using the manual user interface board – do course initially and then fine 

adjustment – use stigmator X only/no Y and do not use the shift X and Y. Can also use the image 

contrast/brightness, magnification +/- and focus – course/fine buttons. 

20. Once the focus is correct, click OK on the WD to Z direction box which will link the two 

distances. Then in the Stage tab, click on the Z drop down menu and select 10.000 µm   

21. To double check beam alignment, click on the Crossover check-box in the Beam tab. If the 

beam does not appear centrally then left click and hold in Gun Tilt, then drag until the beam is 

centralized. After adjusting the beam, remove tick mark from the Crossover box if image still 
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looks too bright/dark then click on the auto contrast brightness icon  situated left of the beam 

target icon.   

22. After focusing and identifying which area is of interest for an image, click Scan tab on top 

bar and choose Slow Scan 2: 13.4 ms, 484 lines or Slow Scan 3 for better resolution. If image is 

still shimmering, check ‘scan mode’, make sure it’s Slow Scan 1.  

 

 

23. A horizontal scan line will appear at the top of the image and slowly descend as the image 

resolution improves with the slower scan speed. Once the scan line has reached the bottom of 

the image, click the Freeze box (a blue snowflake on the top bar) to freeze ESEM image. 
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24. Finally, go to In/Out tab on the top bar and Select Image… from the drop down menu. Choose 

an appropriate file name (no more than 7 characters) and click save.  
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25. Having obtained the ESEM image, it is time to run EDX analysis, if required. The project 

and folders should already have been set up. If using the EDX, move the EDX beam in now. To 

get the pop up window for the EDX move the mouse cursor to the farthest left hand computer 

screen. Go to INCA Analyser, go to Options tab, go to detector control and go to slide. Move 

the EDX beam IN. 

26.  Click SAMPLE (in the left-hand flow chart diagram) and enter a Sample Name. Copy and 

paste this sample name into Sample ID. 

 

 

 

27. Click Acquire Spectra; paste the sample name into the Site box and then click the green 

circle button to start the spectrum acquisition. Right click -> noise peak -> remove. If elements 

shown are ‘not real’, click on confirm element and unselect from periodic table 
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28. Right click on spectrum image and choose full screen option to enlarge the spectrum. This 

gives a better image for a paper or poster. 

 

 

29. To save the spectrum, right click again and choose firstly Export, Metafile and click Save at 

the end 
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30. Click on Quant and then select the Full Results tab. Use columns AFGH in a report, as a 

table 

 

31. Click on the box at the top, right-hand side of this dialogue box (looks like two sheets of 

paper overlaid – clipboard icon). This will copy the table of results. An Excel spreadsheet will 

have already been created into which the EDX results can be pasted in, with appropriate 

labelling. Save both the Excel data file and the Project data file 

32. Having finished with the EDX beam now. Go to INCA Analyser, go to Options tab, go to 

detector control and go to slide. Move the EDX beam OUT. 

33. At this stage, the ESEM/EDX analysis of this section of the sample is complete. It is at this 

point that the analyst can decide whether to:  

• Continue to analyse other areas of the sample; (defreeze the image by pressing the Freeze 

box (Snowflake) as mentioned in one of the procedural steps above and go to Slow Scan1 

for ease of focusing, change the area by clicking on the image and repeat the image 

collecting procedural steps, whilst moving the EDX beam IN/OUT as appropriate. 

• Change sample entirely; (vent the system as described in step 4 and the important notes 

in red at the beginning of the document – Safe Zone area and EDX IN/OUT and then 

repeat the procedural steps 4 – 32 or;  

• Shut down the instrument having completed all analysis, step 34. 
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34. The ESEM/EDX analysis has been completed for the samples so it is time to exit from the 

corresponding software and the machine. Perform these items before leaving the ESEM machine. 

 

• On the ESEM software (right hand computer screen) click on Detector and then CCD 

boxes  

• Double click on the safe zone area to move the stage away 

• Vent the system as described in step 4/5 and important red notes 

• Remove the sample from the chamber and then close the vacuum chamber door 

• In the Vacuum tab, select High Vacuum and Purge mode “Off” 

• Click on the Pump button to establish the vacuum on the chamber and press the High 

Tension button on the left to switch this off 

• The instrument can now be left and the session is finished. He will provide the data in 

due course 
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6.2. General Laboratory Procedure of Particle Size Analyser 

The Operation Procedure of Particle Size Distribution Analysis is as follows:  

a. Turn on the instrument. The switch is located on the back-left hand side. The laser must also 

be switched on by turning the key adjacent to the switch.  

b. Attach the appropriate lens to the flow cell. The following lens will analyse these size ranges  

Lens Size Range 

300 mm 1.2 - 600 μm 

100 mm 0.5 - 180 μm 

45 mm 0.1 - 80 μm 

 

c. Allow the instrument to warm up for 30 minutes.  

d. Switch on the PC and select Malvern Mastersizer option (F1).  

e. At the instrument parameters page type "easy" to select the "Easy" measurement mode.  

f. Press F10 - Set Parameters.  

g. Press the END key to change the following parameters  

                                          Presentation - "Std" 

                                    Focal Length - Input the lens to be used 

                                          Beam Length - "2.2nm" is standard 

                                         Data Storage - Facility does not work 

                                          Kill Data - "0" always set as this 

 

h. Press F2 (Sample details) and input sample details.  

i. Introduce mobile phase into sample cell and start stirrer (set to 1/3 of max speed) so that fluid 

flows through the flow cell.  

j. Press "a" to align the laser.  

k. Press F3 (Set Zero). This sets the background level for the analysis. The mobile phase should 

be flowing through the cell at this point.  
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l. Dropwise, add dispersion to be analysed to mobile phase.  

m. Press F4 (Check Sample Concentration) to assess the sample concentration and obstruction 

level (This value must be between 0.1 and 0.3). If below add more of the dispersion until range 

is reached.  

n. Press F5 to measure particle size distribution.  

o. The results obtained are printed out as the table detailed overleaf.  

Note:  

Normally, an initial first pass measurement is made using the 300mm lens to roughly ascertain the 

samples distribution. Following this, an approximate particle size estimate can be made and the 

appropriate lens can then be used.  

Following a change in lens, the flow cell must be emptied, rinsed clean and the mobile phase is 

introduced to the cell. The complete procedure (from step 6 to step 15) must then be performed.  

 

 

Figure 6.7. Particle Size Analyser - Malvern MS-20 
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