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Abstract 
Understanding the mechanisms of scale inhibitor (SI) retention in carbonate formations is key to 

designing efficient SI "squeeze" treatments in oil reservoirs. By performing “apparent adsorption” 

experiments, this paper demonstrates that a coupled adsorption/precipitation (Γ/Π) retention 

mechanism dominates in Calcite and Limestone for two widely-applied scale inhibitors, DETPMP and 

PPCA. Precipitation was more dominant retention mechanism at both initial pH values (pH0 4 & 6) and 

T = 80°C & 95°C for both SIs.  At 95°C, the pure adsorption (Γ) region only extends up to [SI] ~ 100 

ppm, above which precipitation (Π) dominates. At lower temperature (T = 80°C), the solubility of the 

SI-M2+complex increases resulting in less precipitation. The apparent adsorption results are 

supplemented by measuring the corresponding solution [Ca2+], pH values in solution and environmental 

scanning electron microscopy/energy dispersive X-ray analysis (ESEM/EDX) and Particle Size 

Analysis (PSA) which give us a full mechanistic explanation of our results. For DETPMP, the retention 

increased as the solution pH increased, whilst retention of PPCA increased as the test pH decreased. 

Moreover, DETPMP was retained more than PPCA due to their differences in chemistry.  Furthermore, 

the retention of both SIs was greater for the Limestone sample due to Fe2+ traces enhancing the 

precipitate of SI-M2+.  

 

Introduction 
During the operation of a hydrocarbon well (gas or oil) various down-hole problems can arise including 

the formation of deposits that can hinder the hydrocarbon flow1. In the North Sea, typical deposition 

issues are attributed to the production of inorganic salts such as BaSO4, SrSO4, CaSO4 and CaCO3
2–7. 

These salts precipitate out as “scale” which, if left untreated, causes restrictions in the subsurface and 

surface production equipment and/or tubing and possibly even blockage of the well8. The severity of 

scaling problems and the need for solutions are highly dependent on the field conditions (temperature, 

pressure, brine compositions, etc.), and they vary from mild to very severe scaling tendencies9. In order 

to prevent scale formation, scale inhibitors (SIs) are deployed by pumping the chemical downhole in a 

process called a "squeeze" treatment shown schematically in Figure 110. This process involves the 



injection of SI into a production well. When the SI contacts the near-wellbore rock surface, it is 

retained2,11,12. When the well is back on production, the SI is released into the produced water. These 

types of chemicals work to prevent or reduce mineral scale deposition at a certain sub-stoichiometric 

minimum inhibitor concentration (MIC), normally between 2 and 50 ppm. The quantity of SI that is 

retained in the near-wellbore region has an important bearing on the potential squeeze lifetimes 

achieved by the treatment13. In general terms, the more SI retained in the near-wellbore region, the 

longer the squeeze lifetimes (measured in volume of water produced to MIC) that can be achieved14.  
 

Figure 1. Schematic of the principal stages of a scale squeeze treatment10 

 

The two main mechanisms through which SI retention occurs in a porous medium are adsorption (Γ) 

and precipitation (Π).  Adsorption mechanisms are thought to be influenced by an electrostatic force of 

attraction or Van der Waals forces between inhibitor molecules and the rock surface15–17. These 

interactions are usually described by an adsorption isotherm, Γ(C) which describe the quantity of SI 

retained onto the mineral surface as a function of the bulk solution SI concentration, C18,19. The precise 

form of the adsorption isotherm characterises the length and shape of the SI return curves (i.e. [SI] in 

the water phase vs. time) after the treatment. Precipitation (denoted Π) refers to the mechanism where 

SI precipitates or “phase separates” and this particulate or flocculated “precipitate” is physically 

retained in porous medium12,15,19. Precipitation squeeze treatments can give longer squeeze lifetimes 

than adsorption squeezes20–22. Although precipitation squeeze treatments appear promising for applying 

the SI, it may present some other issues. Precipitation squeeze treatment can form secondary deposits, 

known as “pseudo scales”, from interactions with divalent cations in the brine, which can block 

formation pores and consequently impair flow of reservoir fluids23–25. Moreover, it can induce formation 

damage, where the rock structure is affected by SI precipitation26–28.  



Field SI squeeze treatments have been modelled quite successfully, but often the field observations are 

not accurate enough to distinguish clearly between different mechanistic models. A detailed analysis of 

a given retention mechanism – for example pure adsorption (Γ) or coupled adsorption/precipitation 

(Γ/Π) – requires carefully designed laboratory experiments29,30. The initial detailed mechanistic study 

of SI squeeze was conducted by Vetter24, in which it was found that the "adsorption isotherms" of sand 

at different pH values at low temperature are almost identical and there was a very small increase at 

higher pH. Sorbie et al. investigated the impact of pH, temperature and calcium on the retention of 

phosphonate SIs onto consolidated and crushed sandstone. They showed that SI adsorption onto the 

crushed rock material increased at higher temperatures. Moreover, inhibitor adsorption was lower at 

pH0 4 than at pH0 2 or 6; when calcium ions were present. Finally, the adsorption of a phosphonate 

inhibitor (DETPMP) decreased predictably at higher pH (at 25°C) in the absence of Ca2+ ions31. Ibrahim 

et al. investigated static compatibility and coupled adsorption/precipitation experiments using a range 

of phosphonate SIs and several mineral substrates. They concluded that for all phosphonate SI/mineral 

systems, pure adsorption observed at low [SI] concentrations would correctly describe the SI/mineral 

retention mechanism, whilst coupled adsorption/precipitation occurs at high concentrations and a 

coupled adsorption/precipitation (Γ/Π) model would be required32. Kahrwad et al. presented a 

mathematical model of the coupled adsorption and precipitation (Γ/Π) process, which successfully 

predicted the results from the SI retention experiments.   They defined the apparent adsorption, Γapp , as 

the results of a common bulk adsorption measurement as if the only mechanism was “adsorption”, even 

if both adsorption and precipitation were present.  A model was then derived to analyse such apparent 

adsorption experiments,  Γapp   vs. final [SI], by plotting them for different (m/V) ratios, where m = that 

mass of mineral substrate and V is the volume of SI solution used. The validated model matched 

experiment and explained why, at low SI concentration ([SI] < ~100ppm), the retention mechanism was 

purely adsorption (Γ), while at higher concentration levels a coupled adsorption/precipitation (Γ/Π) 

mechanism operated.  As a corollary, such results can be used to show directly when we are in the pure 

adsorption (Γ) and the coupled adsorption/precipitation (Γ/Π) retention mechanism regimes29. 

Most previous experimental scale inhibitor/mineral adsorption work has studied retention of SIs in 

sandstone formations, with far less work focusing on retention in carbonate substrates.  However, there 

are an increasing number of field and laboratory studies examining these minerals, such as calcite, 

limestone and dolomite, despite the challenges presented by their greater chemical reactivity. In 

particular the behaviours of polymeric SIs (polyphosphino carboxylic acid (PPCA) and P-

functionalized co-polymer (PFC)) have been investigated previously by this group17. In that system, 

two carbonate mineralogies (calcite and dolomite) were used as well-known representatives of 

carbonate formations. However, another common type of carbonate (limestone) and a representative 

phosphonate SI, such as the extensively utilized diethylenetriamine penta (methylene phosphonic acid) 

(DETPMP), were not included.  



The aim of this work was to investigate the most important mechanisms governing the retention of two 

types of conventional SIs (DETPMP and PPCA) in Limestone and Calcite mineral substrates. This was 

achieved by carrying out a range of “apparent adsorption” experiments as described 

above29,30,32,33.These apparent adsorption plots are measured in a specific fraction size of Calcite or 

Limestone (100 - 315 µm) at two different m/V ratios and different temperatures (T = 80°C and 95°C). 

All of the SI/calcium solid precipitates were also studied using Environmental Scanning Electron 

Microscope/Energy-Dispersive X-Ray Spectroscopy (ESEM/EDX) and Particle Size Analysis (PSA)17. 

These techniques revealed direct information on the morphology of any precipitates formed, i.e. 

whether they are formed as free crystalline (or amorphous) precipitates or whether they form as “coated 

structures” on the surface of the Calcite or Limestone grains. The EDX measurements also yield an 

approximate chemical composition of the precipitates; for example, establishing the presence of 

phosphorous (P from the SI) and Ca, and in what approximate (P/Ca) atomic ratios. 

Experimental Methods and Materials 
The data presented is drawn from a series of static apparent adsorption (Γapp   vs. final [SI])/compatibility 

tests carried out at two temperatures i.e. T= 80°C and 95°C. The basic steps in the procedure for the 

apparent adsorption experiment are as follows: 

1. Samples of carbonate substrates (Limestone or Calcite) were measured and distributed into 

bottles (m = 5 or 10 g); 

2. 40 ml of the appropriate scale inhibitor solution ([SI] = 0, 50, 100, 500, 800, 1000, 2000 and 

4000 ppm) were added to the separate carbonate-containing bottle. The bottle cap was fastened 

and the bottle shaken; 

3. The bottles were then placed in a pre-heated oven at the appropriate temperature (T= 80°C or 

95°C); 

4. The bottle caps were checked for tightness after 1 hour and re-fastened if required; 

5. After 24 hours, the bottles were removed from the oven; 

6. The contents of each bottle were vacuum-filtered through separate 0.2 µm membrane filters, 

with the filtrate and supernatant retained for analysis; 

7. The resultant supernatant was left to cool for approximately 24 hours before the pH was 

measured. In addition, 1 ml was removed by pipette and diluted with 9 ml of a 1% sodium 

chloride solution and then analyzed by Inductively Coupled Plasma Optical Emission 

Spectroscopy (ICP-OES) for the ion concentrations of phosphorous, calcium, magnesium and 

lithium; 

8. ESEM/EDX was performed on the collected solid phases for both the precipitate as well as the 

mineral, in order to analyze the surface of the Calcite/Limestone grains and any bulk precipitate 

formed29,33. 



In the bulk compatibility tests no mineral was present and all test and stock solutions were analysed by 

ICP-OES only to measure the difference in ionic compositions. Any difference in concentrations 

between the test and stock values were assumed to be related to pure precipitation at this stage (Π only).  

In the presence of mineral substrate, the apparent adsorption of SI retained by the mineral, Γapp (in mg 

SI/g substrate), was calculated using the formula:  

Γ𝑎𝑎𝑎𝑎𝑎𝑎 =  
𝑉𝑉 (𝐶𝐶𝑜𝑜 − 𝐶𝐶𝑓𝑓)

𝑚𝑚
 (1) 

where C0 and Cf are the initial and final SI concentrations, respectively.  In these experiments the results 

were plotted as Γapp vs. Cf.  V is the volume of SI solution and m is the mass of mineral substrate. Note 

that apparent adsorption is used because both adsorption (Γ) and precipitation (Π) may be occurring 

together, and thus the apparent adsorption is in fact a combination of both mechanisms (Γ/Π). A detailed 

discussion of how to analyse such experiments along with the appropriate mathematics is given in the 

references29,30.  A schematic of the static adsorption and compatibility experimental procedures is shown 

in Figure 2.  

 

Figure 2. Schematic of static adsorption and compatibility experiments 

 
Mineral Substrates 
Skye Limestone and Moroccan Calcite samples of size fraction (100 – 315 µm) were used to study the 

retention of SIs onto carbonate mineral substrates. To characterize these carbonates, known pre-crushed 
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masses of each sample (0.15 g), were dissolved in 100 ml of 10% HCl solution and then left for 24 

hours to ensure total dissolution. The solution was then analysed by ICP-OES to determine the quantity 

of cations (Ca, Mg and Fe). The results are shown in Table 1.  

Table 1. Characterisation of the carbonate substrates 

Carbonate Type Calcium (mole) Magnesium (mole) Iron (mole) Mg/Ca ratio 

Moroccan Calcite 9 x 10-6 3 x 10-9 2.5 x 10-8 3.3 x 10-4 

Skye Limestone 9.8 x 10-6 2 x 10-7 2 x 10-7 0.021 

The lowest magnesium/calcium ratio was observed for Moroccan Calcite, in which magnesium was 

negligible and the chemical formula was confirmed as CaCO3. For the Skye Limestone sample, some 

magnesium was detected and the molar contribution of iron was higher than for Moroccan Calcite, 

therefore the effect of iron was considered during the experimental interpretation. 

Brine Composition 
The brine solution used throughout was synthetic North Sea seawater (NSSW). This brine was prepared 

by dissolving the appropriate salts in distilled water (Table 2). The brine solution was filtered through 

a 0.45 µm filter to remove any undissolved solids prior to use, in accordance with normal industry 

practice. 50 ppm lithium (Li+) was added as an inert tracer to determine whether any evaporation 

occurred during static adsorption and compatibility tests. 

 

Table 2. Synthetic NSSW composition 
Ion Concentration (ppm) Salt used Mass of salt (g/L) 

Na+ 10,890 NaCl 24.08 
Ca2+ 428 CaCl2.6H2O 2.34 
Mg2+ 1368 MgCl2.6H2O 11.44 

K+ 460 KCl 0.88 
SO42- 2960 Na2SO4 4.38 

Li+ 50 LiCl 0.3055 
Cl- 19,766 - - 

 

Scale Inhibitors (SI) 
The adsorbates (SIs) used in this work were a phosphonate inhibitor (DETPMP) and a polymeric 

inhibitor (PPCA). These SIs are commercial products, widely used in oilfield applications. Both are 

extensively described in the literature and details of their chemistries are presented in Table 3. 

 

 

 

 

 



Table 3. Specifications of scale inhibitors 

 

Results and Discussion 

Diethylenetriamine penta (methylene phosphonic acid) 
Apparent adsorption of DETPMP on carbonate rocks  

The results of the static apparent adsorption experiments (Γapp   vs. final [SI]) for DETPMP are presented 

in Figure 3.  This figure shows the apparent adsorption level of DETPMP for 5 g and 10 g of Skye 

Limestone and Moroccan Calcite (size fraction 100 to 315 µm) as a function of the final SI 

concentration in synthetic NSSW for the initial pH values of pH0 4 (Figure 3(a)) and pH0 6 (Figure 3(b)) 

at 95°C. 

 

Figure 3. Apparent adsorption (Γapp, vs. Cf) for DETPMP with 5 and 10 g of Calcite and Limestone at (a) pH0 4 
(b) pH0 6 and T = 95°C 

 

The results for apparent adsorption vs. the final SI concentration (Γapp, vs. Cf) clearly indicate that both 

pure adsorption and coupled adsorption/precipitation occurred at both initial pH values.  Pure adsorption 
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(Γ) was observed only for final scale inhibitor concentrations [SI] less than 100 ppm.  For [SI] > 

~100pm, the m/V curves in Figure 3 deviate, indicating that coupled adsorption/precipitation (Γ/Π) 

behaviour was occurring17,30,33. A very strong indicator that precipitation must be taking place is the 

magnitude of the apparent adsorption of DETPMP.  It can be seen from Figure 3 that on both substrates 

Γapp ≈ 25 mg/g and Γapp ≈ 27 mg/g for pH0 4 and 6, respectively.   This level is far too high to possibly 

be pure adsorption, which should be of order Γapp ≈ 0.1 to ~1 mg/g.  We also note that the apparent 

adsorption of the DETPMP is a little higher at the higher initial pH0 6, which is probably due to the 

greater degree of dissociation of DETPMP at pH0 6; i.e. DETPMP is much more likely to complex with 

Ca2+ in its dissociated form (at higher pH). In other words, the inhibitors such as DETPMP 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 an SI/Ca complex in its dissociated form 

(i.e., at higher pH values) and less likely to form complexes at lower pH values30. 

Figure 4 shows the final pH values for both the compatibility results (no mineral substrate present) and 

the same apparent adsorption experiments as presented in Figure 3.  The compatibility results in Figure 

4(a) show no change of pH since no precipitation occurs at pH0 4, i.e. it is completely compatible, but 

Figure 4(b) shows that there is some fluid incompatibility at pH0 6, for final [SI] > 1000ppm.   

 

Figure 4. Comparison of pH for DETPMP onto two masses (m = 5 g and 10 g) of Calcite and Limestone at (a) 
pH0 4 (b) pH0 6 and T = 95°C 
 

In the presence of mineral but at [SI] = 0, then the dissolution of the carbonate substrate itself increases 

the final pH up to pH ≈ 7 - 8 (Figure 4)11.  As the DETPMP is added to the mineral the final pH decreases 

for both minerals as shown in Figure 4.  As the retention regime changed from pure adsorption (up to 

[SI] ~ 100ppm) to coupled adsorption/precipitation, the pH decreased even more sharply.  The final pH 

for the pH0 6 case was slightly higher than for pH0 4 in both DETPMP/carbonate systems33.  In addition, 



the final pH for the DETPMP/Limestone system was slightly higher than for DETPMP/Calcite system 

for both pH0 4 and 6. 

To better understand the pure adsorption and coupled adsorption/precipitation behavior, changes in 

divalent ions, particularly Ca2+, were measured before and after the apparent adsorption experiments. 

The results are shown in Figure 5(a) and 5(b), where any decrease in divalent ions was attributed to the 

precipitation of a SI-M2+complex and any increase was due to carbonate substrate dissolution. These 

figures show the calcium concentrations normalized to their initial solution values of [Ca2+]0 = 428 ppm.  

 

Figure 5. Comparison of C/C0 Ca2+ for DETPMP with two masses (m = 5 g and 10 g) of Calcite and Limestone 
at T = 95°C, (a) pH0 4 and (b) pH0 6 

 

As shown in Figure 5(a), at pH0 4 there was no noticeable change in normalized [Ca2+] in the absence 

of Calcite or Limestone substrates (compatibility tests), reconfirming that DETPMP was compatible 

with NSSW at this pH33. In the presence of both substrates, the calcium concentration increased as a 

function of DETPMP concentration up to ≈1.4 times the initial value. In the pH0 6 experiments (Figure 

5(b)), calcium consumption was noted in the compatibility tests (no mineral) due to chemical reaction 

between SI and calcium from the solution, which confirms DETPMP was somewhat incompatible with 

NSSW at pH0 6. The normalized [Ca2+] for Calcite remained stable at ≈ 1 (all calcium generated in situ 

was consumed by DETPMP complexation) whilst the equivalent results for Limestone reached a 

plateau at C/C0 of ≈ 1.4.  

In addition to the calcium measurements discussed above, the initial and final levels of Fe2+ were also 

measured in the apparent adsorption of DETPMP/Limestone experiments since Fe2+ may also be 

involved in complexation Figure 634,35. Similar analysis of magnesium levels (not presented here) 

indicated that the role of Mg was secondary in these SI systems. 



 

Figure 6. Comparison of C/C0 Fe for DETPMP with two masses (m = 5 g and 10 g) of Calcite and Limestone at 
T = 95°C, for pH0 4 and pH0 6. 

 

In the Limestone system, iron was generated in situ through dissolution and the amount of Fe leached 

out of system at pH0 4 was higher than of that at pH0 6. Iron has been shown previously to have an 

affinity for DETPMP like calcium and could be involved in SI-M2+ complexation and enhanced 

DETPMP retention on Limestone, which was seen in corresponding apparent adsorption results (Figure 

3). This observation reinforces the conclusion that mineralogy has an important role in SI retention in 

carbonate formations30. Although, Calcite and Limestone are similar in terms of calcium, they show 

different SIs retention levels with slightly more SIs retention being observed on the Limestone 

substrate33.  

 

ESEM/EDX analysis for DETPMP-Limestone precipitates 

ESEM-EDX analysis was used to examine the surface of the Limestone samples both before and after 

treatment in the apparent adsorption experiments30. All the filter papers from the 4000 ppm DETPMP 

samples were analyzed as this case provided the greatest mass of precipitate. Figure 7 presents the 

ESEM images for 4000 ppm DETPMP-Limestone samples at both pH0 4 (a and b) and pH0 6 (c and d), 

where DETPMP has the highest Γapp in Limestone. The precipitate occurred mainly as a separate 

material rather than as a coating on the surface of the Limestone grains. 

 



  
a) Skye Limestone grain, 4000 ppm DETPMP, pH0 4 b) Precipitate, 4000 ppm DETPMP, Skye Limestone, pH0 4 

  
c) Precipitate, 4000 ppm DETPMP, Skye Limestone, pH0 6 d) Precipitate, 4000 ppm DETPMP, Compatibility test, pH0 6 

 

Figure 7. ESEM images of the morphology of Skye Limestone grains and Bulk Precipitate at 4000 ppm DETPMP 
at pH0 4 and 6, T = 95oC  

 

Table 4. EDX analysis of the 4000 ppm DETPMP for 100-315 µm Skye Limestone at pH0 4 and 6, T = 95°C 
from ESEM 

 
Limestone grains 
4000 ppm, pH0 4 

Bulk Precipitate 
4000 ppm, pH0 4 

Bulk Precipitate 
4000 ppm, pH0 6 

Bulk precipitate, 
Compatibility test, 
4000ppm, pH0 6 

Element % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic 
C 15 23 - - - - - - 

Na 1.5 1 3 3 3.5 4 6 2 
Mg 2 1 6 5 7 6 14 6 
P 4 2 13 10 18 13 28 10 
S 0.2 0.1 0.5 1 0.5 0.4 1 1 
Cl 1 1 4 3 6 3 10 3 
K 0.3 0.9 0.5 1 - - - - 

Ca 18 8 35 20 9 4 9 2 
O 58 63 38 57 54 69 15 64 
Fe - - - - 2 0.6 - - 
N - - - - - - 17 12 

As shown in Figure 7 and Table 4, a strong phosphorous signal was detected in the fine bulk precipitate 

retained on the filter (≈13% and ≈18% by weight for Skye Limestone samples at pH0 4 and pH0 6, 

respectively). However, there was a significant  detectable signal (≈4% by weight for Skye Limestone 

at pH0 4) on the Skye Limestone grains themselves, which is likely to be 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 was higher at pH0 6 than at 

pH0 4, which confirms that the SI retains more at higher pH (pH0 6) on the Limestone sample30.  

In addition, in the DETPMP/Skye Limestone system, some iron (≈2% by weight) was detected, which 

it is believed led to more DETPMP retention by Skye Limestone. The iron was not detected in the same 

system at pH0 4. Moreover, as mentioned in the corresponding final pH and normalized C/C0 Ca2+ 

results above, DETPMP was not compatible with NSSW at pH0 6. As illustrated in Figure 5(d) and 

Table 4, phosphorous was clearly detected at high levels (≈28% by weight for the 4000 ppm DETPMP 

cases) in the compatibility test, reinforcing this conclusion33.  

 

Effect of temperature on apparent adsorption of DETPMP on Skye Limestone 

As DETPMP was seen to be retained more on the Limestone substrate at pH0633, the static 

adsorption/compatibility experiments were repeated at this initial pH but at the lower temperature of 

80°C, to investigate the effect of temperature on apparent adsorption.  The apparent adsorption results 

(Γapp vs. Cf) for DETPMP/Skye Limestone system are shown in Figure 8 for T = 80°C where they are 

compared directly with the T = 95°C results.  

 
Figure 8. Comparison of apparent adsorption (Γapp vs. Cf) for DETPMP onto 2 masses (m = 5 g and 10 g) of Skye 
Limestone at two different temperatures (T = 95°C and 80°C); pH0 6 

 

The results in Figure 8 show that, at 80°C, regions of both pure adsorption and coupled 

adsorption/precipitation are observed as for T = 95°C (cf. Figure 3(a)). However, at T = 80°C, the region 

of pure adsorption at lower SI concentration is extended up to [SI] ≈300 ppm.  At higher temperature, 

the solubility of the SI-M2+complex decreases, resulting in more precipitation (greater apparent 

adsorption)30.  

Normalized calcium concentration (C/C0) and ESEM/EDX results are presented in Figure 9 and Figure 

10, respectively, to further illustrate the effect of temperature on scale inhibitor adsorption. 



 

Figure 9. Comparison of changes in normalised C/C0 of [Ca2+] for Skye Limestone bed vs final [DETPMP] at 
pH0 6; T = 95°C and 80°C 

 

Results in Figure 9 show that, at both temperatures, calcium was observed to decrease from input 

concentration in the absence of Limestone due to the chemical reaction of DETPMP and calcium, 

confirming their incompatibility at pH0 6. The initial DETPMP concentration above which the 

incompatibility was observed was higher at 80°C (between 1000 and 2000 ppm) than at 95°C (>800 

ppm). 

Results of the ESEM/EDX examination of the DETPMP/Skye Limestone at T = 80°C are presented in 

Figure 10 to confirm the corresponding apparent adsorption of DETPMP on Limestone. 

  
Compatibility test, 4000 ppm DETPMP, pH0 6, T = 80°C Bulk Precipitate, 4000 ppm DETPMP, pH0 6, T = 80°C  

 

Figure 10. ESEM images of Bulk Precipitate at 4000 ppm DETPMP at pH0 6, T = 80°C  

 

 
 
 
 
 
 
 



Table 5. EDX analysis of the 2000 and 4000 ppm DETPMP for 100-315 µm at pH0 6 and T = 80°C 

 Bulk Precipitate 
4000 ppm, pH0 6 

Bulk Precipitate, Compatibility test,  
4000 ppm, pHi 6 

Element % Weight % Atomic % Weight % Atomic 
N - - 40 19 
O 60 70 35 60 

Na 5 4 1 2 
Mg 7 7 4 5 
P 17 13 11 9 
S 1 1 - - 
Cl 5 3 3.5 1.7 
Ca 5 2 5 3 
Fe - - 0.5 0.3 

As shown in Figure 10 and Table 5, significant levels of phosphorus were detected in both the 

compatibility test (DETPMP is incompatible with NSSW at pH0 6) and in the static apparent adsorption 

experiments, much like the corresponding DETPMP/Skye Limestone experiment at 95°C. In addition, 

the quantities of phosphorus at 80°C were ≈17% wt and 11% wt for both static adsorption and 

compatibility experiments at 4000 ppm, respectively which is lower than those at 95°C (≈18% wt and 

≈28% wt). These amounts of phosphorus detected by EDX also confirm the corresponding apparent 

adsorption results (higher temperature, higher apparent adsorption).  

 

Polyphosphino carboxylic acid 
Apparent adsorption of PPCA on carbonate rocks  

All of the apparent adsorption experiments described above for DETPMP on Calcite and Limestone 

were repeated for PPCA, as an example of a polymeric scale inhibitor that is widely applied in the 

industry17.  The apparent adsorption results for PPCA on Calcite and Limestone for initial pH0 4 and 6 

at T = 95oC are shown in Figure 11.  The PPCA again shows qualitatively similar Γapp vs. Cf behaviour 

to the DETPMP on these carbonate substrates, although there are detailed differences25.   

 

Figure 11. Apparent adsorption (Γapp, vs. Cf) for PPCA with 5 and 10 g of Calcite and Limestone at (a) pH0 4 (b) 
pH0 6 and T = 95°C 

 



Firstly, the results in Figure 11 show that the actual levels of Γapp are somewhat lower (Γapp ≈ 7 – 9 

mg/g) for PPCA than for DETPMP (Γapp ≈ 25 mg/g).  The amount of apparent adsorption (precipitation) 

decreased a little from Γapp ≈ 9 mg/g at pH0 4 to Γapp ≈ 7 mg/g for pH0  6. The lower pH0 of the PPCA 

solution led to greater Calcite dissolution and an increase in in-situ calcium generation and an associated 

precipitation with the scale inhibitor, resulting in a higher observed “apparent adsorption”. The 

dissociation of PPCA (a weak poly-acid) is increased at pH0 6, increasing the potential for PPCA to 

bind divalent cations, however the higher pH also acts to decrease the solubility of the Calcite, therefore 

lowering the available calcium for such an interaction17.  

 

Figure 12. Comparison of pH for PPCA onto two masses (m = 5 g and 10 g) of Calcite and Limestone at (a) pH0 
4 (b) pH0 6 and T = 95°C 

 

The final pH results for PPCA are shown in Figure 12(a) for pH0 4 and in Figure 12(b) for pH0 6.  There 

were no significant changes in pH in the bulk compatibility tests (no mineral present), showing that 

PPCA was compatible with NSSW at both initial pH values (cf. DETPMP was incompatible at pH0 6)33. 

However, when carbonate substrates were present then, at equilibrium the final pH rose to ≈pH 8 due 

to dissolution of the carbonate substrates and the reaction of the SI with divalent cations which were 

generated in situ, as described above11,17. At pH0 6, the final pH plateaued around pH 8 with increasing 

scale inhibitor concentration, which was due to the pH-influence of the carbonates. However, at pH0 4 

the final pH reduced to ≈pH 7, due to the greater precipitation of a PPCA/M2+ complex, explaining why 

more M2+-PPCA complex was produced at pH0 4 than at pH0 6.  



 

Figure 13. Comparison of C/C0 Ca2+ for PPCA with two masses (m = 5 g and 10 g) of Calcite and Limestone at 
T = 95°C, (a) pH0 4 and (b) pH0 6 

 

The [Ca2+] results in Figure 13(a) and (b) clearly show that there was no significant change in [Ca2+] 

during the substrate-free compatibility tests, meaning that PPCA did not react with calcium and the SI 

was completely compatible with NSSW, as shown by the pH results. However, in the presence of 

carbonate substrate, a considerable amount of additional [Ca2+] was generated in situ due to rock 

dissolution, rising to ≈2x and ≈ 1.8x the pH0 4 for Skye Limestone and Moroccan Calcite, 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 Moroccan Calcite substrate were approximately balanced (normalized levels of 

calcium remain at ≈1)17,33.  

In the PPCA/Skye Limestone system at pH0 6, the calcium reduced from C/C0 of ≈1.7 to ≈1.2, whilst 

in the PPCA/Moroccan Calcite system at the same initial pH, calcium concentration remained at 

approximately the input value. This difference in behaviour is attributed to the interaction with another 

divalent cation i.e. Fe2+ from the Limestone, which was involved in complexation with DETPMP such 

that excess calcium remained in the PPCA/Skye limestone system.  

It can be seen from these results that PPCA showed similar retention on both Limestone and Calcite, 

whereas DETPMP showed greater retention on the Limestone substrate. This may be attributed to some 

iron veins in Limestone (see Table 1) being involved in complexation resulting in more retention. 

Finally, DETPMP has been retained more on carbonates (both Calcite and Limestone) than PPCA, 

which can be rationalized in reference to the different functional groups in the SIs. DETPMP has 

phosphonate functional groups, which are more active than carboxylic acid group36. Thus, the reactivity 

of DETPMP with Ca2+ is higher than that of PPCA, resulting in more precipitate being formed and a 

corresponding increase in the apparent adsorption level for DETPMP. 

 



ESEM/EDX analysis for PPCA-carbonate precipitates 

In PPCA/Skye Limestone system, at pH0 4 (highest Γapp), there was no detectable phosphorus on the 

Limestone crystals themselves at the highest PPCA concentration (4000 ppm), although precipitate was 

observed on the filter paper. This lack of observed phosphorous might be attributed to the low content 

of this element in PPCA (≈0.5% phosphorus)36.  

  
4000 ppm, 100 – 315 µm Skye Limestone, pH0 4 Precipitate formed and deposited on Limestone grains 

 

Figure 14. ESEM image (left) and photograph (right) of 4000 ppm PPCA Samples for 100-315 µm Skye 
Limestone at pH0 4  

 

As indicated in Figure 14, a significant mass of precipitate was observed for this concentration 

(4000ppm SI), both by ICP results and by visual observation. Without ESEM/EDX, it was necessary to 

detect the precipitated PPCA/Ca complex by another analytical method such as Particle Size Analysis 

(PSA)17. 

Particle Size Analysis for PPCA-Limestone at pH0 4 

Particle size distributions (PSDs) were measured for all of the Skye Limestone experiments described 

above for PPCA at pH0 4. This data should detect any precipitate that had formed in these apparent 

adsorption experiments, over and above the solids introduced for the experiments themselves. A 

Malvern Mastersizer, equipped with a 300 mm lens (size range 1.2 – 600 µm) was used to measure the 

particle size distribution of the Skye Limestone mineral samples (100-315 µm) alone and in the presence 

of different initial concentrations of PPCA (Figure 15). These results show that there was good 

consistency in the measurement of the Limestone particle sizes with the largest 300 mm lens for the 

experiments at pH0 4, with the Limestone grains being in the expected size range17. 



 
Figure 15. Particle size analysis for 100-315 µm Skye Limestone residue in different concentrations and pHi 4 
with 300 mm lens 

 

When the samples were re-examined using a finer, 45 mm lens (size range 0.1 – 80 µm) nothing was 

detected in the Blank or 100 ppm samples (Figure 16). However, above 100 ppm PPCA, where the 

system shifts from a region of pure adsorption to coupled adsorption/precipitation, particles were clearly 

observed over the size range ≈1 – 25 µm. The smaller particles were not present in the original solid 

substrate and represent SI/Ca precipitated material which has formed as this fine material (clearly 

observable in Figure 14 above)17.   

 

Figure 16. Particle Size Analysis for 100 – 315 µm precipitate deposited on filter paper in different 

concentrations and pH0 4 with 45 mm lens. 

 

Effect of temperature on apparent adsorption of PPCA on Skye Limestone 

Since more PPCA was seen to be retained on the Limestone substrate at pH0 4, the static adsorption/ 

compatibility experiments were repeated at this initial pH but at 80°C to investigate the effect of 
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temperature on apparent adsorption of PPCA onto Limestone. The apparent adsorption results for PPCA 

on Limestone at T = 80oC at pH0 4 are shown in Figure 17 where they are compared with the 

corresponding results at T = 95oC.  

 

 

Figure 17. Comparison of apparent adsorption (Γapp vs. Cf) for PPCA onto 2 masses (m = 5 g and 10 g) of Skye 
Limestone at T = 80°C and 95°C); pH0 4 

 

As shown in Figure 17, the apparent adsorption was lower at the lower temperature (T= 80oC), as was 

observed for DETPMP, and the region of pure adsorption (Γ) extends up to [PPCA] ≈ 900 - 1000ppm. 

At higher temperature the PPCA-M2+complex solubility decreases i.e. precipitation increases (greater 

Γapp)37,38.  Thus, in terms of retention, PPCA works more effectively at higher temperature in Limestone 

formations. 

 

Figure 18. Comparison of changes in normalised C/C0 of [Ca2+] for Skye Limestone bed vs final [PPCA] at pH0 
4; T = 80°C and 95°C 

 



The calcium results in Figure 18 confirm the compatibility between PPCA and NSSW at pH0 4 as shown 

previously in Figure 13(a). However, in the presence of Limestone, a considerable amount of additional 

[Ca2+] was generated in situ due to rock dissolution, rising to approximately twice the initial value for 

both temperatures (Figure 18).  Note that these increases in [Ca2+] are in spite of the loss of calcium 

from solution by precipitation of the SI/Ca complex17.  

The normalized [Ca2+] in both the PPCA/Skye Limestone and DETPMP/Skye Limestone systems are 

different. At the lower initial pH of 4, the carbonate rock is dissolved and divalent cations, including 

Fe2+ and Ca2+, are generated in situ. This is the case for both systems, however for the PPCA system 

(Figure 18), the calcium concentration increased continuously whilst for DETPMP/Skye Limestone, 

the calcium reached a plateau of approximately 1.4 times input concentration. In other words, PPCA 

showed less affinity for calcium than DETPMP, therefore PPCA was seen to retain on both substrates 

less than DETPMP.  

 

Summary and Conclusions 

The bulk “apparent adsorption” behaviour (Γapp vs. Cf,) of two common commercially available 

chemical scale inhibitors on Skye Limestone and Moroccan Calcite mineral substrates has been studied. 

The two chemistries used were poly phosphino carboxylic acid (PPCA) as an example of a polymeric 

inhibitor, and diethylenediamine penta (methylene phosphonic acid) (DETPMP) as a typical 

phosphonate inhibitor. The apparent adsorption measurements were supported by ancillary 

measurements of final solution pH and [Ca2+] and [Mg2+] (by ICP-OES).  The SI/Ca precipitates and 

the mineral surface were also studied by ESEM/EDX to establish the particle morphology of the 

precipitate and mineral surface (SESEM) and also its atomic composition (EDX for P, Ca, Mg, Fe) and 

particle size analysis (PSA) of both precipitates and the mineral grains.   

A brief comparative summary of the experimental observations for DETPMP and PPCA is given as 

follows:  

DETPMP: For the apparent adsorption experiments (a) Γapp was very high, e.g. Γapp ≈25mg/g , at SI  

Cf, =1000ppm for the m= 5g case, indicating extensive precipitation (Π), (b) Γapp was higher for 

Limestone than for Calcite, (c) Γapp was higher for initial pH0 6 than for pH0 4, (d) final pH was ~8 

(carbonate mineral only) and fell quite rapidly to almost pH ~5 for the highest SI concentration studied 

(4000ppm DETPMP), (e) high final normalized ([Ca2+] /[Ca2+]0) levels of ~1.2 – 2 for all conditions, 

except Calcite at pH0 6 where it remained close to 1. 

PPCA: For the apparent adsorption experiments (a) Γapp was relatively low, e.g. Γapp ≈ 5 - 9mg/g , at SI  

Cf, ≈ 3000ppm for the m= 5g case, indicating less precipitation (Π), (b) Γapp was higher for Limestone 

than for Calcite, (c) Γapp was higher for initial pH0 4 than for pH0 6, (d) final pH was ~8 (carbonate 



mineral only) and only dropped a little to pH ≈ 7 for the highest SI concentration studied (4000ppm 

PPCA), (e) high final normalized ([Ca2+] /[Ca2+]0) levels of ~1.2 – 2 for all conditions, except Calcite 

at pH0 6 where it dropped below 1 to ~0.8. 

Comparing the DETPMP and PPCA results above, it is observed that the Γapp level was much higher 

for DETPMP than for PPCA, Γapp was higher for Limestone than for Calcite for both SIs, Γapp was 

higher at pH0 6 for DETPMP but higher at pH0 4 for PPCA. The final pH values dropped from pH 8 

down to about pH 5 for DETPMP as Cf, increased while final pH values remained relative high 8 > pH 

> 7 for PPCA. Case by case, the final normalized ([Ca2+] /[Ca2+]0) levels were higher for PPCA than for 

DETPMP at all conditions, although they were well above 1 for most cases and only went to a value of 

([Ca2+] /[Ca2+]0) <1 for both SIs for the case of Calcite at pH0 6. 

 

The specific conclusions from this work are as follows: 

1. In the apparent adsorption measurements (Γapp vs. Cf), distinct regions of pure adsorption (Γ) 

and coupled adsorption/precipitation (Γ/Π) are clearly observed for both DETPMP and PPCA 

SIs on both carbonate substrates under all conditions tested; i.e. pH0 4 and pH0 6, T = 95°C and 

80°C and substrates Limestone and Calcite.  The Γ/Π regime dominated the apparent adsorption 

behaviour over most of the SI final concentration range and the pure adsorption (Γ) was only 

observed at lower final SI concentrations in the range 0 < Cf < ~100 ppm for DETPMP and 0 

< Cf < ~200-300 ppm for PPCA at T = 95°C.    At T = 80°C, this region of pure adsorption (Γ) 

was slightly more extended for both DETPMP and PPCA for both carbonate mineral substrates, 

due to the fact that the SI/Ca complexes which precipitates are more soluble at lower 

temperatures.   

2. A brief comparative summary of the apparent adsorption behaviour of DETPMP and PPCA is 

given above.  To understand these observations, the system must be viewed as a coupled system 

between (i) the SI taken as a weak polyacid HnA, which for DETPMP would be H10A and for 

PPCA n would be much higher, and this would dissociate as pH increased into anionic SI 

species; (ii) these species would bind with the Ca2+ to a greater extent at higher pH than at lower 

pH where the molecule is less dissociated; (iii) this bound SI/Ca complex (i.e. DETPMP_Can1 

or PPCA_ n1) is sparingly soluble and may precipitate, (iv) at the same time through the acidity, 

the system is coupled to the carbonate system in solution and solid (CaCO3).  To understand 

this fully, it must be modelled as an equilibrium system of coupled equations describing these 

parts (i) to (iv) above and some progress has been made on this as described in31. However, in 

outline an approximate chemical explanation of the observations can see as explained in the 

following conclusion.  



3. Our results indicate that two broad effects (from (i) to (iv) above) affect the behaviour of the 

SI, that is the sensitivity to pH and the sensitivity to [Ca2+] on the formation and solubility of 

the SI/Ca complex.  Clearly, these are coupled and one affects the other.  As pH increases, the 

SI is more dissociated and would bind more to Ca, but at lower pH more Ca2+ would come into 

solution from the carbonate substrate (e.g. CaCO3).  It appears from our results that DETPMP 

is more sensitive to pH and that PPCA is more sensitive to Ca2+ in solution.   For DETPMP, 

Γapp is higher at higher pH0 6, suggesting that it is the state of dissociation that is more important, 

thus the fact that the final pH in the coupled system reduces (down to pH ≈ 5) as Cf increases 

appears to be more dominant effect. For PPCA, the Γapp is higher at lower pH0 4,  suggesting 

that it is Ca level that is more important, since the final pH is higher in all cases but even at this 

pH (of pH ~ 7 – 8) this molecule still binds to very high levels of Ca2+.  This was demonstrated 

in several previous papers from this group37,38.  In the DETPMP/dolomite system, DETPMP 

retains more on dolomite than on calcite, although dolomite is less reactive. As for the limestone 

results here, this is due to the higher final pH in the DETPMP/dolomite system as compared to 

that in DETPMP/calcite.  This again suggests that for DETPMP final pH contributes more than 

final Ca2+. However, in PPCA/dolomite system, PPCA shows greater retention on calcite 

compared to dolomite. In this case, the calcium that is needed by PPCA for precipitation is 

higher than in dolomite. Thus, final Ca2+ plays a more significant role for PPCA rather than 

final pH33.  

4. Mineralogy clearly has some role on the retention of these SIs in carbonate systems since the 

retention behavior of DETPMP and PPCA are rather different in the calcite and limestone 

systems. In this case, the retention of both SIs was greater for the limestone rather than the 

calcite sample.  This is counter intuitive since it is known that calcite is generally more reactive, 

thus we might have expected the more reactive calcite to have led to a higher [Ca2+] and hence 

more precipitation.  However, returning to the points in Conclusion 2 above, the reactivity 

affects both the Ca2+ in solution and the pH, which in turn affects the degree of dissociation of 

the SI.  Hence, in a coupled system, it is difficult to know which effect will “win out” (without 

solving the full set of governing equations – see Silva et al. 2019).  In this particular case of 

Skye Limestone, we noted that it also contains a small amount of iron, and it is known that Fe2+ 

may enhance the precipitate of SI-M2+, and this may play some role here33,39.  

5. Results from the ESEM/EDX and particle size analysis generally confirmed and were very 

consistent with the static apparent adsorption results. EDX detected phosphorus concentrations 

were seen in the deposit where clear coupled Γ/Π had occurred and the EDX signals were 

higher as Γapp (precipitation) increased.  A little phosphorous was also detected directly on the 

carbonate grain surfaces but this was generally very minor compared with the very high levels 

in the finer bulk precipitate. When a higher magnification was used in the PSA, then this much 



finer SI/Ca precipitate was directly observed, having formed mainly from the bulk solution 

(only in the Γapp regime). This finer precipitate was shown to have high levels of phosphorus 

(P) by EDX analysis. In addition, the amount of phosphorus detected was higher at 95°C than 

at 80°C, which is in line with the corresponding apparent adsorption results.  
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