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1. Abstract   

Building a fundamental understanding of the reactions between scale inhibitor (SI) and formation 

minerals is essential for effectively designing SI “squeeze” treatments. Results of bulk “apparent 

adsorption” (Γapp) experiments are presented for a widely used phosphonate SI, DETPMP, on 

calcite and dolomite mineral substrates. The apparent adsorption results are supported by (i) 

measuring the corresponding solution [Ca2+] and pH values in solution, (ii) studying the surface 

chemistry of the resulting SI/Ca precipitates using environmental scanning electron microscopy 

energy-dispersive X-ray (ESEM-EDX) analysis to identify the morphology/composition of the 

SI/Ca precipitates, and (iii) a detailed mass balance analysis, indicating the fate of the Ca2+ and 

the SI.   

Results revealed that DETPMP was dominantly retained by both calcite and dolomite by a 

precipitation mechanism (actually coupled adsorption/precipitation) for all initial pH values (pH0 

2, 4 and 6) and T = 95 °C, although a small region of pure adsorption (Γ) was observed at 

[DETPMP] < 100ppm.  Moreover, higher Γapp occurred on dolomite than on calcite for all initial 

pH0. This result is counterintuitive because it is well-known that calcite is much more reactive 

than dolomite. However, final equilibrium pH values are higher for dolomite compared with 

calcite. Thus, a higher pHfinal led to a more dissociated DETPMP and this effect had a greater 

effect on SI/Ca precipitation than the higher [Ca2+] by rock dissolution. EDX analysis confirmed 

scale-inhibitor phosphorus in the deposited solids, indicating coupled adsorption/precipitation. 

Supporting mass balance calculations correlated very well with our experimental observations, 

showing higher generated calcium in calcite than dolomite and less calcium generation at higher 

initial pH0 (lower rock dissolution).  Finally, an equilibrium mechanistic model describing the 



inhibitor dissociation, Ca-binding to the dissociated SI species and precipitation of the 

SI_Can complex, coupled to the carbonate system is proposed to qualitatively explain these 

experimental findings.    

2. Introduction 

Increase in the global production rate of hydrocarbons in recent years is strongly associated with 

the production of large quantities of formation brine1. This produced water is typically corrosive 

and tends to form mineral scale deposits2.  For example, calcium carbonate (CaCO3) and/or 

barium sulphate (BaSO4) may form and this constitutes a severe problem in the oil and gas 

industry3.  Scale formation can be initiated by the mixing of incompatible waters (e.g. barium 

sulphate, BaSO4) or by changes in temperature and pressure due to production from the well 

(e.g. calcium carbonate, CaCO3)4–10.  If a scale management programme is not properly 

implemented, serious problems such as near-well formation damage and production system 

blockages can be encountered, leading to reduced oil production and considerable additional 

operating expenditure11–18.  

The most common approach to the prevention of mineral scale deposition is through the 

application of chemical scale inhibitors (SI)19–21. Scale inhibitor solution may be injected at the 

wellhead or downhole if suitable injection lines are in place. However, in order to provide 

protection to the reservoir formation, near wellbore region and the downhole production tubing, 

a scale inhibitor “squeeze” treatment is commonly carried out.  The efficiency and success of a 

SI squeeze treatment depends upon the interaction of the SI with the rock minerals in the porous 

medium such that the SI is retained in and subsequently released from the reservoir rock 22–24. 

Adsorption is the common mechanism by which scale inhibitor is physically or chemically 

adsorbed on to the rock mineral surface within the porous medium. This process is affected by 

the surface charge of the formation minerals and nature of the inhibitor molecule used, as well 

as on other conditions such as temperature, salinity, divalent ion concentration etc.  This process 

is described by an adsorption isotherm, Γ(C), and several forms of this isotherm (e.g. Langmuir, 

Freundlich, etc.) have been shown to be adequate to describe the adsorption/desorption process 

for SIs in both the laboratory and in the field25–27. Precipitation (Π) occurs when the scale 

inhibitor molecule precipitates out of the solution because of the formation of an inhibitor/Ca 

complex.  This SI/Ca complex is a sparingly soluble salt, denoted SI_Can, where the n denotes 



the stoichiometry of the number of Ca to SI molecule. Previous publications have described and 

modelled this binding process and complex formation in some details for DETPMP and other 

phosphonates28,29. The formation of this precipitate is desirable in a squeeze treatment since it 

prolongs the squeeze lifetimes30,31.  

In previous works, we introduced the concept of “apparent adsorption”, which is denoted 

Γapp
26,27,32

. The apparent adsorption calculates the “missing” SI in this process as if it were all 

adsorption, although in reality it may either be pure adsorption (Γ) or coupled 

adsorption/precipitation (Γ/Π). The apparent adsorption, Γapp is calculated as follows: 

Γapp =  V (Co−Cf)
m

                                                                                                                        (1) 

where Γapp is in mg of SI/g of rock, C0 and Cf are initial and final concentrations of scale inhibitor 

(in mg/L – i.e. ppm in aqueous solution), m is mass of mineral substrate (in g) and V is the 

volume of SI solution (in L). When the Γapp is measured at different (m/V) ratios, then two types 

of observation can be made. As explained by Kahrwad et al.26, if only a pure SI adsorption (Γ) 

mechanism occurs, then results at different (m/V) ratios will simply “move along” the same 

curve, which is the adsorption isotherm, Γ(C).  Thus, in the case of pure adsorption (Γ), then the 

apparent adsorption, Γapp, is not a function of the m/V ratio.  However, if above a certain scale 

inhibitor concentration a precipitation mechanism occurs – thus giving us coupled adsorption 

precipitation (Γ/Π) 13. 

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

observations are not accurate enough to distinguish clearly between different models or indeed 

between different mechanisms. A detailed analysis of a given retention mechanism - for example 

pure adsorption or coupled adsorption and precipitation - requires careful laboratory experiments 

at the appropriate “field relevant” conditions33–36. Tantayakom et al. 37 studied a Ca-ATMP (a 

phosphonate scale inhibitor) precipitation in the presence of magnesium ion. They concluded 

that the molar ratio of divalent cations to ATMP molecules in the precipitate increased with 

increasing pH of the precipitating solution. In addition, they found that squeezing pH0 7 brines 

containing ATMP and high Ca ions would generate a desirable precipitated product, but 

precipitation would likely occur faster than desired. Kahrwad et al. 26  developed a model which 

shows the dependence on the (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 the dominant mechanism of DETPMP retention. Tantayakom et al.38 

investigated a kinetic study of ATMP precipitation in squeeze treatments. They concluded that 

at higher pH, more Ca−ATMP was precipitated; however, the precipitation was relatively fast 

and more likely in the vicinity of the wellbore, thereby reducing the effectiveness of the 

treatment. Ibrahim et al. 32 carried out static compatibility and coupled adsorption/precipitation 

experiments using two phosphonate scale inhibitors (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 [SI] concentrations whilst coupled adsorption/ 

precipitation occurs at high concentrations. Jarrahian et al. 27 conducted static adsorption 

experiments for two types of polymeric scale inhibitor on calcite and dolomite substrates. They 

concluded that for a Phosphino PolyCarboxylic Acid (PPCA), a low pH yielded higher apparent 

adsorption and that PPCA was retained more on calcite than on dolomite, whilst for a P-

functionalized co-polymer (PFC), the inhibitor was retained more on dolomite than on calcite. 

Kan et al. 39 have studied both the equilibrium and the kinetic aspects of phosphonate adsorption 

in the laboratory using beaker tests and sandstone core floods to understand further the DETPMP 

SI retention mechanism. They concluded that there are at least four mechanisms involved in 

inhibitor retention: (a) acid/base dissolution of the mineral surface; (b) adsorption to the surface, 

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

phase maturation towards a thermodynamically stable phase. Jarrahian et al.40 investigated the 

interaction between a Phosphate Ester SI (PAPE) and carbonate rocks (calcite and dolomite). 

They concluded that both pure adsorption (Γ) and coupled adsorption/ precipitation (Γ/Π) 

regimes were clearly observed for PAPE with a dolomite substrate at both initial adjusted pH 

values (pH0 4 and 6), whereas for the PAPE and calcite case at initial adjusted pH0 4, only pure 

adsorption was observed. In addition, the degree of apparent adsorption increased at higher pH 

for PAPE/calcite system. Finally, 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. Sorbie et al. 41 investigated 

the operational conditions on the retention of phosphonate scale inhibitors onto sandstone 

substrates. They found that scale inhibitor retention onto the sandstone rock increased at higher 



temperatures. Moreover, inhibitor adsorption onto the rock was lower at pH0 4 than at pH0 2 or 

pH0 6; when calcium ions exist. Finally, the adsorption of the phosphonate inhibitor reduced 

predictably as pH increased (at 25°C) without presence of Ca2+ ions. 

Previous experimental works have not included interaction of phosphonate SI with carbonate 

substrate due to higher reactivity of DETPMP and also the greater geochemically reactivity of 

carbonates, however, this type of inhibitor is still broadly used in oilfields. It is clear that 

understanding the main retention mechanism of phosphonate SIs in carbonate reservoirs would 

help us in using the inhibitor effectively for squeeze treatment and avoiding induced formation 

damage because of the formation of uncontrolled SI/Ca2+ complex around wellbore42.  

The aim of this study is to investigate dominant mechanisms governing the retention of DETPMP 

on two different carbonate substrates. This has been achieved by carrying out a range of static 

adsorption experiments where we plot the apparent adsorption, Γapp vs. Cf the final SI 

concentration as a function of (m/V) as described above to identify concentration regions when 

pure adsorption (Γ) occurs and where coupled adsorption/precipitation (Γ/Π) occurs27,32. The 

impact of initial pH and SI concentration on the apparent adsorption of DETPMP inhibitor on 

two carbonate minerals, calcite and dolomite, at T=95oC were studied.  DETPMP solution 

concentration can be measured straightforwardly because of the presence of readily detectable 

phosphorous (P) by Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES).  

All of the SI/Ca precipitates were studied using ESEM/EDX.  In addition, a mass balance 

calculation was carried out to establish how much calcium is generated in situ, how much 

calcium is involved in complexation/precipitation and how much calcium remained in the 

supernatant solution.  

3. Experimental Details 

3.1. Experimental Methodology 

The data presented are drawn from a series of static apparent adsorption (Γapp vs final 

[SI])/compatibility tests carried out at a typical reservoir temperature of 95oC for the initial 

solution pH values, pH0 2, 4 and 6. The basic steps in the procedure for the apparent adsorption 

experiment are as follows:  



1. Samples of carbonate substrates (dolomite or calcite) were measured and distributed into 

bottles (m = 5 or 10 g).  

2. A total of 40mL of the scale inhibitor solution ([DETPMP] = 0, 50, 100, 500, 800, 1000, 2000, 

and 4000 ppm) was added to the separate carbonate-containing bottle. The initial pH value of all 

stock solutions was adjusted to pH0 2, 4 and 6. The bottle cap was fastened and the bottle shaken.  

3. The bottles were then placed in a preheated oven at the appropriate temperature (T = 95°C).  

4. The bottle caps were checked for tightness after1hr and refastened if required.  

5. After 24 hrs, 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 hrs before the pH was 

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

chloride solution and then analysed by Inductively Coupled Plasma Optical Emission 

Spectroscopy (ICP-OES) for the ion concentrations of phosphorus, 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 analyse the surface of the calcite/dolomite grains and any bulk precipitate 

formed25,26.  

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 differences 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 a mineral substrate, the apparent adsorption of SI 

retained by the mineral, Γapp (in mg SI/g substrate), was calculated using the equation mentioned 

above (Equation 1)   

Γapp =  
V (Co − Cf)

m
 

 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)27,32. A schematic of the static adsorption and compatibility experiment is shown in Figure 

1. 

        

Figure 1. Schematic of Static Adsorption and Compatibility Experiment (reproduced from Jarrahian et al.25 with 

permission from American Chemical Society)  

 

3.2. Materials 

Scale Inhibitor (SI): The commercially available phosphonate scale inhibitor, Di-ethylene 

Tetra-amine Penta (methylene-phosphonic acid) or DETPMP, was used in this work. This SI is 

a commercial product widely used in oilfield applications25,34. Details of DETPMP are shown in 

Figure 2. 



 
 

Figure 2. Chemical Structure of DETPMP 
 

All SI solutions containing 50 ppm of lithium inert tracer (Li+) were prepared in NSSW and then 

pH adjusted to different initial values, i.e. pH0 2, 4 and 6, to evaluate the effect of initial pH on 

apparent adsorption. ICP-OES was used in this study for assaying the elements .e.g. P, Ca, Mg 

and Li etc25.  

Minerals: Moroccan Calcite and Skye Dolomite of size fraction (100-315𝜇𝜇𝜇𝜇) were supplied to 

study the retention of scale inhibitors onto these model carbonate mineral substrates. These 

minerals were supplied by UK Geology Company (UKGE).  These rocks were crushed and 

sieved down to the desired size fraction, before being washed with distilled water to remove any 

fines. Prior to use, the materials were allowed to air dry. Energy Dispersive X-Ray (EDX) 

analysis of these minerals confirmed the elements which exist in the crystal structure of the solid 

substrates, as shown and Table 1. 

Table 1. EDX signals of pure calcite and dolomite used in this work 
Element Pure calcite (weight 

%) 
Pure calcite (atomic 

%) Pure dolomite (weight %) Pure dolomite (atomic %) 

C 14 21 26 36 
O 57 66 52 53 
Ca 29 13 9 6 
Mg -- -- 13 5 

 

As shown in Table 1, the majority of elements detected by EDX analysis are calcium, oxygen, 

carbon and magnesium (in dolomite case only) implying that the substrates are mainly calcite 



and dolomite, respectively.  This analysis also shows that the formulae of the calcite and dolomite 

are approximately, CaCO3 and CaMg(CO3)2, respectively.  

These carbonate rocks, were further characterised by dissolving them in 100 ml of 10% HCl 

solution and the solutions were analysed by ICP-OES to determine cation concentrations 

(Ca2+and Mg2+) and the results are presented in Table 2.  

Table 2. Characterisation of carbonate substrates by dissolving in HCl 
    

Carbonate 
Type 

Calcium 
(mole) 

Magnesium 
(mole) 

Mg/Ca 
Ratio    

Calcite 9x10-6 3x10-9 3.3x10-4    
Dolomite 4.84x10-6 5.44x10-6 1.12    

 

As shown in Table 2, the magnesium to calcium ratio in Skye dolomite is ~1 which confirms the 

generic chemical formulation of dolomite (CaMg(CO3)2) and for calcite, the ratio is very low 

(3.34x10-4) which confirms the calcite substrate structure as CaCO3. These EDX results show 

good consistency with the acid test results. 

Brine: Table 3 gives the composition of the synthetic brine North Sea seawater (NSSW) used.  

Lithium (Li+) was included as an inert tracer to allow any evaporation to be determined if it 

occurred in the static adsorption and compatibility tests27,32. All the salts used in the preparation 

of the NSSW were obtained from VWR international Company.  

Table 3. Synthetic North Sea Seawater Water Composition (NSSW) 
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 - - 

 

 



3.3. Analytical Methods 

Inductively Coupled Plasma- Optimal Emission Spectrometer (ICP- OES): ICP-OES was 

used to analyse for the specific ions of interest (phosphorus, calcium, magnesium and lithium) 

in the supernatant, before and after filtration. The specific ICP-OES used was a Thermofisher 

dual view iCAP 6500. 

Environmental Scanning Electron Microscopy - Energy Dispersive X-Ray (ESEM-EDX):  

ESEM-EDX analysis was used to examine the surface of the crushed calcite/dolomite both 

before and after the apparent adsorption experiments32,43.  This was performed to investigate the 

possible 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 more as a bulk 

precipitate. Therefore, after filtration, all the filter papers containing calcite/dolomite substrate 

and (in some cases) the precipitated complex for each of the SI concentrations tested were dried 

and examined by ESEM-EDX analysis.  For this study, a Philips XL30 Environmental Scanning 

Electron Microscope (ESEM), with an Oxford Instruments cryo-stage, and an EDX energy 

dispersive x-ray detector (EDX) was used for the analysis. 

4.  Mass Balance Analysis  

Here, we present the mass balance equations to understand the DETPMP /carbonate rock 

interactions analytically and calculate (a) how much Ca2+ is generated in situ through carbonate 

dissolution, (b) how much calcium is involved in SI/Ca2+ complexation/precipitate, and (c) how 

much calcium remains in the supernatant solution.  This approach has not been reported 

previously in work on precipitating scale inhibitor systems.  

Figure 3 shows a schematic of the mass balances occurring in an apparent adsorption experiment. 

Figure 3(a) shows the initial situation at time, 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 (as t  ∞) is 

shown in Figure 3(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 DETPM)) has formed and is denoted by Π and the final mass 



of carbonate substrate is denoted 𝜇𝜇′.  Note that precipitation Π is in units of moles (or mass) per 

unit volume of liquid.  Since some carbonate mineral dissolution has occurred then, 𝜇𝜇′ < 𝜇𝜇.  In 

addition, there may be some actual SI adsorption on the carbonate substrate which we denote 

Γ, but we will show by direct measurement that this level is very small.  By definition, apparent 

adsorption is given as follows in the notation above as:   

Γ𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑉𝑉 (𝐶𝐶1,𝑜𝑜−𝐶𝐶1,𝑓𝑓)
𝑚𝑚

                                                                                                                                    (2) 

 The full physico-chemical description of the process is shown in Figure 3(b) and hence, we may 

write this same quantity, Γ𝑎𝑎𝑎𝑎𝑎𝑎, as: 

Γ𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑚𝑚
′.Γ+V.Π
𝑚𝑚

                                                                                                                                        (3) 

Since Γ is actually very small and (𝑚𝑚
′

𝑚𝑚
= 0.99), then Γ𝑎𝑎𝑎𝑎𝑎𝑎 ≈ �𝑉𝑉

𝑚𝑚
� .Π  to a very good 

approximation.  

The mass balance for calcium can now be written as follows, where the initial total mass of Ca, 

𝑀𝑀𝐶𝐶𝑎𝑎,𝑇𝑇, is given by (see Figure 3(a)): 

𝑀𝑀𝐶𝐶𝑎𝑎,𝑇𝑇 = 𝑉𝑉.𝐶𝐶1,0 + 𝑓𝑓𝐶𝐶𝑎𝑎,1.𝜇𝜇                                                                                                            (4) 

where 𝑓𝑓𝐶𝐶𝑎𝑎,1 is the mass fraction of Ca in the carbonate substrate (e.g. for CaCO3, the 𝑓𝑓𝐶𝐶𝑎𝑎,1= 

0.407). The mass balance for total calcium at equilibrium is as follows: 

 𝑀𝑀𝐶𝐶𝑎𝑎,𝑇𝑇 = 𝑉𝑉.𝐶𝐶1,𝑓𝑓 + 𝑓𝑓𝐶𝐶𝑎𝑎,2. Γ𝑎𝑎𝑎𝑎𝑎𝑎.𝜇𝜇 + 𝑓𝑓𝐶𝐶𝑎𝑎,1.𝜇𝜇′                                                                                   (5) 

where 𝑓𝑓𝐶𝐶𝑎𝑎,2 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.28,29,31 and this quantity can be calculated (see below). 

The expressions in equation (4) and (5) for the total amount of calcium, 𝑀𝑀𝐶𝐶𝑎𝑎,𝑇𝑇 , are the same 

quantity and hence:  

𝑉𝑉.𝐶𝐶1,0 + 𝑓𝑓𝐶𝐶𝑎𝑎,1.𝜇𝜇 = 𝑉𝑉.𝐶𝐶1,𝑓𝑓 + 𝑓𝑓𝐶𝐶𝑎𝑎,2. Γ𝑎𝑎𝑎𝑎𝑎𝑎.𝜇𝜇 + 𝑓𝑓𝐶𝐶𝑎𝑎,1.𝜇𝜇′                                                                

(6)                                  



and this can be rearranged to:  

𝑓𝑓𝐶𝐶𝑎𝑎,1. (𝜇𝜇−𝜇𝜇′) = 𝑉𝑉. �𝐶𝐶1,𝑓𝑓 − 𝐶𝐶1,0� + 𝑓𝑓𝐶𝐶𝑎𝑎,2. Γ𝑎𝑎𝑎𝑎𝑎𝑎.𝜇𝜇                                                                        (7) 

The quantity on the left hand side (LHS) above is clearly the mass of calcium dissolution from 

the carbonate substrate, 𝑀𝑀𝐶𝐶𝑎𝑎,𝐷𝐷. Thus, the quantity (𝑀𝑀𝐶𝐶𝑎𝑎,𝐷𝐷 = 𝑉𝑉. �𝐶𝐶1,𝑓𝑓 − 𝐶𝐶1,0� + 𝑓𝑓𝐶𝐶𝑎𝑎,2. Γ𝑎𝑎𝑎𝑎𝑎𝑎.𝜇𝜇) can 

be calculated from measured quantities if 𝑓𝑓𝐶𝐶𝑎𝑎,2 can be obtained. The related quantity of the mass 

of calcium in both the precipitate and the solution, 𝑀𝑀𝐶𝐶𝑎𝑎,𝑃𝑃, is given by: 

𝑀𝑀𝐶𝐶𝑎𝑎,𝑃𝑃 =  𝑉𝑉.𝐶𝐶1,𝑓𝑓 + 𝑓𝑓𝐶𝐶𝑎𝑎,2.Γ𝑎𝑎𝑎𝑎𝑎𝑎.𝜇𝜇                                                                                                        (8) 

And clearly the quantities 𝑀𝑀𝐶𝐶𝑎𝑎,𝐷𝐷 and 𝑀𝑀𝐶𝐶𝑎𝑎,𝑃𝑃 are related by:  

 𝑀𝑀𝐶𝐶𝑎𝑎,𝐷𝐷 = 𝑀𝑀𝐶𝐶𝑎𝑎,𝑃𝑃 −   𝑉𝑉.𝐶𝐶1,0                                                                                                                                                                       (9) 

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 (𝑉𝑉.𝐶𝐶1,0).   To calculate the 𝑓𝑓𝐶𝐶𝑎𝑎,2, we use a combination of 

experimental data suggested by the model developed by Silva et al44, as shown in Figure 4. 

 
Figure 3. Schematic of Scale Inhibitor/ Rock system a) before precipitation b) after precipitation 
 
 



 
Figure 4. Match between experimental and modelling results for stoichiometry of Ca2+ involved in complexation 

with DETPMP as a function of the final pH (Adapted from Silva et al.44 with permission from The Royal Society 

of Chemistry)  

We will present the mass balance results in the results and discussion section, following a 

description of the experimental results.  

5. Results and Discussion   

5.1. Apparent Adsorption of DETPMP on Moroccan Calcite and Skye Dolomite:  

Γapp vs. Cf Results: In this section, we present the results of the static coupled 

adsorption/precipitation (Γ/Π) experiments, which we have referred to as “apparent adsorption” 

experiments.  Here, we plot Γapp vs. Cf the final concentration of SI in solution in the manner of 

a “normal” adsorption isotherm.   Figures 5(a), 5(b) and 5(c) show the apparent adsorption level 

vs. final SI concentration of scale inhibitor for two different masses (m = 5g and 10g) of calcite 

and dolomite as a function of the final scale inhibitor concentration (Γapp vs. Cf) in synthetic 

NSSW for initial pH0 2, 4 and 6 at T= 95°C, respectively.  
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Figure 5. 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 
 
The results in these figures clearly show regions of both pure adsorption (Γ) and coupled 

adsorption/precipitation (Γ/Π) at different DETPMP concentrations regardless of the type of 

substrate and initial pH value. DETPMP in NSSW shows pure adsorption behaviour up to 

[DETPMP] ~100 ppm 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 

normal lower adsorption levels of 0-0.4 (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.   

Therefore, in terms of a field application of DETPMP in a reservoir with any carbonate 

mineralogy, then applying this SI at any application pH would result in an extensive region of 

coupled adsorption/precipitation (Γ/Π), but it is mainly precipitation (Π). 

DETPMP/dolomite and DETPMP/calcite systems both qualitatively show very similar trends in 

apparent adsorption. However, there are some quantitative differences between these two 
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systems, in that the apparent adsorption of DETPMP is higher for the dolomite system than for 

the calcite system. This is actually quite surprising, since it is well known that calcite is rather 

more chemically reactive than dolomite.  This result has been repeated at our laboratory and has 

been reproduced several times on the Moroccan calcite and Skye dolomite samples used in this 

work13,25.  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, corresponding to the apparent adsorption result in 

Figure 5, are presented in Figures 6(a), 6(b) and 6(c).  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 (Figures 6(a) and 

6(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 6(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 

mineral25,31.  

Figures 6(a), 6(b) and 6(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 Figures 5(a), 5(b) and 5(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. At DETPMP concentrations of ~100ppm, the retention regime 

changes from pure adsorption (Γ) to coupled adsorption/ precipitation (Γ/Π), and we observe 

that the pH decreases sharply13,25. This is obviously associated with the precipitation process and 

this will be explained below.  The detailed results for pHf in Figures 6(a), 6(b) and 6(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 solutions13. For the DETPMP/calcite system, then for 



pH0 2, the pH goes from pHf 7.5 (brine only) down to pHf ~5 as 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, then for pH0 2, the pH goes from pHf ~8.2 

(brine only) down to pHf ~6 as 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 6. 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 and T = 95°C 
 
 
Final Calcium Concentrations, [Ca2+]f:  For all of the apparent adsorption vs. Cf measurements 

(in Figure 5), the final levels of solution calcium ion concentrations, [Ca2+]f, have been measured 

by ICP-OES. These calcium results are presented as normalised concentrations, i.e. ([Ca2+]f 

/[Ca2+]0) in Figures 7(a), 7(b) and 7(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 

Figures 7(a) and 7(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 7(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)25,31.  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 reactive13.  Most calcite dissolution is, as expected, observed in the pH0 2 case in 

Figure 7(a) where the normalised calcium level reaches ([Ca2+]f /[Ca2+]0) ≈ 1.6 (~680 ppm); for 

0

1

2

3

4

5

6

7

8

9

0 200 400 600 800 1000 1200

pH

Final [SI], ppm

Initial Adjusted pH
0 g Dolomite, pH6
5 g Dolomite, pH6
10 g Dolomite, pH6
0 g Calcite, pH6
5 g Calcite, pH6
10 g Calcite, pH6

DolomiteCalcite

(c) pH0 6

7

7.5

8

8.5

0 50 100



the DETPMP/calcite it is also found that the final ([Ca2+]f /[Ca2+]0) ≈ 1.2 for pH0  4 and ≈ 1.05 

for pH0  645.  In contrast, the dolomite behaviour is rather different.  Only in the pH0 2 case, for 

lower values of DETPMP concentration do we see normalised calcium > 1; in fact it is ~1.3 – 

1.4 for DETPMP at values of 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 Ca2+ from the carbonate rocks and some of the initial solution 

calcium from the system13.  This will be quantified and demonstrated further in the mass balance 

calculation presented below.   

 

 

 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 1000 2000 3000 4000 5000

C
/C

0 
C

a2
+

Final [SI], ppm

0 g Dolomite, pH2
5 g Dolomite, pH2
10 g Dolomite, pH2
0 g Calcite, pH2
5 g Calcite, pH2
10 g Calcite, pH2

Dolomite
Calcite

(a) pH0 2

0
0.5

1
1.5

2

0 50 100



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Comparison of C/Co Ca2+ for DETPMP onto two masses (m = 5g and 10g) of calcite and dolomite at (a) 
pH0 2 (b) pH0 4 (c) pH0 6 and T = 95°C 
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5.2. ESEM/EDX Analysis for DETPMP-Dolomite and DETPMP-Calcite Systems 

After 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 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 precipitate27,32.  

Figure 9 and Tables 4 and 5 present ESEM/EDX results for the DETPMP/calcite system, and 

Figure 10 and Tables 6 and 7 present the ESEM/EDX results for the DETPMP/dolomite system.   

               

                                 

(a) (b) 

(c) (d) 



                                    

  
 
Figure 9. Morphology of calcite grains and precipitate at 4000 ppm from ESEM photographed samples a) 4000 ppm 
DETPMP (pH0 2) b) bulk precipitate at 4000 ppm (pH0 2) c) 4000 ppm DETPMP (pH0 4) d) bulk precipitate at 4000 
ppm (pH0 4) e) 4000 ppm DETPMP (pH0 6) f) bulk precipitate at 4000 ppm (pH0 6) g) Bulk Precipitate, Compatibility 
test, 4000 ppm DETPMP (pH0 6) 
 

 
Table 4. EDX analysis of 4000 ppm DETPMP for 100-315 µm calcite at pH0 2 and 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)  

 



Table 5. EDX analysis of 4000 ppm DETPMP for 100-315 µm 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 9 and Tables 4 and 5 for the DETPMP results at pH0 4 and 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 Figures 9(a) and 9(b) and Table 4 

(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 9(a), Table 4).  This 

amount is possibly some of the SI/Ca precipitate adhering to the calcite surface or is part of the 

adsorbed SI.  However, 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 Figures 9(a) and 9(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 and 4)13,31.  Hence, a similar quantity of phosphorous is detected at 4000 ppm 

in the compatibility test (~18% by weight; see Figure 9(g)) which is similar to the phosphorus 

detected in the adsorption test (~ 18% by weight) (Figure 9(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 results32. 



                   

                             

                           

(a) (b) 

(c) (d) 

(e) (f) 



 
 
Figure 10. Morphology of dolomite grains and precipitate at 4000 ppm from ESEM photographed samples a) 4000 
ppm DETPMP (pH0 2) b) bulk precipitate at 4000 ppm (pH0 2) c) 4000 ppm DETPMP (pH0=4) d) bulk precipitate at 
4000 ppm (pH0 4) e) 4000 ppm DETPMP (pH0 6) f) bulk precipitate at 4000 ppm (pH0 6) g) Bulk Precipitate, 
Compatibility test, 4000 ppm DETPMP (pH0 6) 

 

Table 6. EDX analysis of 4000 ppm DETPMP for 100-315 µm dolomite at pH0 2 and 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 7. 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 
P 6 3 21 16 25 16 

Mg 2 1 7 5 8 5 
Ca 13 6 33 21 13 8 

 

As shown in Figure 10 and Tables 6 and 7 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) 

(g) Compatibility test (NO MINERAL)  



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 and 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 and 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 and 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 above13,25. 

Before we move on the mass balance results, we have summarised all experimental findings. 

The detailed observations for apparent adsorption, the corresponding final pH and normalized 

[Ca2+] behaviour, and the ESEM/EDX results are summarized in the Table 8. 

 
Table 8. Summary of Apparent Adsorption, the Corresponding Final pH values and normalized [Ca2+] 

Observations, and the ESEM/EDX Results from the Experiments 

Observations on Apparent Adsorption Level, Both Calcite and Dolomite (Γapp Results for m=5 g at Highest Scale Inhibitor 
Concentration 

Scale Inhibitor Calcite, 
pH0 =2 

Dolomite, 
pH0 =2 

Calcite, 
pH0 =4 

Dolomite, 
pH0 =4 

Calcite, 
pH0 =6 

Dolomite, 
pH0 =6 

Note 

DETPMP 19.1 24.2 19.4 24.4 22.5 25.3 Γapp dolomite > calcite 
Observations on Final pH (higher concentration; m= 5 to 10 g) 

Scale Inhibitor Calcite, 
pH0 =2 

Dolomite, 
pH0 =2 

Calcite, 
pH0 =4 

Dolomite, 
pH0 =4 

Calcite, 
pH0 =6 

Dolomite, 
pH0 =6 

Note 

DETPMP 5.1- 
5.52 

6.45- 
6.74 

5.76- 
5.85 

~ 6.7 5.74- 
6.07 

7.16- 
7.44 

Final pH dolomite > calcite 

Observations on Final normal [Ca2+] (higher concentration; m= 5 to 10 g) 
Scale Inhibitor Calcite, 

pH0 =2 
Dolomite, 

pH0 =2 
Calcite, 
pH0 =4 

Dolomite, 
pH0 =4 

Calcite, 
pH0 =6 

Dolomite, 
pH0 =6 

Note 

DETPMP 1.82- 
1.58 

0.89- 
0.98 

~ 1.2 0.64- 
0.68 

1- 
1.04 

0.86- 
0.89 

Final normal [Ca2+] calcite > dolomite 

Observations on ESEM/EDX  
ESEM EDX 

Mostly separate precipitate, but very small 
amounts seen adhering to calcite and dolomite 

Much phosphorus (P) in DETPMP precipitate in particular; some P on 
surface 

 



5.3. Mass Balance Results 

The mass balance approach presented in section 4 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 11 for calcite and in Figure 12 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 11), and for 

dolomite they are given up to 4000ppm (Figure 12); 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 

chelation/complexation)45.  Relatively more Ca dissolution occurs for calcite than dolomite, 

which is best seen by comparing the initial [DETPMP] = 2000ppm results in Figures 11 and 12; 

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, the rock Ca dissolution 

amounts are quite similar for both calcite and dolomite at the other initial values of pH0 4 and 6. 

 
 

Figure 11. Average Calcium Generated from Calcite Dissolution Results; the extremes of the error bars are the m 
= 5g and 10g (duplicate) experiments  
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Figure 12. Average Calcium Generated from Dolomite Dissolution Results; the extremes of the error bars are the 
m = 5g and 10g (duplicate) experiments  

 

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.  Figures 13 and 14 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 has yet 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 SI concentration increases and this quantity (and the 

proportion of the total Ca in the precipitate) also increases as pH0 increases28,31. Plotting the 

results in this way highlights the fact that more calcium is observed in the precipitate in the 

dolomite case (Figure 14) compared with the calcite case (Figure 13), which is completely 

consistent with the direct apparent adsorption results (Γapp) themselves. 
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Figure 13. Calcium in Precipitation (PPT) and Solution Results in DETPMP/Calcite System 
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Figure 14. Calcium in Precipitation (PPT) and Solution Results in DETPMP/Dolomite System 
 

6. Description and Explanation of the Observed Apparent Adsorption Results 

6.1. The Chemical System 

The DETPMP/carbonate system in the experiments reported in this work is governed by 3 main 

chemical processes, as follows:   

(i) DETPMP as a weak poly-acid:  Phosphonate scale inhibitors dissociate like weak 

poly-acid, where DETPMP can be considered as the weak poly-acid, H10A.  The 

process can be viewed as the successive dissociation shown in Figure 15:  
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                                             Figure 15. Speciation of DETPMP (H10A) with pH 
 

As shown in Figure 15, 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 values27,46,47; 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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(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 which is sparingly soluble and may precipitate. The stoichiometry is 

described by the n, which is the ratio of Ca ions to DETPMP molecules.   The 

0

10

20

30

40

50

60

70

80

90

100

0 2 4 6 8 10 12 14

%
 A

ci
d 

ds
so

ci
at

ed

pH 

H10A

H9A-

H8A2-

H7A-3

H6A-4

H5A-5

H4A-6

H3A-7

H2A-8

HA-9

A-10



complexation process of SI with divalent cations (mainly Ca2+) is described as 

follows:     

𝑪𝑪𝑪𝑪𝟐𝟐+ +  �
𝟐𝟐
𝒊𝒊
�𝑯𝑯𝒏𝒏−𝟏𝟏𝑨𝑨−𝒊𝒊 →  𝑪𝑪𝑪𝑪𝟐𝟐+[𝑯𝑯𝒏𝒏−𝟏𝟏𝑨𝑨−𝒊𝒊]�𝟐𝟐𝒊𝒊�

                                 𝒊𝒊 = 𝟏𝟏,𝟐𝟐, … . ,𝒏𝒏 

𝑴𝑴𝑴𝑴𝟐𝟐+ +  �
𝟐𝟐
𝒊𝒊
�𝑯𝑯𝒏𝒏−𝟏𝟏𝑨𝑨−𝒊𝒊 →  𝑴𝑴𝑴𝑴𝟐𝟐+[𝑯𝑯𝒏𝒏−𝟏𝟏𝑨𝑨−𝒊𝒊]�𝟐𝟐𝒊𝒊�

                                 𝒊𝒊 = 𝟏𝟏,𝟐𝟐, … . ,𝒏𝒏 

This has been observed directly for many phosphonate SIs and has been reported 

previously.28,29,45,48 

(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:  

𝑪𝑪𝑪𝑪𝟐𝟐 + 𝑯𝑯𝟐𝟐𝑪𝑪 → 𝑯𝑯𝑪𝑪𝑪𝑪𝟑𝟑
− + 𝑯𝑯+ 

𝑯𝑯𝑪𝑪𝑪𝑪𝟑𝟑
− → 𝑪𝑪𝑪𝑪𝟑𝟑

𝟐𝟐− + 𝑯𝑯+ 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟑𝟑 (𝒔𝒔) → 𝑪𝑪𝑪𝑪𝟐𝟐+ + 𝑪𝑪𝑪𝑪𝟑𝟑
𝟐𝟐− 

𝑪𝑪𝑪𝑪𝑴𝑴𝑴𝑴(𝑪𝑪𝑪𝑪𝟑𝟑)𝟐𝟐 (𝒔𝒔) → 𝑪𝑪𝑪𝑪𝟐𝟐+ + 𝑴𝑴𝑴𝑴𝟐𝟐+ + 𝟐𝟐𝑪𝑪𝑪𝑪𝟑𝟑
𝟐𝟐− 

𝑯𝑯𝟐𝟐𝑪𝑪 → 𝑪𝑪𝑯𝑯− + 𝑯𝑯+ 

Describing this overall process requires a coupled set of equilibrium equation representing each 

process, and such a model is described in Silva et al44. 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.  However, an outline 

mechanistic schematic of the coupled processes involved in the carbonate/SI/Ca/Mg system is 

presented in Figure 16. This figure shows a schematic of the various processes involved in the 

following coupled systems (i) carbonate mineral (calcite - CaCO3, dolomite - CaMg(CO3)2), (ii) 

aqueous solution (CO2, HCO3
-, CO3

2-, Ca2+, Mg2+, H+/ OH-  +  SI (weak polyacid, H10A), 

Complex SI_Can  (Mg), (iii) SI/mineral interactions -  Adsorption (Γ) or coupled Adsorption/ 

Precipitation (Γ/(Π).  We believe that, this mechanistic view, qualitatively explains all of the 



observations in this paper, and work is ongoing to develop a quantitative model for the complex 

fluid/rock/SI system44.   

 

Figure 16. A mechanistic schematics of Scale Inhibitor Retention in Carbonate Formations 
 

6.2. Analysis of the Key Observations 

We now consider the apparent adsorption experiments reported in this work in light of the 

mechanistic chemical system described immediately above.  That is, we wish to explain the 

observed Γapp vs. Cf results using the supporting measurements of the pHf and [Ca2+] f  which we 

have for all Γapp experiments.   As noted above, the ideal case would be to model the complete 

system in a rigorous manner and reproduce all the results quantitatively.  Here we will consider 

just two key observations which we will explain qualitatively; these are as follows: 

(1) System Behaviour:  That the qualitative behaviour of the calcite and dolomite systems 

are very similar in terms of the Γapp vs. Cf  results for each and the related behaviour of 

the pHf and [Ca2+]f. 

(2) Calcite vs. Dolomite  Γapp:  That the Γapp 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 

as 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 (P); it may 

adsorb to some degree also, but we have shown that this certainly occurs but makes a smaller 

quantitative  contribution, (v) the resulting pH changes – linked to the carbonate system - 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 two 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 Γapp is higher for dolomite.  In 

fact, answering the question immediately above also explains why we see the higher Γapp 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 6, the final pHf was higher 

for dolomite than for calcite, but results in Figure 7 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. 

7. Summary and Conclusions  

The bulk “apparent adsorption” behaviour (Γapp vs. Cf,) of 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 performed for DETPMP 

in North Sea Seawater (NSSW) brine at T = 95oC.   In addition to measuring Γapp 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 measurements 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 constants. (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 is 

presented based on this view.     

The specific conclusions from this work are as follows: 

1. Regions of both pure adsorption (Γ) and coupled adsorption precipitation (Γ/Π) are 

clearly observed for DETPMP on both calcite and dolomite substrates.  Pure adsorption 

(Γ) is observed in the very low SI concentration region ([𝑆𝑆𝑆𝑆] ≤ 100 𝑝𝑝𝑝𝑝𝜇𝜇) 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, [SI] >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).  

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 (Γ/Π) 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 Γapp resulting in a lower final Ca2+ 

level. Indeed, this result 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 complex27.  

 

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 Γ/Π occurred and these increase as 

Γapp (precipitation) increases.  Very little P was detected directly on the calcite or 

dolomite grain surfaces although traces were sometimes seen.  No evidence was observed 

of any “coating” or “poisoning” of the SI/Ca complex on the calcite or dolomite grains.   

Thus, the DETPMP/Ca complex precipitation was 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 the calcite/DETPMP system is higher 

than in the dolomite/DETPMP system. Also, the calcium extent of complexation in the 

dolomite/DETPMP system is higher than in the calcite/DETPMP system; this extent 

relates to the stoichiometry, n, in the DETPMP_Can complex.   

 

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 

explain these experimental findings.   

 

 



8. Implications of These Findings for Industry 

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

carbonate reservoirs because of their substantial chemical reactivity with the SI. This in turn 

might potentially lead to uncontrolled SI precipitation and induced formation damage. This work 

takes a systematic approach to understanding the retention mechanisms of a phosphonate SI 

(DETPMP) in carbonate formations with respect to the detailed carbonate-formation mineralogy 

and reservoir conditions (the solution pH) in the absence of oil. As a consequence, longer squeeze 

lifetimes and improved efficiency of the phosphonate SI deployment in carbonate reservoirs can 

be achieved. In addition, this study provides valuable data for validating models of the 

SI/carbonate/Ca/Mg system that can be incorporated into squeeze design simulations.  

 

9. Future Work 
 Potential areas for future work on SI retention in carbonate systems are as follows: 

 

1. Quantitative modelling of the DETPMP/calcite and DETPMP/dolomite systems should be 

carried out in order to understand the quantitative observations between these.   This is currently 

a priority within the FAST research program.  

 

2. Dynamic flow experiments could be performed in carbonate packs in limited numbers such as 

in calcite and dolomite substrates for DETPMP and a polymeric scale inhibitor widely used in 

the oilfield application such as PPCA in order to assess the dynamic effects of the (Γ/Π) 

observations described here.  

 

10. Nomenclature  
C = concentration, ppm 

C/C0 [Ca2+] = normalized divalent cation concentration, ppm  

C0 = initial concentration, ppm  

Cf = final concentration, ppm 

C1,0 = Initial Ca2+ concentration, ppm  



C2,0 = Initial DETPMP concentration, ppm 

C1,f  = Final Ca2+ concentration, ppm  

C2,f = Final DETPMP concentration, ppm  

m = Initial mass of carbonate substrate (before SI_Can precipitation forms), g 

m' = Final mass of carbonate substrate (after SI_Can precipitation forms), g 

𝑓𝑓𝐶𝐶𝑎𝑎,1= the mass fraction of Ca2+ in the carbonate substrate (before SI_Can precipitation forms) 

𝑓𝑓𝐶𝐶𝑎𝑎,2 = the mass fraction of Ca2+ in the SI_Can precipitation complex. 

m/V = mass volume ratio, g/ml 

M2+ = divalent cation such as Ca2+, Mg2+ 

T = temperature, oC  

V = volume, ml 

 Γ = pure adsorption, mg/g 

 Γapp = apparent adsorption, mg/g 

Π = precipitation, mg/g  
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Synopsis: 

The current work is focused on the results of bulk “apparent adsorption” (Γapp) experiments for a widely 

used phosphonate Scale Inhibitor (SI), DETPMP, on calcite and dolomite mineral substrates. The 

apparent adsorption results are supported by (i) measuring the corresponding solution [Ca2+] and pH 

values in solution, (ii) studying the surface chemistry of the resulting SI/Ca precipitates using 

environmental scanning electron microscopy energy-dispersive X-ray (ESEM-EDX) analysis to identify 

the morphology/composition of the SI/Ca precipitates, and (iii) a detailed mass balance analysis, 

indicating the fate of the Ca2+ and the SI.  
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