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ABSTRACT: Scale prevention is a long-term challenge. It is essential for ensuring the
optimum utilization of oil and gas wells and minimizing economic losses due to
disruptions in the hydrocarbon flow. Among the commonly precipitated scales is calcite,
especially in oilfield production facilities. Previous studies on scale inhibitors have focused
on investigating the performance of several phosphonates and carboxylates. However, the
increased environmental awareness has pushed toward investigating environmental-
friendly inhibitors. Research studies demonstrated the potential of using amino acids as
standalone inhibitors or as inhibitor-modifying reagents. In this study, 10 amino acids for
calcite inhibitors have been investigated using molecular simulations. Eco-toxicity,
quantum chemical calculations, binding energy, geometrical, and charge analyses were all
evaluated to gain a holistic view of the behavior and interaction of these inhibitors with
the calcite {1 0 4} surface. According to the DFT simulation, alanine, aspartic acid,
phenylalanine, and tyrosine amino acids have the best inhibitor features. The results
revealed that the binding energies were −2.16, −1.75, −2.24, and −2.66 eV for alanine, aspartic acid, phenylalanine, and tyrosine,
respectively. Therefore, this study predicted an inhibition efficiency of the order tyrosine > phenylalanine > alanine > aspartic acid.
The predicted inhibition efficiency order reveals agreement with the reported experimental results. Finally, the geometrical and
charge analyses illustrated that the adsorption onto calcite is physisorption in the acquired adsorption energy range.

1. INTRODUCTION
Oilfield scales are mostly inorganic salts deposited by
precipitation at the conditions of water supersaturation.
These mineral salts in the water remain dissolved in
undersaturation conditions and start precipitating when the
conditions change to supersaturation.1 Scales deposits are
impervious and form a precipitate layer on solid surfaces,
causing problems in oil and gas flow assurance. Consequently,
the scales could result in depleted hydrocarbons production
and equipment obstruction, leading to economic losses and
costly shutdown of facilities. It was estimated that the
nonproductive shutdown expenses reached 3 billion and 9
billion USD in Japan and the USA, respectively.2 Therefore, to
avoid detrimental impacts on oil and gas exploitation, it is quite
important to understand the scale formation mechanisms and
its prevention approaches.
Scale formation encompasses sophisticated surface and bulk

crystallization phenomena.3 Crystallization and precipitation of
scales are realized when the ions are above their saturation
level. Considering the precipitation kinetics enables the
determination of scaling severity. Thereafter, when the
supersaturation condition reaches a critical limit, the
nucleation of scale formation prompts the crystal growth,
and crystallization kinetics decelerate due to low nucleation
sites.4 Generally, the scale formation steps comprise
aggregation, nucleation, crystal growth, and agglomeration.5

Scale formation is influenced by many operating conditions,

including temperature,6 operating pressure,1 pH, and flow
velocity.7 Other factors that could enhance the scaling
tendency are high concentration minerals, the roughness of
the surface, and incompatible mixing of formation water and
injected water.8

The different types of scales in oilfields involve carbonates,
sulfides, sulfates, alumina silicates, and phosphates.9,10 Calcium
carbonate has been reported as the most encountered scale in
the upper sections of the production facilities and the
production piping in the oilfield.11 The colloidal and
amorphous states of calcium carbonate appear in three
different forms, namely, calcite, aragonite, and vaterite.12

Calcite is the most stable form at the reservoir conditions,
hence the most widespread.10 Under the actions of low CO2

partial pressure and high temperature, the soluble calcium
bicarbonate in water is transformed into the less soluble
calcium carbonate, resulting in the formation of calcite deposits
(eq 1).13 Despite the effect of pressure and temperature, the
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formation of calcite is a function of pH, ionic strength, and
bicarbonate and calcium concentrations.

Ca 2HCO CaCO CO H O2
3 3 2 2+ ↔ ↓ + ++ −

(1)

Calcite deposits removal is relatively unchallenging since it is
pH-dependent. Thus, dilute HCl acid can be easily applied for
its treatment. Despite applying acid cleaning for the removal of
the existing scales, scale inhibitors (SIs) are usually used for
disrupting the calcite film formation.
Scale inhibitors are chemical compounds capable of

preventing precipitation, deposition, and growth on solid
surfaces. For instance, phosphate esters and phosphonates,
such as diethylenetriamine pentamethylene phosphonic acid
(DTPMP), are very efficient for the inhibition of calcite
scales.14 The effective polymeric and nonpolymeric SIs used in
the oilfield are organic phosphonates, sulfonates, and
carboxylates containing −PO3H2, −SO3H, and −COOH,
respectively.15 Furthermore, some polymeric inhibitors of
polyacrylates, polyphosphino carboxylates, polymaleates, and
polyacrylamides are adequately stable at high temperatures
reaching 200 °C; making them suitable and effective for calcite
formation inhibition in oil reservoirs.16 Most of the reported
studies focus on investigating the performance of several
phosphonates and carboxylates inhibitors due to their
outstanding efficiency in the oilfield.17−21 In spite of the
good inhibition performance, those inhibitors are not classified
as environmental-friendly because they possess a degree of
toxicity. The increased environmental awareness and strict
regulations have pushed toward investigating environmental-
friendly inhibitors either by modifying the structures of the
state-of-the-art inhibitors22 or by proposing new green
ones.23−25

Green inhibitors (GIs) are biodegradable, nontoxic, and
sometimes nitrogen-free or phosphorus-free compounds with
relatively high efficiency.26 They have the capabilities of
preventing calcite formation in an aqueous medium through
the dispersion and aqua-complexation actions, along with the
possibility of inhibiting the growth at the solid−liquid
interfaces.26,27 Several plant extracts have been used as natural
organic antiscalants, relying on their easy extraction and built-
in ion complexing functional groups.28 Raphanus sativus L.
ethanol and Gypsophila aretioides roots have shown successful
prevention of calcite precipitation.29,30 Furthermore, new
polymeric reagents based on the polyacrylates are developed
through the integration of several monomer fragments for
enhanced biodegradability.31

Nevertheless, it was stated that the two most efficient
synthetically prepared green inhibitors from petrochemicals are
mainly polyaspartic acid (PASP) and polyepoxysuccinic acid
(PESA).32 Despite the excellent performance of both inhibitors
for calcite scale control, PESA showed better performance than
PASP and recorded 90% inhibition efficiency.31,33 However,
the modification of these antiscalants by introducing different
functional groups to the polymer chain has become a research
hotspot for the improvement of their performance and
environmental impacts. A polymer prepared from epoxysuc-
cinic acid (ESA), itaconic acid (IA), and sodium methyl
propylene sulfonate (SMAS) exhibited an inhibition efficiency
reaching 100% with good biodegradability.34 Additionally,
modifications of PASP are also examined to boost its poor
performance observed at high temperatures.35 A research study
presented the modification of PASP by adding two different
environmental-friendly amino acids to the side chains; since

carboxylic acid groups showed promising performance in
industrial applications.36 Amino acids are among the
commonly applied functional groups contributing to the
formation of crosslinks with the side chains.
Amino acids are green, abundant, and readily obtainable

functional groups at low cost with high purity.37,38 Nonethe-
less, they are featured with the properties of a good scale
inhibitor represented by having heteroatoms (N, P, and O)
and double bonds facilitating their adsorption onto the
surfaces.39 An experimental study examined the effect of
seven different amino acids on the precipitation of calcite. The
study disclosed the promising influence of amino acids through
the interaction with calcite surface.25 However, the studies that
examine amino acids for scale inhibition are rare; instead, they
have been extensively investigated as corrosion inhibitors
against many metal surfaces.40−42 Research works demon-
strated the promising potential of using amino acids as
standalone inhibitors or as reagents to modify inhibitors.25,36

Thus, this has encouraged the investigation of the interaction
mechanism of amino acid with calcite scale at the molecular
level through molecular simulation.
Recently, molecular modeling methods, including density

functional theory (DFT), have become a beneficial tool;
displacing the time-consuming experimental analysis accom-
panied by financial and chemical losses.43 These methods
enable the preselection of inhibitors, before conducting
laboratory analysis, through the prediction of some quantum
chemical and electronic structure parameters. Several studies
investigating amino acids as corrosion inhibitors have
conducted molecular modeling techniques.44−46 Few other
studies considered specific amino acid molecules as anti-
scalants and examined the interaction with calcite surface.47,48

The literature search shows that theoretical studies illustrating
the interaction of these amino acids with calcite are rare. In this
study, molecular simulation has been employed to study the
performance of 10 selected amino acids for calcite inhibition.
First, the assessment of eco-toxicity of all the considered amino
acids is performed using a designed web tool. After that, and
using DFT, the electronic properties of the amino acid
structures are studied at the molecular level. The interaction
energy with the calcite surface is determined for the optimum
four amino acid molecules relying on the predicted DFT
parameters. The calcite {1 0 4} surface was explored for
potential adsorption sites that facilitate the interaction with the
inhibitors by placing the inhibitors over three different
positions (top, middle, and bottom). Lastly, the Bader charge
analysis is implemented to gain a holistic insight into the
mechanism of interaction of amino acid molecules with calcite
and adsorption on it. Overall, the theoretical evaluation
provides support for elucidating the performance of environ-
mental-friendly inhibitors and gives guidance for laboratory
analysis.

2. MATERIALS

This theoretical study aims to investigate the effect of adding
environmental-friendly amino acid inhibitors for the inhibition
of calcite scale. The selected amino acids with their structures
and properties are listed in Table 1. The use of ACD/
ChemSketch software enables the determination of the density
of each amino acid molecule at standard temperature (273.15
K) and pressure (1 atm).49
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3. QUANTUM CHEMICAL CALCULATION
METHODOLOGY

The computational chemistry studies are based on the density
functional theory (DFT) method. All DFT simulations were
performed using Gaussian 09 software for the preparation of
input files.50 The input files were created for the objective of
optimizing the amino acid structures and calculating the
frequency. The calculations were made using ground-state
DFT and Becke 3 Lee, Yang, and Parr (DFT-B3LYP) methods
with the 6-31G++ (d,p) basis set. The B3LYP method was
chosen as it is one of the robust DFT methods, which gives
good accuracy with low computational cost.51 Hence, its
reliability and popularity in the literature, including calcu-

lations involving corrosion inhibitors.52,53 On the other hand,
the 6-31G++ (d,p) basis set, which is a reasonably large basis
set, was employed to minimize basis set errors.54 The
polarizable continuum model-self-consistent reaction field
(PCM-SCRF) was applied for water solvent to represent the
real case scenario.55 Before running the optimization
calculations, it was ensured that the vibration analysis involved
no imaginary frequency for guaranteeing optimized structures
in the minimum energy state.
After geometry optimization, the output data was utilized for

quantum chemical calculations that reflect the activity of amino
acid molecules. These electronic structure parameters of each
molecule are associated with the energy of the highest
occupied molecular orbital (EHOMO) and the lowest
unoccupied molecular orbital (ELUMO) obtained from output
files. EHOMO indicates the ability of the inhibitor to donate an
electron to the unoccupied orbital of another molecule and
bind with it.44 Koopman’s theory states that the ionization
energy (I) correlates to I = −EHOMO and electron affinity to A
= −ELUMO.

56,57 The reactivity indexes comprising electro-
negativity (χ), chemical hardness (η), and potential (μ) are
obtained, relying on the values of I and A (eqs 2−4).58,59 After
that, the electronegativity index (ω) is found from eq 5. Lastly,
the total negative charge (TNC) parameter is found from
Mulliken charges to demonstrate the number of adsorption
sites on the surface of amino acid molecules.60

I A
2

η = −
(2)

I A
2

χ = +
(3)

μ χ= − (4)

2

2

ω μ
η

=
(5)

The Vienna ab initio simulation package (VASP) version 5.4.4.
code was used for performing the periodic DFT calculations
for the best four amino acid inhibitors based on the analysis of
the results of preliminary DFT parameters (quantum chemical
parameters).61 Periodic boundary conditions (PBCs) were
applied for the four systems to enable the approximation of a
real large-scale system on a small-scale unit cell. For the
exchange−correlation energy of elements, the revised gener-
alized gradient approximation of Perdew, Burke, and Ernzerhof
(PBE-GGA) was used instead of local density approximation
(LDA) for providing better equilibrium structural parame-
ters.62,63 Periodic DFT calculations are useful for determining
the interaction energies between the inhibitors and calcite scale
surface. The projected augmented wave (PAW) pseudopoten-
tials were used to describe the interactions of ions and
electrons.64,65 Through the performed calculations, the semi-
empirical correction by Grimme (DFT + D3) was employed to
represent the dispersion forces between the surfaces and
interfaces.66,67

Calcite {1 0 4} surface of a hexagonal crystalline structure
with the R3̅c space group was obtained from the database in a
material studio.68 The lattice parameters of the calcite bulk
employed in this study were a = 16.19 Å, b = 14.97 Å, and c =
25.74 Å. The calcite interface was extended to five layers
containing 300 atoms, with the bottom layer being fixed to
represent the nature bulk. The bulk calcite structure was

Table 1. Properties of Selected Amino Acid Inhibitors
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optimized using a plane-wave energy cutoff of 367.69 eV. In
addition, a 1 × 2 × 1 k-point sampling grid was adopted for the
DFT optimization calculations as it achieved the necessary
energy convergence in our earlier work,69 being computation-
ally efficient compared to the Monkhorst−Pack grid.70

Consequently, to calculate the adsorption energies, the
optimized amino acid inhibitors were positioned above the
optimized calcite surface. The combined systems were created
using Quantum ATK visual nano lab software71,72 and
visualized using Materials Studio.73

Lastly, ADMETSAR 2 program was utilized for the
prediction of the eco-toxic properties of each inhibitor.74,75

ADMETSAR is a web tool for the assessment of the
absorption, distribution, metabolism, excretion, and toxicity
(ADMET) properties. This program is based on more than
210 000 experimental findings for around 100 000 through a
machine-learning model. SwissADME website,76,77 which was
created to predict ADME parameters as well the pharmaco-
kinetic properties, was also employed for predicting the
solubility of amino acid molecules in water.

4. RESULTS AND DISCUSSION

4.1. Eco-Toxicity Assessment. Prior to investigating the
inhibition performance of the aforementioned amino acids, the
ecological properties were predicted using ADMETSAR and
SwissADME programs.74−77 With the aid of that web tool, the
interaction of the inhibitors with the environment and
humankind was assessed. The main eco-toxic properties
focusing on carcinogenicity, eye irritation, biodegradability,
aquatic toxicity, and water solubility were predicted for each
amino acid, as shown in Table 2. The choice of these
descriptors is based on their importance to the environment
and living organisms. These descriptors are essential for
classifying the environmental-friendly nature of the inhibitors.
Results show that all inhibitors are safe from carcinogenicity,

honey bee toxicity, crustacean, and aquatic fish toxicity. For the
mutagenic potential of inhibitors measured through the Ames
mutagenesis test, all inhibitors are considered safe except
lysine, which has a 62% probability of causing mutations in the
DNA of the organisms. Asparagine, arginine, lysine, and
methionine are safe when considering the acute oral toxicity

(class III), while the remaining inhibitors are slightly toxic with
a maximum probability of 68% for phenylalanine. However,
acute oral toxicity is not a significant property, assuming it will
not be taken orally. Alanine, aspartic acid, serine, and tyrosine
possess an eye irritation potential with a maximum probability
of 77% for tyrosine.
All inhibitors range from very soluble to highly soluble in

water. The predictions using SwissADME are based on the
estimated solubility (ESOL), which allows the prediction of
aqueous solubility for the molecular structure. The ESOL
model is derived from the linear regression of 2874 measured
values for the solubility against nine properties.78 For this
solubility type, any chemical compound is insoluble when log S
< −10, poorly soluble when log S < −6, moderately soluble
when log S < −4, soluble when log S < −2, very soluble when
log S < 0, and highly soluble when log S > 0.77 Relying on the
water solubility predictions, the solubility of amino acids is of
the order arginine > aspartic acid > asparagine > serine >
alanine > lysine > histidine > methionine > tyrosine >
phenylalanine. The lowest water solubility possessed by
phenylalanine and tyrosine could probably be assigned to the
presence of the aromatic ring in their molecular structure.79

4.2. Quantum Chemical Calculations. The optimization
calculations of amino acid inhibitors using the DFT-B3LYP
methods have enabled the visualization of optimized molecular
structures, electrostatic potential (ESP) maps, highest
occupied molecular orbital (HOMO), and lowest unoccupied
molecular orbital (LUMO) as shown in Table 3. The ESP
maps provide a visual understanding of the electron density
variation among the parts of the molecular structure. The
colors of ESP maps indicate the extent of the electrostatic
potential that possesses ascending order starting from red,
orange, yellow, green, and blue regions sequentially.80

According to the generated ESP maps (Table 3), blue and
red colors dominate most molecular regions. The strong
negative electrostatic potential indicated by the red color was
mainly observed over the oxygen atoms, whereas the strong
positive electrostatic potential represented by the blue color
was remarked over amine groups and part of the hydrocarbon
chains. In addition, some regions are colored with light green,
indicating a zero electrostatic potential.44 HOMO and LUMO

Table 2. Eco-Toxic Properties of Amino Acid Inhibitors74−77

amino acid
compound carcinogenicity

eye
irritation

ames
mutagenesis

acute oral toxicity
(class III)

honey bee
toxicity

crustacean aquatic
toxicity

fish aquatic
toxicity

water solubility log S
(ESOL)

alanine 0.59(safe) 0.69
(toxic)

0.93 (safe) 0.54 (slightly toxic) 0.66 (safe) 0.98 (safe) 0.90 (safe) 1.54 (highly soluble)

aspartic acid 0.83 (safe) 0.64
(toxic)

0.86 (safe) 0.59 (slightly toxic) 0.64 (safe) 0.92 (safe) 0.91 (safe) 1.98 (highly soluble)

arginine 0.91 (safe) 0.95
(safe)

0.63 (safe) 0.64 (safe) 0.78 (safe) 0.88 (safe) 0.97 (safe) 2.12 (highly soluble)

asparagine 0.86 (Safe) 0.66
(toxic)

0.87 (safe) 0.53 (safe) 0.78 (safe) 0.95 (safe) 0.94 (safe) 1.69 (highly soluble)

histidine 0.94 (safe) 0.91
(safe)

0.74 (safe) 0.54 (slightly toxic) 0.72 (safe) 0.73 (safe) 0.94 (safe) 1.30 (highly soluble)

lysine 0.83 (safe) 0.65
(safe)

0.62 (toxic) 0.49 (safe) 0.73 (safe) 0.78 (safe) 0.93 (safe) 1.51 (highly soluble)

methionine 0.79 (safe) 0.95
(safe)

0.88 (safe) 0.62 (safe) 0.59 (safe) 0.71 (safe) 0.83 (safe) 0.68 (highly soluble)

phenylalanine 0.80 (safe) 0.79
(safe)

0.90 (safe) 0.68 (slightly toxic) 0.69 (safe) 0.78 (safe) 0.67 (safe) −0.08 (very soluble)

serine 0.77 (safe) 0.74
(toxic)

0.92 (safe) 0.51 (slightly toxic) 0.66 (safe) 0.97 (safe) 0.96 (safe) 1.57 (highly soluble)

tyrosine 0.66 (safe) 0.77
(toxic)

0.76 (safe) 0.64 (slightly toxic) 0.55 (safe) 0.78 (safe) 0.59 (safe) 0.39 (highly soluble)
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Table 3. Optimized Structures of Amino Acid Inhibitors, HOMO, LUMO, and ESP
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representations show atoms with electron-donating and
electron-accepting capabilities, respectively.
As explained earlier, quantum chemical parameters are

derived from a set of equations from the DFT calculations,
which reflect the inhibition performance of each amino acid
inhibitor (Table 4). EHOMO and ELUMO values of the inhibitors
suggest that aspartic acid and asparagine inhibitors have the
highest and lowest electron-donating abilities, respectively,
while histidine and lysine have the highest and lowest electron-

accepting abilities, respectively. Referring to Koopman’s
theory, the inhibitors with the lowest HOMO (asparagine)
and LUMO (lysine) have the highest ionization energy and
electron affinity of 7.36 and 0.65 eV, respectively. This
indicates that better reactivity of inhibitor is achieved when
ionization energy is low.80 Additionally, the energy gap
between HOMO and LUMO (ΔEGap (LUMO−HOMO)) is an
important parameter for describing the reactivity of inhibitor
with the surface. A high energy gap is translated into low

Table 3. continued

Table 4. Quantum Chemical Parameters for Amino Acids Inhibitors

amino acid compound HOMO (eV) LUMO (eV) ΔEGap (LUMO−HOMO) (eV) I (eV) A (eV) η (eV) X (eV) ω (eV) TNC (eV)

alanine −4.99 −0.51 4.47 4.99 0.51 2.24 2.75 8.46 −2.44
aspartic acid −4.43 −0.37 4.07 4.43 0.37 2.03 2.40 5.85 −3.40
arginine −5.13 −0.55 4.57 5.13 0.55 2.29 2.84 9.22 −4.59
asparagine −7.36 −0.57 6.79 7.36 0.57 3.40 3.97 26.70 −3.53
histidine −6.60 −0.29 6.31 6.60 0.29 3.15 3.45 18.73 −3.50
lysine −5.08 −0.65 4.43 5.08 0.65 2.22 2.87 9.11 −3.69
methionine −6.30 −0.45 5.85 6.30 0.45 2.92 3.38 16.66 −3.68
phenylalanine −5.09 −0.54 4.55 5.09 0.54 2.27 2.82 9.03 −4.41
serine −6.97 −0.46 6.51 6.97 0.46 3.26 3.72 22.49 −2.68
tyrosine −5.12 −0.53 4.59 5.12 0.53 2.29 2.83 9.17 −5.20
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inhibition efficiency of the amino acid molecules.44 This means
that aspartic acid is characterized by having the highest
inhibition efficiency (lowest ΔE = 4.07 eV) compared to the
other studied amino acid inhibitors. However, asparagine is the
molecule with the lowest inhibition efficiency having the
highest ΔE of 6.79 eV.
Furthermore, low electronegativity is another feature

pointing toward a good inhibitor.80 This is in agreement
with the obtained results, confirming that aspartic acid has the
best inhibition performance with the highest capability to
attract a shared pair of electrons. For the measurement of
electron attraction reactivity, the electrophilicity index (ω) was
considered to predict the energy of molecular stability after
attracting those electrons. High and low ω values indicate good
electrophilicity and nucleophilicity, respectively.81 In the case
of studied amino acids, the top three electrophiles are aspartic
acid, alanine, and phenylalanine with indexes of 5.85, 8.46, and
9.03 eV, respectively. In addition, aspartic acid is the softest
inhibitor as observed from the chemical hardness (η)
parameter of 2.03 eV. A high hardness refers to low reactivity
and difficult transfer of electrons to an acceptor.44 Following
aspartic acid, lysine is the second soft inhibitor, while
asparagine is the last in the order hardness (η = 3.40 eV). In
fact, high TNC implies higher donation of electrons to the
unoccupied molecular orbitals of acceptor and stronger
adsorption onto the scale surface.58,81 Charge distribution
marked the highest negative charge for tyrosine inhibitor and
lowest for alanine.
Generally, a suitable inhibitor is recognized by having low

electronegativity, high TNC, and strong nucleophilicity (low
ω).44,58,80,81 Relying on the quantum chemical parameter
analysis (Table 3), aspartic acid, alanine, phenylalanine, and
tyrosine amino acid inhibitors are the top four inhibitors that

comply with the aforementioned criteria. Therefore, these four
amino acid molecules are chosen for further examination of
their interaction with the calcite scale surface.

4.2.1. Inhibitor-Scale Surface Interaction Energy. Four
systems containing the four chosen inhibitors each with a
calcite scale slab were built and optimized. Through this study,
the calcite surface was explored for potential adsorption sites
that facilitate interaction with the inhibitors. Therefore, the
inhibitors were placed over three different positions on the
calcite surface: top, middle, and bottom (Figure 1). The
inhibition efficiency of the amino acid structures was evaluated
based on the calculation of adsorption energy (binding energy)
found from the below expression

E E E E( )adsorption (binding) surface inhibition surface inhibitorΔ = − ++

(6)

The calculated adsorption energies for the optimum systems
are shown in Table 5, with negative values indicating the
spontaneous and exothermic nature of the reactions. The
interaction energies of surface and inhibitors for the other
positions are reported in the Supplementary Information
(Table S1). The inhibition performance of the selected amino
acid inhibitors is of the order tyrosine (−2.66 eV) >

Figure 1. Top view of the optimized structures of the calcite {1 0 4} surface with (a) alanine (on top), (b) aspartic acid (on top), (c) phenylalanine
(in middle), and (d) tyrosine (in middle).

Table 5. Inhibitor-Scale Surface Interaction Energy

inhibitor Esurface (eV)
Einhibitor
(eV)

Esurface+inhibitor
(eV)

Eadsorption
(eV)

alanine (top) −2243.33 −74.18 −2319.68 −2.16
aspartic acid (top) −92.84 −2337.93 −1.75
phenylalanine
(middle)

−143.32 −2388.90 −2.24

tyrosine (middle) −150.18 −2396.18 −2.66
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phenylalanine (−2.24 eV) > alanine (−2.16 eV) > aspartic acid
(−1.75 eV).
Molecular simulation has predicted that tyrosine is the most

efficient inhibitor in catching the present calcite scale. In fact,
this is translated into realizing that the tyrosine surface has
suitable binding locations compared to the other three
inhibitors. Additionally, the highest negative value indicated
the highest stability of the tyrosine−calcite complex. Phenyl-
alanine and tyrosine inhibitors in the middle position over the
calcite surface succeeded in acquiring the highest adsorption
energies, owing to their molecular structure containing the
aromatic rings. This could suggest that the rings in their
structure provide higher calcite surface coverage ability, thus
higher binding energy.
To the best of our findings, there is a lack of experimental

research work that studies the inhibition efficiency of the exact
amino acids considered in the present study with calcite.
Hence, for assessing the validity of the predicted inhibition
efficiency order, a comparison between results combined from
different literature studies was considered. For instance, an
experimental study by Štajner et al.25 investigated (alanine,

aspartic acid, phenylalanine, and tyrosine) as charged
molecules for determining their effect on calcite precipitation.
The study reported that the adsorption of aspartic acid onto
the {1 0 4} calcite surface is very weak at low and progressive
supersaturation attainment conditions (titration or gas
diffusion) during the precipitation experiments.25 Indeed, this
observation agrees with the predicted adsorption energies,
asserting that aspartic acid possesses the weakest interaction
with calcite (Table 5).
Moreover, another experimental work by Hamdona et al.82

revealed a higher inhibition efficiency of phenylalanine
(17.94%) for calcite than achieved by alanine (13.08%) at
the studied conditions. Nonetheless, phenylalanine possessed a
distinctly lower inhibition efficiency of (36%) than tyrosine
(82%) for the inhibition of copper corrosion.83 Combining all
of the experimental findings, we demonstrate an agreement
between the predicted inhibition efficiency order of the studied
amino acid structures and the theoretical calculations.
Compared with typical commercial-scale inhibitors, includ-

ing nitrilotriacetic acid (NTA) and ethylenedinitrilotetraacetic
acid (EDTA), the studied amino acids exhibit slightly lower

Figure 2. Side view of the optimized structures of the calcite {1 0 4} surface with (a) alanine (on top), (b) aspartic acid (on top), (c) phenylalanine
(in middle), and (d) tyrosine (in middle).
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adsorption onto the calcite surface. According to molecular
dynamic simulations and quantum calculations by Ji et al.,84

the adsorption energies of NTA and EDTA onto the calcite {1
0 4} surface are −3.10 and −2.76 eV, respectively. Tyrosine
(−2.66 eV) shows a very close binding energy with the calcite
surface compared with EDTA (−2.76 eV). Generally, results
reveal trivial differences in adsorption between the two sets of
inhibitors (Table 5), with the ones proposed in this study
being green inhibitors with low environmental risk. This
confirms the potential of these amino acids to successfully
replace some of the toxic and nonenvironmental-friendly
phosphonate- and carboxylate-based inhibitors.
4.2.2. Geometrical Analysis. The structures of the

optimized calcite slab surface with alanine, aspartic acid,
phenylalanine, and tyrosine inhibitors are illustrated in Figures
1 and 2. A three-dimensional (3D) analysis of optimized
geometrical structures demonstrates the distance and bonds
formed between the inhibitor and calcite slab. The shortest
distance was observed to occur through O−H and O−Ca
bonds with H of O−H and O of O−Ca from the scale
inhibitor and O of O−H and Ca of O−Ca from the calcite
slab. The shortest measured lengths between the closest
heteroatoms are reported in Table 6.

4.2.3. Charge Analysis. The Bader charge analysis related to
determining the charge distribution of each inhibitor before
and after the interaction with the calcite surface was
performed. This charge analysis is essential for further
understanding the nature of inhibitor adsorption and the
perception of the inhibitor−calcite surface interaction
mechanism. The charge densities of the four inhibitors in the
optimum positions over the calcite {1 0 4} surface are
illustrated in Figure 3, and the charge differences are listed in
the Supporting Information (Tables S2−S5). It is evident that
there is no charge transfer during adsorption, as shown in
Figure 3. In addition, the charge differences for all four

inhibitors were insignificant, indicating the physisorption mode
of interaction. Consequently, the Bader analysis confirms no
chemisorption interaction for adsorption energies ranging from
−1.75 to −2.66 eV.
The top potential amino acid inhibitors are compared

according to periodic DFT simulations, and quantum chemical
calculations are given in Table 7. As per the binding energy
calculations, the inhibition performance is predicted to be in
the order tyrosine > phenylalanine > alanine > aspartic acid.
However, the value of the adsorption energy of alanine (−2.16
eV) was close to that of phenylalanine (−2.24 eV). However,
phenylalanine could have better inhibition efficiency because
possessing a higher TNC translated into higher adsorption
onto the calcite scale surface.58 Furthermore, tyrosine has the
highest TNC compared to the other amino acids, which could
be the prime factor reflecting on its highest reported
adsorption energy. Similarly, aspartic acid has features of a
good inhibitor such as lowest X, ΔEGap, and ω.44,81

Nevertheless, the interaction energy simulations revealed the
physical adsorption of low energy onto the calcite surface.
Generally, adsorption energy (Eadsorption) is the key indicator of
the inhibition efficiency; however, inhibitor molecules could
also be distinguished by relying on some electronic structure
parameters when there is no considerable difference in
adsorption energy.

5. CONCLUSIONS

Oilfield scales form deposits on solid surfaces, and their
impervious nature could reduce hydrocarbon productivity,
leading to massive economic losses. Therefore, to ensure the
sustainability of oil and gas wells, it is essential to understand
the formation mechanism and prevention methods. Among the
formed scales types, calcium carbonate scales are the most
observed in the production facilities, with the amorphous state
called calcite as their most stable form. Several chemicals that
behave as scale inhibitors have been applied to retard solid
surface formation, deposition, and growth. Phosphonate- and
carboxylate-based inhibitors have successfully achieved high
inhibition efficiency. However, due to strict environmental
regulations, the research efforts are geared toward examining
green scale inhibitors.
This paper investigated the performance of 10 amino acids

classified as green inhibitors for calcite scales using molecular
simulations. Initially, the eco-toxicity evaluation showed that
all considered amino acids are safe from the aspects of

Table 6. Shortest Distance between Calcite Slab and the
Inhibitors

inhibitor shortest distance (Å) bond type

alanine (on top) 1.98 O−H
aspartic acid (on top) 3.85 O−H
phenylalanine (in middle) 2.33 Ca−O
tyrosine (in middle) 1.82 O−H

Figure 3. Bader charge densities of the calcite {1 0 4} surface with (a) alanine (on top), (b) aspartic acid (on top), (c) phenylalanine (on middle),
and (d) tyrosine (on middle).
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carcinogenicity, honey bee toxicity, crustacean, and aquatic fish
toxicity. The DFT simulation and quantum chemical
calculations revealed that alanine, aspartic acid, phenylalanine,
and tyrosine amino acids are the top potential suitable
inhibitors. After that, the periodic DFT simulations for
studying the interaction with calcite predicted that the
inhibition efficiency order is tyrosine > phenylalanine >
alanine > aspartic acid. The calcite {1 0 4} surface was
explored for potential adsorption sites that facilitate the
interaction with the inhibitors, and optimum positions were
determined. The weakest predicted calcite inhibition efficiency
by aspartic acid is in agreement with some experimental
studies, demonstrating that it is efficient only at very high
concentrations. The geometrical structures along with Bader
charge analysis confirmed the physisorption nature of all
examined amino acid inhibitors with adsorption energies
ranging from −1.75 to −2.66 eV. In sum, this theoretical study
could guide real laboratory examinations based on the
predicted performance from molecular simulations.
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