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Abstract 
 

Surface facilities including tubing and valves at the oilfield have been plagued 

by mineral scale deposits, which are constitute of calcium carbonate (CaCO3). 

Penta-potassium diethylenetriaminepentaacetic acid salt (DTPA-K5) has a higher 

affinity for the metal cations complexes during the chelation process. The eight 

complexing sites (five carboxylate and three amines) empower the metal ion 

interactions. This work investigated the molecular dynamics simulations between 

the DTPA-K5 with the calcium carbonate, CaCO3 scale. The interaction was 

performed through molecular dynamic (MD) simulation using condensed phase 

optimised molecular potentials for atomistic simulation studies (COMPASS) force 

field and the Ewald summation method in Material Studio. The simulation 

trajectory files examined the intermolecular interactions for radial distribution 

function (RDF). The simulation shows strong DTPA-K5 with calcium interactions, 

which revealed the metal ion complexes contributing to the chelation process 

through the reactive carboxylic and amine functional groups, which were O7 == 

Ca at radius, r, 2.25 Å with g(r) of 10.09 and N1 -- Ca at radius, r, 2.25 Å with g(r) 

2.51. 

 

Keywords: Chelating agent, COMPASS, molecular dynamic simulation, calcium 

carbonate, radial distribution function 

 

Abstrak 
 

Kemudahan permukaan termasuk tiub dan injap di medan minyak telah 

dibelenggu oleh mendapan skala mineral, yang merupakan kalsium karbonat 

(CaCO3). Garam asid penta-kalium diethylenetriaminepentaacetic (DTPA-K5) 

mempunyai pertalian yang lebih tinggi untuk kompleks kation logam semasa 

proses pengkelatan. Lapan tapak kompleks (lima karboksilat dan tiga amina) 

memperkasakan interaksi ion logam. Kerja ini menyiasat simulasi dinamik molekul 

antara DTPA-K5 dengan kalsium karbonat, skala CaCO3. Interaksi dilakukan 

melalui simulasi dinamik molekul (MD) menggunakan potensi molekul 

dioptimumkan fasa terkondensasi untuk medan daya kajian simulasi atom 

(COMPASS) dan kaedah penjumlahan Ewald dalam Material Studio. Fail 

trajektori simulasi memeriksa interaksi antara molekul untuk fungsi pengedaran 

jejari (RDF). Simulasi menunjukkan DTPA-K5 yang kuat dengan interaksi kalsium, 

yang mendedahkan kompleks ion logam yang menyumbang kepada proses 
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pengkelatan melalui kumpulan berfungsi karboksilik dan amina reaktif, iaitu O7 

== Ca pada jejari, r, 2.25 Å dengan g(r) sebanyak 10.09 dan N1 -- Ca pada jejari, 

r, 2.25 Å dengan g(r) 2.51. 

 

Kata kunci: Agen pengkelatan, COMPASS, simulasi dinamik molekul, kalsium 

karbonat, fungsi taburan jejari 

© 2023 Penerbit UTM Press. All rights reserved 

  

 

 

1.0 INTRODUCTION 
 

Chemical scale accumulation of insoluble mineral 

salts on water pipeline equipment is a significant 

problem in the oil field. The mineral deposits can be 

barium sulfate, calcium carbonate, calcium sulfate, 

iron sulfide and strontium sulfate contributing to faults 

inflow restriction, equipment wear, costly repair, and 

maintenance interruptions, thus decreasing the 

efficiency of chemical processing production [1, 2]. 

In oilfield chemical treatments, chelating agents 

are chemicals used to regulate uncontrolled metal 

ion reactions from recombination and lead to 

precipitation [3,4]. Ethylenediaminetetraacetic acid 

(EDTA) and glutamic acid diacetic acid (GLDA)] 

have replaced conventional acids, such as 

hydrochloric acid (HCl), hydrofluoric acid (HF), and 

organic acids, at high temperature and salinity 

conditions to stimulate carbonate and sandstone 

reservoirs without any side effects on the formation 

integrity. Diethylenetriaminepentaacetic acid (DTPA) 

and GLDA are effective in removing different types 

of scales, such as carbonate, sulfate, and sulfides 

and have the advantages for not releasing hydrogen 

sulfide (H2S) and using corrosion inhibitors [5]. Penta-

potassium salt diethylenetriaminepentaacetic acid 

(DTPA-K5) is a polyaminocarboxylic acid (PACA) with 

five carboxylic groups and three amines chelating 

agents used for removing different types of solid 

scale in the petroleum industry application [6, 7]. The 

scale-dissolution activity necessitates creating 

complex formations with metal ions to obtain water-

soluble and reasonably stable combinations. DTPA 

was formulated in the addition of oxalic acid, tannic 

acid, non-ionic surfactant, and water as a dissolver 

for real barium scale sample demonstrated 

efficiency of 71-77% at 35°C and 78-91% at 90°C 

dissolution efficiency, respectively [8]. A study 

highlighted the best condition for the BaSO4 scale to 

dissolve was at 80°C and a longer contact time of 48 

hours to prolong the dissolution time of the solid scale 

[9]. 20 wt.% of DTPA and 6 wt.% potassium 

carbonates, K2CO3 are exposed to both CaCO3 and 

BaSO4 scales. The affinity result of DTPA is higher to 

calcium compared to barium which solubility of 

BaSO4 is getting low in DTPA and K2CO3 in comparison  

to CaCO3 [10].  

In a real scale sample calcium (Ca2+) was 

detected in the precipitated silica sand from oil well. 

Other chemical elements such Al, Fe and O also 

were detected [11]. This suggests the complexity of 

metal elements formed in the solid scale of an oil 

well. This is one motivation for this work to understand 

the knowledge gap of chelating agents that would 

interact with CaCO3 solid scale at molecular scale as 

one of the most chemical elements present in oil well 

scale.  

The functional groups play a vital role by enabling 

circular free metal ion interaction (chelation), 

forming a high stability ring-like structure [12]. These 

ligands were deprotonated at the highest pH values 

using hydroxide salt and water [13, 14]. Glutamic 

acid hydrochloride, which is water-soluble, can 

dissolve CaCO3 at around 3000 ppm [15]. A 

molecular dynamic study demonstrated that 

carboxylic group formed a strong intermolecular 

interaction with Ca2+ and Fe2+ metal ions at 2.25 Å 

[16]. 

Understanding how functional group-promoting 

at the molecular level mechanisms is essential for the 

DTPA-K5 solvent dissolution of solid scale application. 

Simulation study demonstrated that OH from the 

carboxylic group has a stronger intermolecular 

interaction between calcium ions and Glutamic acid 

diacetate (GLDA) at the nanoscale level to 

understand the solid scale dissolution in the oilfield 

[16]. Furthermore, the radial distribution function of 

patchouli solute in different polar and nonpolar 

solvents reflects the dissolution of patchouli in the 

extraction process [17]. This work investigated the 

interactions between the DTPA-K5 with calcium 

carbonate using molecular dynamic (MD) 

simulations. The findings may suggest better dissolver 

formulations in developing new solid scale removal, 

thus enhancing the dissolution. 

 

 

2.0 METHODOLOGY 
 

2.1 Molecular Dynamic Simulation 

 

Computational chemistry studies of complexation 

metal ions were conducted using the molecular 

dynamics simulation technique in Acceryls Materials 

Studio Studio (MS) version 5.5 program. Initially, the 

3D molecular structure of DTPA-K5, CaCO3, and H2O 

was downloaded from ChemSpider online 

databases. Figure 1 illustrates the chemical structure 

of the DTPA, DTPA-K5, and CaCO3 molecules, which 

were labelled accordingly. The carboxyl groups of 

DTPA were labelled with numbers 1 to 5 and DTPA-K5 

with numbers 6 to 10. The hydroxyl group's single 
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bond is indicated by the dash character (--), while 

the carbonyl group's double bond is expressed by 

the equal sign (==). Initially, geometry optimisation 

and energy minimisation step were made based on 

a smart minimiser operating in fine quality mode. 

Next, the cubical simulation model was configured 

and completed using the amorphous cell module for 

each system with a minimum energy level [18]. Figure 

2 shows a cubical simulation model comprised of 

DTPA-K5, CaCO3 and water molecules. Subsequently, 

the simulation started at 1000 ps for each NVE 

(constant number of atoms, volume, energy) and 

NPT (constant number of atoms, pressure, and 

temperature) thermodynamic ensembles. A 1.0 fs 

time step was set throughout the calculation. The 

intermolecular interactions were simulated at 333.15 

K and 136 atm using the third-generation force fields 

COMPASS and the Ewald-based summation 

technique for calculation of non-bonding van der 

Waals force and electrostatic interactions with a 

precision of 0.0001 kcal/mol [19, 20, 21, 22, 23]. The 

COMPASS force field potentially simulates organic 

molecules, inorganic gases, and polymers. A review 

of the simulation system is presented in Tables 1. 

System 1 represents DTPA in water and system 2 

represents the CaCO3 scale in DTPA and water. 

Meanwhile, system 3 and system 4 considered the 

improvement of DTPA structure with potassium (K). 

The radial distribution function (RDF) between each 

atom or molecule was evaluated at the end of the 

simulation. These RDFs value g(r) highlighted the 

distance between each pair of atoms and 

normalised an ideal gas of equal density. A more 

significant association is shown by a smaller 

interatomic gap (r) and a higher peak of g(r) [24, 25]. 

The equation below describes the RDF: 

 

 
where ρy is the y atom's density, kg/m3;  r is s circular 

radius, Å; Ny is the number of y atoms or molecules 

[26]. 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure 1 Atomic labelling of chemical structure for (a) 

diethylenetriaminepentaacetic acid (DTPA), (b) potassium 

salt diethylenetriaminepentaacetic acid (DTPA-K5), and (c) 

calcium carbonate (CaCO3). Colour representation: white – 

hydrogen, red – oxygen, blue – nitrogen, grey – carbon, 

purple – potassium and green – calcium 

 

 
 

Figure 2 A cubical simulation model comprised of DTPA-K5, 

CaCO3 and water system 
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Table 1 Simulation parameter details for the DTPA and DTPA-

K5 system 
 

 Number of molecules 

DTPA DTPA-K5 CaCO3 Water 

System 1 30 - - 270 

System 2 30 - 60 270 

System 3 - 30 - 270 

System 4 - 30 60 270 

 

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Intermolecular Interaction of DTPA and DTPA-K5 

with H2O molecules 

 

The radial distribution function (RDF) is a normalisation 

form of atomic pair distribution function. Each 

reference atom x is measured the distance from 

every atom y. [27]. A study conducted to understand 

the early nucleation of crystallisation of solid from the 

solution used Lennard-Jones parameters. Solute-

solute parameters characterised the solid phase and 

solvent–solvent characterised the liquid phase. The 

solvent-solute interaction was modified using Lorentz-

Berthelot mixing rules [28]. In this work, the Lennard 

Jones was also selected to represent the van der 

Waals interaction in the solvent-solvent and solvent-

solute interactions study. Figure 3 illustrates the RDFs 

plot of the hydrogen and oxygen of water in a DTPA 

molecule interaction. The first highest point was 

spotted at a radial distance, r, 1.75 Å between  O--

H2O and H--DTPA interaction. The H5--DTPA describes 

the most substantial interaction with the g(r) of 1.92 

and H3 at 1.27. The RDFs for H3 increased at a 

distance of 4.25 Å and started to decline at 9.25 Å. 

At a distance beyond 9.25 Å, the intensity equals 

0.92, indicating no long-range order interaction. 

Meanwhile, the second peak shows the 

interaction between H--H2O and O--DTPA occurs at a 

low probability with a radial distance, r, of 3.25 Å. A 

wide top curve with less intensity shows that H-H2O 

and O5--DTPA interaction with 1.08 g(r) occurs. In 

DTPA, the carboxylic group situated farthest from the 

amine group has the greatest contact as the 

intramolecular hydrogen bonding less impacts it 

between the central nitrogen and terminal acetate 

[29, 30, 31]. Overall, the intermolecular interactions at 

60°C are considered strong, signifying that the 

solubility of DTPA solubility increased at higher 

temperatures but is minimal in water at room 

temperature. 

 

 
 

Figure 3 The g(r) plot for water showing molecular 

interactions between water (oxygen and hydrogen atoms) 

in DTPA carboxylic groups 
 

 

The intermolecular interaction of water (oxygen 

and hydrogen atoms) with the DTPA-K5 carboxylic 

groups is depicted in Figure 4. At a radius distance, r, 

1.75 Å, the highest intermolecular interaction is O10--

H2O, with the g(r) value of 1.57. By comparison, even 

though it has a low intensity, this intermolecular 

interaction occurs at a shorter distance than the 

interaction in DTPA, which is at 3.25 Å and g(r) 1.08  

for the carboxylic group outermost from the amine.  

In DTPA-K5, the interactions between potassium and 

oxygen in water occur at a radius distance, r, 2.75 Å, 

with a value of 2.53 by g(r). The association of 

potassium and water leads to DTPA-K5 being more 

excellent water solubility for stronger metal ion 

chelation [32]. Deprotonation of the DTPA occurs 

when all the protons have been captured. A strong 

metal hydroxide will sustain a high pH as the eight 

active ionic species of the DTPA ligands are charged 

negatively and improve the chelation capability [33]. 

Recently, among the top effective barium sulphate 

dissolution formulations are completely neutralised 

penta-potassium DTPA solutions with a pH greater 

than 12 [34]. In another modelling study, the DTPA 

with potassium carbonate, K2CO3 at high pH in the 

addition of KOH was suggested to eradicate 

different iron sulfide scale types such as 

K4Fe(II)4(S2H)12 and K3Fe(II)(S2H)5 clusters. The 

dissolution of iron sulphide scale with DTPA under 

basic conditions is thermodynamically favoured [35, 

36]. Therefore, it is suggested that the pH factor 

should be considered in future modelling work to 

understand at the molecule level the role of H+ and 

OH- in the chelation process of a solid scale such as 

calcium carbonate. 
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Figure 4 RDF plot between oxygen atoms in DTPA-K5 

molecule with water molecules 

 

 

3.2 Intermolecular Interaction of DTPA and DTPA-K5 

with H2O in the presence of CaCO3 

 

This section outlines the results analysis of the 

intermolecular interaction of DTPA with water in the 

existence of the CaCO3 scale. Figure 5 illustrates a 

sharp RDFs pattern of O-H2O with H5–DTPA at a radial 

distance, r, 1.75 Å with g(r) of 0.81. It shows a 

declining value of g(r) compared to Figure 3, which 

at g(r) 1.92 in water. The RDFs began to rise at a 

distance of 3.25 and decrease at 4.00. At distances 

greater than 4.00, the intensity equals 1.00, 

suggesting no long-range order exists. Electrostatic 

interaction represents long-range interaction and 

van der Waals represents the short-range interaction 

between H2O, DTPA and DTPA-K5. Both interactions 

are non-bonded interactions. For example, Van der 

Waals forces are essential for the adsorption of 

isooctane and ethanol on a bcc Fe (100) surface. 

The polarizability of the molecules and the charge 

density distribution around the functional group 

affected the adsorption process [37]. The force is 

quantum mechanical in origin and arises from 

electrostatic interactions between fluctuations in the 

electronic charge density [38]. 

 

 
 

Figure 5 Interactions between DTPA carboxylic groups with 

a water molecule in the presence of CaCO3 

 

Figure 6 denotes a molecular interaction of DTPA-K5 

with water in existing CaCO3. At a radius, r, 1.75 Å, 

O10-- interaction was decreased from g(r) 1.57 to 

1.21. A sharp peak of interaction between K--DTPA-K5 

and O--H2O in CaCO3 appears at a radius, r, of 2.75 

Å. This demonstrates a strong intensity interaction of 

DTPA-K5 in water, leading to enhanced solubility and 

dissolution property of DTPA-K5 in water. This is one of 

the requirements of the chemical dissolver or 

chelating chemical, which needs to dissolve in water 

in the actual oil well operation. 

 

 
 

Figure 6 Water-oxygen intermolecular interaction in DTPA-K5 

carboxylate ions with the presence of CaCO3 

 

 

The strength of interaction between water and 

DTPA and water and DTPA-K5 was not changed on 

the RDF values but the probability of occurring is less 

based on the reduced value of g(r) in Figures 5 and 

6. The presence of the CaCO3 scale reflects the 

molecular interaction formed between the chemical 

chelate and the CaCO3 scale.  

 

3.3 Intermolecular Interaction of DTPA and DTPA-K5 

with CaCO3 (Metal Ion Complex) 

 

This section explains the DTPA carboxylic group results 

in CaCO3 solid scale dissolution. It represents the 

interactions of metal ion complexes. Both O3 and O5 

are from hydroxyl group from DTPA. Figure 7 shows 

that the carbonyl groups have a more vital intensity 

interaction with calcium, as the first point or first 

neighbour atom is reflected at a radius, r, of 2.25 Å 

with an amount of g(r) 1.25 for O3==Ca interaction. 

Meanwhile, the hydroxyl group shows a broad peak 

and low intensity at a radius, r, 4.25 Å, 1.79 for O3--Ca 

interaction. Although the interactions at r = 2.25 Å are 

not as strong as of O-H2O and H5–DTPA (between 

water and DTPA) at the first neighbour radial 

distance of r = 1.75, the hydroxyl group in DTPA are 

abundant which would be an advantage in the 

formation of H-Bond metal either as a hydrogen 

donor and acceptor. The entire hydroxyl group 

deprotonated by forming a carboxylate ion in the 

chelation event [COO-]. This complexing signifies that 

the further delocalisation of electrons along 
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molecules of ligands and the metal ion is linked more 

closely [39].   

 

 
 

Figure 7 The g(r) plot intermolecular interactions of calcium 

ion complexes with the DTPA carboxylic group (hydroxyl 

and carbonyl) 

 

 

Figure 8 illustrates the interactions of metal ion 

complexes by depicting the RDFs of DTPA-K5 

molecules with selected atoms in metal ions. The 

DTPA-K5 molecule's oxygen atom binds significantly 

with calcium. The RDF of O7==Ca exhibits a sharp 

peak with a higher intensity g(r) of 10.09 at a radius of 

2.25 Å. These findings suggest that the O7==Ca 

intermolecular interaction between CaCO3 and 

DTPA-K5 is strong. Thus, carboxylic groups in DTPA 

structure contribute the higher probability g(r) for 

intermolecular interaction of hydrogen bonding at a 

range of 2.25 - 2.45 Å between calcium. 

 

 
 

Figure 8 The g(r) plot intermolecular interactions of calcium 

ion complexes with the DTPA-K5 carboxylic group (hydroxyl 

and carbonyl) 

 

 

3.4 Intermolecular Interaction of amine in DTPA and 

DTPA-K5 with CaCO3 

 

Figure 9 illustrates the RDF trend for intermolecular 

interaction between the amine functional group of 

DTPA and DTPA-K5 with calcium carbonate, CaCO3. 

The two amines, N1 and N3, association in DTPA exists 

with g(r) of 1.14 for calcium at 5.75 Å. The findings of 

simulations reflect the low degree of intensity and are 

presumably induced by intermolecular hydrogen 

bonding. For DTPA-K5, the interaction of calcium 

arises at r, 2.25 Å with an intensity of 2.51 in N1. This 

value has also supported the finding whereby the 

bond interaction between Ca-N is in the range of 

2.38 to 2.66 Å [40]. The amine group is situated at the 

molecule core, while the carbonyl groups act as an 

arm, which provides a facility to capture metal ions 

during chelation. Mefenamic acid solute 

demonstrated high solubility values in dipolar aprotic 

solvents, followed by polar protic solvents and low 

solubility in a polar a protic solvent. Different 

hydrogen bonding propensities in the solvents 

contributed to different solubility values [41]. Thus, the 

carboxylic group in DTPA is important to form the van 

der Waals interaction, such as hydrogen bonding 

between the water and CaCO3 scale in the 

presence of calcium. 

 

 
 

Figure 9 The g(r) plot intermolecular interactions between 

amine in DTPA and DTPA-K5 with calcium 

 

4.0 CONCLUSION 
 

This work has successfully gained an insight into the 

molecular interaction of DTPA and DTPA-K5 with 

CaCO3. The simulation results showed the hydrogen 

bonding occurs between DTPA in water. Meanwhile, 

RDF for hydroxyl and carbonyl of the DTPA-K5 

carboxylic group significantly affects calcium ions in 

the chelation process with sharp peak of interaction 

at 2.25 Å and higher intensity of g(r). Without K in 

DTPA structure, the RDF trends demonstrated the 

poor interaction between amines and calcium. 
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