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ment design to final disposal of
chelating agents: a review of corrosion and
degradation mechanisms

Tariq Almubarak, * Jun Hong Ng, Raja Ramanathan and Hisham A. Nasr-El-Din

The use of aminopolycarboxylic acids (APCAs) is increasing rapidly in several industries because of their

unique properties of chelation and their effectiveness in high-temperature conditions. One of the major

design considerations before their application is their thermal stability and their corrosivity to tubulars,

especially the ones used in the oil and gas industry. Their disposal is also an active topic of discussion.

The coordination bond formed between the chelator and metal ions is strong and thus can have long-

lasting effects on the environment in terms of the metal's bioavailability. Therefore, its biodegradation

and photodegradation must be considered. There is a lack of a single source of these major decision

criteria for the selection of suitable APCAs and this paper provides an outlet for researchers and industry

professionals to further their understanding of APCAs. Several types of APCAs including EDTA, DTPA,

HEDTA, GLDA, NTA, MGDA, CDTA, HEIDA, EDDS, and ASDA were reviewed for their corrosion

mechanisms and corrosion rates to the most common tubulars used in the oil and gas industry. In some

cases, these chelating agents were implemented as corrosion inhibitors as well. The degradation of

APCA was divided into three major categories: thermal-, bio-, and photo-degradation. The influence of

temperature, microorganisms, and light play an important role during and post-treatment. To fully

understand these degradation mechanisms, literature from several industries including medical, mining,

toxicology, hydrometallurgy, materials, environmental sciences, mineral sciences, and electrochemical

sciences was examined and elucidated. This paper provides a unique perspective of design

considerations with the application of the frequently used APCAs. This review connects literature from

several industries and can provide an important step-change in the overall understanding of APCAs from

the initial design phase to their final disposal and treatment.
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Introduction
Chelating agents

Chelating agents are multidentate organic molecules that can
form two or more coordination bonds with a central metal ion.
The formation of these coordinate bonds involves the donation
of electrons from functional groups of the chelating agent to the
ion. In doing so, heterocyclic rings known as chelate rings are
formed. An important function of chelating agents is to bind
with metal ions to form stable complexes, which facilitate the
isolation, removal, and transport of these ions. This is especially
important to hinder any undesired side reactions involving
these ions such as precipitation. In the oil and gas industry,
chelators have been used in several applications such as iron
control, scale removal, acidizing treatments, and enhanced oil
recovery. These applications require chelating agents because of
their unique chemistry and mechanism of interactions with the
rock, crude oil, and brine components.

Thermodynamic stability between chelators and specic
metal ions can be experimentally determined and is referred to
as the “stability constant”. It denes the affinity of the chelating
agent to the metal ion and plays a role in several practical
applications such as metal ion removal, bioavailability, medical
treatment, ion exchange, solvent extraction, phase-transfer
catalysis, and fuel reprocessing. These constants have been
the focus of research for decades and can be found in several
comprehensive reference books such as Critical Stability
Constants by Martell and Smith.1–7 Additionally, studies of
chelating agents or ligands have shown that the metal–ligand
complex is dependent on the size of the ring formed during
chelation, the number of rings formed, the basicity of the
chelating agent, the nature of the donor metal, and the central
metal ion.8 A review of the chemistry and dissolution mecha-
nisms of chelating agents has been covered in a previous paper
and will therefore only be touched on briey in this paper.9
Raja Ramanathan is a Research
and Development Scientist at
Tenex Technologies. He works in
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In the oil and gas industry, chelating agents are used in
a variety of applications such as iron control, scale removal, and
acidizing. Iron(III) ions are present during many stimulation
treatments due to the corrosion of tubulars by acids or the
presence of minerals such as hematite in the formation that
react with the stimulation uid. These ions can cause severe
formation damage through the generation of sludges with the
formation oil. They can also cause damage through the
precipitation of organic molecules present in the treatment
uid.

Chelating agents are also oen used to remove a variety of
scales such as carbonates, sulfates, and some types of sulde
scale. This is because chelating agents can remove acid-
insoluble scales such as barium sulfate that an HCl-based
treatment would not be able to resolve. In addition, chelating
agents have low corrosivity and do not formmany side products
from the reaction process compared to the alternative treat-
ments of hydrochloric acid (HCl).

As for acidizing, chelating agents are used primarily for high-
temperature treatments where the typical mineral acid or
organic acid treatments are unsuitable. This is because of the
extreme corrosivity of these acids at these high temperatures
and their failure to create a desirable near-wellbore reaction.

Due to the variety of applications at high temperatures, it is
important to understand the temperature limits to apply the
proper chelating agent within this range. Additionally, while
chelating agents are less corrosive than the other treatments, it
is critical to note that they are still corrosive and as a result,
adequate corrosion inhibition techniques should be imple-
mented with the treatment, as shown in this paper. Lastly, with
the ongoing emphasis on cleaner green solutions, it is critical to
know how to properly dispose of the chelating agents that were
used in treatments to prevent damage to the ecosystem
surrounding us.
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Types of aminopolycarboxylic acids (APCAs)

As the name implies, this subgroup of chelating agents contains
one or more nitrogen atoms as well as multiple carboxylic acid
functional groups. The nitrogen group is typically located at the
center of the molecule while the carboxylic acid groups can be
likened to “arms” of the chelating agent and bind to ions by
“grabbing” them from the solution. This process of “grabbing”
is known as chelation and results in the formation of a stable
complex that isolates the ion from further reactions.
Fig. 1 Chemical structures of commonly used aminopolycarboxylic acid

© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 1 shows the chemical structures of the chelating agents
mentioned in this review. They are also listed below:

1. EDTA (ethylenediaminetetraacetic acid). EDTA is a hex-
adentate aminopolycarboxylic acid that has been used in
a variety of applications ranging from detergents to textiles.10 In
the oil and gas industry, it has also seen a wide variety of
applications ranging from stimulation to iron control. However,
despite its wide range of applications and common use, EDTA
presents several problems. Firstly, it is not readily
s.

RSC Adv., 2022, 12, 1813–1833 | 1815
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biodegradable. This, along with its high chelating strength,
earned it strict scrutiny in Europe in the late 1980s.11 Its use is
prohibited in some countries due to its slow biodegradability.12

Plant metal uptake increased by 96.8 times in presence of
10 mmol kg�1 of EDTA in soil. EDTA inhibits cellular division,
chlorophyll synthesis, and algal biomass production.10 It has
low solubility in acid solutions due to its ampholytic nature.1

These disadvantages have spurred researchers to search for
alternative chelating agents.

2. HEDTA (hydroxyethylethylenediaminetriacetic acid).
HEDTA is a pentadentate ligand similar in structure to EDTA,
with the only difference being that it has a hydroxyethyl group
in place of one acetate group. HEDTA was suggested by Frenier
et al.13,14 to replace EDTA as a stimulation uid. This was due to
the low solubility of EDTA at low pH because of its chemical
structure. The presence of the hydroxyethyl group in HEDTA
instead of an acetate group in EDTA improves the solubility of
HEDTA but lowers the stability constant of its metal-complex
products. HEDTA has also been used for iron control as well
as scale removal.15–18 However, it faces similar biodegradability
issues as EDTA due to the presence of two nitrogen atoms in its
structure.

3. L-GLDA (L-glutamic acid N,N-diacetic acid). L-GLDA,
oen referred to as GLDA, is a relatively new, pentadentate
chelating agent.19 It is used for iron control as well as stimula-
tion of carbonate and sandstone reservoirs. GLDA has a high
solubility in both water and highly concentrated acid solu-
tions.20 As a result of its spatial regularity in its chemical
structure, GLDA does not crystallize easily and can be more
soluble in aqueous solutions. This is due to lowered crystalli-
zation tendency.21 Furthermore, it is readily biodegradable as it
is manufactured from L-glutamic acid or monosodium gluta-
mate. In terms of stability constants, those of GLDA have been
generally found to be lower than that of EDTA and HEDTA and
are dependent on pH, temperature, and type of metal ions.22,23

4. DTPA (diethylenetriaminepentaacetic acid). DTPA is an
octadentate ligand that also has the highest stability constants
among commonly used chelating agents in the petroleum
industry. However, DTPA is not readily biodegradable24–26 and
has solubility issues in water and acid solutions. Its most
common application in the industry is barium and strontium
sulfate scale removal.27 A review of APCAs in scale removal
applications related to the oil and gas industry is provided
elsewhere.28

5. NTA (nitrilotriacetic acid). NTA is a tetradentate ami-
nopolycarboxylic acid that is used for well stimulation, iron
control, and scale removal. Its structure consists of three acetic
acid “arms” and a central nitrogen atom, all of which are
responsible for the denticity of NTA. Although NTA is more
biodegradable than other commonly used ligands such as EDTA
and HEDTA, it has low stability constant with most cations. In
addition, it is a known animal carcinogen and is a restricted
chemical in countries such as those in the EU.12

6. MGDA (methylglycinediacetic acid). MGDA is a biode-
gradable tetradentate chelating agent that was developed based
on IDA.29 MGDA is prepared by reacting glycine with formal-
dehyde and alkali metal cyanide in an alkaline medium.30 The
1816 | RSC Adv., 2022, 12, 1813–1833
advantage of MGDA over other ligands is its ability to degrade in
the absence of adapted bacteria at standard conditions and to
retain stability despite pH and temperature effects.31 It is
commonly found in cleaning agents such as detergents and
dishwashing liquids.

7. CDTA (trans-l,2-cyclohexylenediaminetetraacetic acid).
CDTA is a non-biodegradable hexadentate chelating agent that
is also commonly used in the medical industry. In the petro-
leum industry, it has been tested as an alternative acidizing
uid for carbonate formations.32 Due to the cyclohexyl group,
CDTA is lipophilic in addition to being hydrophilic. This
property makes it more effective at alleviating nickel-induced
alterations in the body than other chelating agents that are
only hydrophilic.33

8. HEIDA (hydroxyethyliminodiacetic acid) or HIDA.
HEIDA is a tridentate chelating agent with a structure like NTA
except it has only two acetate groups and a hydroxyethyl group.
It has been used for a variety of purposes including scale
removal and acidizing.17,34 The advantages of HEIDA are its
biodegradability and its solubility, which make it a possible
candidate for replacing EDTA. HEIDA is also one of the main
thermal degradation products of EDTA.35

9. EDDS (ethylenediamine-N,N0-disuccinic acid). EDDS is
a structural isomer of EDTA. Unlike NTA, EDDS has a high
capacity for complexing cations while displaying low toxicity to
sh.36 In addition, despite being structural isomers, the [S,S]
conformation of EDDS is more biodegradable than EDTA.
However, most metal complexes of EDDS are non-
biodegradable.37,38

10. ASDA (L-aspartic acid N,N-diacetic acid). ASDA, along
with GLDA, MGDA, HEIDA, EDDS, and several other chelating
agents, is a new generation, pentadentate chemical developed
in response to a growing need for biodegradable chelating
agents to replace non-biodegradable ones such as EDTA and
DTPA.36 Due to its biodegradability, it has been proposed as
a viable substitute to EDTA for cleaning soils poisoned by heavy
metals such as copper(II) (Cu2+) and lead(II) (Pb2+) ions.39,40
Types of metals used in the oileld

In the oil and gas industry, metals of construction can be
divided into two distinct categories: low carbon steels (LCS) and
corrosion-resistant alloys (CRAs). LCS such as N-80, H-40, or J-
55 grade steels are oen used to cast tubulars, casings, or
pipes that are used downhole or to transport uids around the
facility. CRAs such as 13Cr, S13Cr, and 316L, and nickel-based
CRAs such as Hastelloy, Incoloy, and Alloy C-276, are
commonly used in environments too corrosive for LCS and are
some of the more widely used CRAs in the oil and gas industry.41

As implied by their name, carbon steels are a mix between
carbon and steel, with the prex ‘low’ or ‘high’ referring to the
percentage composition range of carbon contained in the
mixture. Low carbon steels contain less than 0.4%, medium
carbon steels contain 0.4% to 0.6%, and high carbon steels
contain 0.6% to 1.5% carbon. LCS is the preferred choice of
material when downhole conditions are determined to be less
corrosive. This is due to their low-cost relative to other steels
© 2022 The Author(s). Published by the Royal Society of Chemistry
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such as chrome steel, ease of manufacture, and their ability to
withstand the physical stresses of downhole conditions. Low
carbon steels are relatively cheap and are thus a popular choice
for casing and tubing material. If higher yield strength is
required, LCS alloys such as P-110 can be used.

CRAs refer to metals such as stainless steel and other non-
iron-based alloys such as Hastelloy or Incoloy. These metals
usually contain chrome, nickel, and molybdenum to enhance
their corrosion resistance. They are oen used in formations
containing corrosive gases such as H2S, CO2, or a combination
of both. Both H2S and CO2 form acidic solutions when dissolved
in aqueous media while H2S presents the additional problem of
Sulde Stress Cracking (SSC). To control corrosion from these
gases, casings, and tubulars made of CRAs are oen used in
place of LCS. Due to the broad denition of the word corrosion,
it must be understood that CRAs are not impervious to all forms
of corrosion. Instead, they are metals that display high levels of
corrosion resistance specically in the environment they are in
without requiring either inhibition or mitigation techniques.
CRAs typically form a layer of Cr2O3 in the presence of air which
confers superior resistance to CO2 corrosion. However,
concentrated HCl can dissolve this layer, resulting in severe
corrosion to the base metal.42

Corrosion

Corrosion is a process that results in the loss of metals through
interactions between the metal and the environment around it.
In the oil and gas industry, corrosion of downhole equipment
and tubulars can result in leaks, equipment failure, or loss of
structural integrity. These outcomes can negatively affect
production, pose hazards to employees, and incur serious
maintenance costs. Costs due to corrosion in the oil and gas
industry amount to approximately $1.372 billion annually with
more than half the amount resulting from damaged surface
equipment and expenses on downhole tubulars.43

Acidizing and scale-removal uids will inadvertently corrode
the metal tubulars and damage downhole equipment. Corro-
sion rates vary due to several factors, including the environ-
mental temperature, type of metal, and treatment duration.
Therefore, adequate studies must be conducted beforehand to
determine the type and concentration of corrosion inhibitors
added to the treatment uid.

Types of corrosion

Corrosion can be classied into the following eight different
types:44 uniform corrosion, galvanic corrosion, crevice corro-
sion, pitting, intergranular corrosion, selective leaching,
erosion, and stress-corrosion cracking. Each corrosion classi-
cation involves a different mechanism of attack, and thus
requires a different method of prevention. In the petroleum
industry, the presence of strong acids and chloride ions causes
uniform corrosion, crevice corrosion, and pitting, which are the
most prevalent forms.45 Under specic conditions, other forms
of corrosion have also been observed in the oil eld.

Uniform corrosion is an electrochemical process between
a material and its environment that destroys the material. For
© 2022 The Author(s). Published by the Royal Society of Chemistry
corrosion to occur, an electrochemical cell consisting of
a cathode, an anode, an aqueous medium, and a metallic/
electronic path is required. In acidizing, the acid is the
aqueous medium and the body of the metal acts as the elec-
tronic path through which electrons ow. Due to factors such as
grain structure, alloying, and temperature, a metal surface can
possess multiple anodic and cathodic sites despite being
a single piece of metal. Dissolution of the metal occurs at the
anodic sites, while the cathodic reactions range from proton
(H+) attacks to reduction of water, depending on the environ-
ment and the composition of the aqueous solution. Continuous
removal of metal from the same anodic site results in pitting
and appears as depressions or holes in the metal surface
(Fig. 2).

Corrosion from strong acids, such as HCl, on metals, can be
primarily described by an electrochemical process. Initially, the
acid dissolves the oxide layer of the metal, either iron(III) oxide
or chromium(III) oxide depending on the type of metal dis-
solved. This reaction proceeds as shown in eqn (1), where M
represents any metal atom:

MxOy + 2yHCl / xMCl2y/x + yH2O (1)

The oxide layer on the surface of the metal is generated by
the oxidation of the base metal in the air. This layer protects the
bulk of the metal from exposure to the environment. Layer
thickness is dependent on environmental factors and the
structural properties of the metal. Aer the oxide layer removal,
the electrochemical reaction between the bulk metal and H+

ions in the solution occurs. Due to imperfections in the metal,
local cathodic and anodic sites develop on the metal surface
that facilitates corrosion. At cathodic sites, H+ ions are reduced
through the donation of a pair of electrons from base metal iron
(Fe0) atoms at the anodic site, as shown in eqn (2).

2H+ + Fe0 / H2 + Fe2+ (2)

Certain compounds present in the metallic structure will
affect the corrosion rate of the metal. Cementite, for example, is
a form of iron carbide that has been shown to accelerate
corrosion by providing a favorable cathodic site with a lower
overpotential for the formation of hydrogen.46
Aminopolycarboxylic acids (APCAs)
Corrosion mechanism

The corrosiveness of various APCAs on metals has been widely
studied as they are usually used as alternatives to the traditional
HCl acidizing formulations at high temperatures.47 APCAs are
oen used at pH 4 for standalone acidizing. Therefore, under-
standing chelating agent corrosion is vital when designing the
treatment.

The mechanism of dissolution of the metal oxide layer is
likely to be similar to that of mineral surfaces.48 Ligands adsorb
onto the oxide layer of metals and dissolve it through a surface
complexation mechanism (Fig. 3). Lewis basic groups on the
chelating agent can labilize the central metal ion through the
RSC Adv., 2022, 12, 1813–1833 | 1817
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Fig. 2 Electrochemical corrosion of iron by acid.
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donation of their electron density. This sharing of electron
density causes the weakening of other bonds to the metal ion,
eventually allowing it to be extracted from the oxide layer. In the
case of carbon steel corrosion, accelerated corrosion of the
oxide layer may occur due to reductive dissolution.

Reductive dissolution is a well-documented process studied
by several authors researching chelate-assisted dissolution of
iron-containing minerals such as goethite, magnetite, and
hematite.49–53 It involves the acceleration of iron oxide dissolu-
tion in the presence of reducing agents in the solution. More
specically, the mechanism of reductive dissolution rst
involves a reducing agent reducing Fe3+ in the solution yielding
Fe2+. Chelated iron(II) (Fe2+–L) then reacts with chelated iron(III)
adsorbed on the surface of the metal (Fe3+–L(ads)) reducing it in
a redox reaction shown in eqn (3). By reducing the charge of the
chelated surface iron cation, the dissolution of the chelated ion
is improved.

Fe3+–L(ads) + Fe2+–L / Fe2+–L(ads) + Fe3+–L. (3)

Depending on metal structure and under the right condi-
tions, it is also possible that APCAs enhance corrosion by
undergoing reduction at cathodic sites on steel surfaces. Palmer
and Boden54 showed that the carboxylic acid groups of EDTA
were reduced to aldehyde groups when exposed to platinum or
mild steel and suggested that EDTA may act as a cathodic
stimulant for corrosion of mild steel. Additionally, Calderon
et al.55 observed a higher cathodic slope than that of the
cathodic reduction of H+ while comparing the corrosivity of
disodium EDTA and tetrasodium EDTA on P-110 steel and
attributed this observation to EDTA reduction. Ng et al.56

showed that the chelating agents at pH 4 corrode through a 2-
step process: chelator enhanced dissolution of the iron oxide
layer followed by a redox reaction between the base metal and
Fig. 3 An example of corrosion of the iron oxide layer due to surface c

1818 | RSC Adv., 2022, 12, 1813–1833
the chelating agent. This involves the reduction of the chelating
agent carboxylic groups into aldehydes while the base metal Fe
is oxidized to Fe2+. At low pH, however, the mechanism
becomes less clear since, at these conditions, the presence of H+

ions in the solution and the likelihood of acid corrosion arises.
Corrosion rates in aggressive environments can be inhibited

using a low concentration of chemical compounds called
corrosion inhibitors. They act on the metal's surface through
different modes such as chemisorption, base-metal oxidation,
and reaction with corrosive components. When applied, it
protects the metal against pitting, loss of material, the extent of
hydrogen embrittlement, and reduction of acid fumes. Corro-
sion inhibitors are used in acidic, alkali, and neutral environ-
ments. Some examples of organic and inorganic corrosion
inhibitors include orthophosphates, silicates, chromates,
amines, aldehydes, alkaloids, nitro, and nitroso, thiourea,
phenols, naphthol, and chelating compounds. The selection of
the best corrosion inhibitor is dependent on the type of corro-
sion, desired protection time, and temperature conditions. A
review of several types of corrosion inhibitor packages revealed
the wealth of work done in this area for hydrochloric acid-based
corrosion of carbon steels.57 Chen and Yang discussed the
various types of inhibitors used for hydrochloric acid, sulfuric
acid, nitric acid, phosphoric acid, hydrouoric acid, citric acid,
and sulfamic acid.58 They listed the best-recommended chem-
istries for the different acid systems used in the oil and gas,
metallurgical, mechanical, electrical power, and transportation
industries. The corrosion inhibitor packages are specically
designed for each type of acid,59 and they vary due to the acid's
mechanism of attack on the metal's surface. This review pres-
ents a collection of corrosion data relating to the application of
aminopolycarboxylic acids in different industries and how the
corrosion rates were inhibited.
omplexation by a simple chelating agent (adapted from ref. 48).

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra07272b


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
2/

2/
20

25
 6

:3
3:

53
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Laboratory testing of corrosion rates

Many tests studying the corrosion rates of chelating agents at
low pH conditions have been carried out with carbon steels and
corrosion-resistant alloys. In general, the corrosion rates are
considered acceptable if they are kept below 45.4 mmpy (0.05 lb
�2 over 6 h).42,60 For chrome steel, this corrosion rate limit is
lowered to 27.2 mmpy (0.03 lb �2) and for coiled tubing, the
corrosion rate limit is 18.2 mmpy (0.02 lb �2).42,60 Corrosion
rate depends on the APCA and the type of metal corroded. For
example, at high temperatures, acidic formulations (pH 4) of
HEDTA were found to require corrosion inhibitors when used
with carbon steel tubulars, while alkaline formulations of
HEDTA and EDTA did not.61 Additionally, acidic formulations of
GLDA were shown to require no corrosion inhibitor below
temperatures of 149 �C (300 �F) on chrome steel.62

Frenier et al.14 tested the corrosion rate for 2.8% HEIDA in
28% HCl on N80, 13Cr, and CT carbon steels at 149 �C (300 �F).
It required a 0.8%HCl acid inhibitor to maintain the acceptable
corrosion rate for N80 steel and CT. The authors also found that
a 50–50 ratio of HEIDA and HCl at pH 2.5 required only 0.2%
organic acid type inhibitor to reduce the corrosion rates by 10
times for N80, 13Cr, and CT. The lowered dose reduces the
environmental footprint compared to the mineral acid uid.

At pH 4, the corrosion rate of 20% HEDTA with 0.3% organic
acid compatible corrosion inhibitor at 177 �C (350 �F) over 4
hours was found to be 13.6 mmpy (0.01 lb �2) on 13Cr and N-
80.34,48

Hur et al.63 tested the corrosivity of 10 and 20% EDTA (pH ¼
7) on carbon steels SA 508 Cl.3, SA 516 Gr.70, and SA 285 Gr.C
during sludge dissolution at temperatures ranging from 93
(200) to 150 �C (302 �F) and found acceptable corrosion rates in
presence of 1% corrosion inhibitor. EDTA was evaluated
because it does not tend to initiate new faults or propagate
existing faults in steam generators during the chemical clean-
ing process. They noted that the corrosion rates increased
linearly with cleaning time and the average corrosion at 150 �C
(302 �F) was two times higher than at 130 �C (266 �F).

The corrosiveness of EDTA on P-110 was tested by Calderon
et al.55 who showed that 10% disodium EDTA was more corro-
sive than 20% tetrasodium EDTA under different hydrodynamic
regimes and temperatures. The cathodic depolarization effect
was more pronounced in the case of the disodium EDTA. The
addition of a mutual solvent, butylene–glycol, and a poly-
ethoxylated nonionic surfactant did not change the corrosion
rates of disodium EDTA. However, these additives increased the
corrosion rates of tetrasodium EDTA by an order of magnitude.

20 wt% GLDA at pH 3.8 on L-80 at 149 �C (300 �F) over 6 h
showed corrosion rates above the industry standard of 45.4
mmpy (0.05 lb �2) and thus required the addition of thiourea
based corrosion inhibitors to lower it to an acceptable level.64 In
the presence of 0.005% of corrosion inhibitor, the corrosion
rate of GLDA on L-80 was found to be drastically reduced and be
acceptable for oileld applications. The authors also found that
the thiourea-based corrosion inhibitor performed better than
a quaternary-based corrosion inhibitor. Both these corrosion
inhibitors at the same dosage were not sufficient to keep 20 wt%
© 2022 The Author(s). Published by the Royal Society of Chemistry
HEDTA (pH ¼ 3.8) below the corrosion limits. C-95, Q-125, J-55,
and P-110 required 0.1 vol% of the thiourea-based corrosion
inhibitor for corrosion protection at 149 �C (300 �F) with 20 wt%
GLDA.

Ng et al.56 noted high corrosion rates of GLDA, EDTA,
HEDTA, and MGDA at pH 4 and temperatures of 149 (300 �F)
and 177 �C (350 �F) for over 12 h of testing. However, with the
addition of 1% corrosion inhibitor containing sulfur, these
corrosion rates were brought down signicantly. The authors
delineated the corrosion mechanisms into (a) acid attack, (b)
chelator enhanced dissolution, and (c) cathodic reduction.
EDTA and GLDA had higher chelator enhanced corrosion rates
than HEDTA and MGDA. EDTA and HEDTA had the highest
cathodic reduction corrosion rates.

Corrosion tests conducted on L-80 and 13Cr using GLDA,
ASDA, MGDA, and HEIDA at 149 �C (300 �F), pH 3.8, and 1000
psi showed unacceptable levels of corrosion for L-80 for all
ligands, while 13Cr showed low corrosion only with GLDA.21 The
corrosion rates of 20 wt% GLDA on L-80 between 93 (200 �F) to
204 �C (400 �F) were found to increase substantially with
temperature but could be reduced to acceptable levels with the
addition of 0.001% corrosion inhibitor containing alkoxylated
fatty amines, alkoxylated organic acid, and thiourea.65 These
rates were also found to be much lower for 13Cr and duplex at
the same conditions. The authors concluded that GLDA was
generally the most versatile environmentally friendly chelating
agent in terms of corrosion, functionality in matrix acidizing,
descaling, impact on tubular, completion, and environment.

Abdelgawad et al.66 studied the corrosivity of DTPA without
a corrosion inhibitor at pH 12 and 120 �C (249 �F) on coiled
tubing and determined the corrosion rate to be 6.4 mmpy (0.007
lb �2). They recommended using the DTPA-seawater system to
eliminate excessive costs related to corrosion inhibitors and
intensiers, which could exceed 50% of the total costs in deep
gas wells.

DeWolf et al.62 examined the corrosion rates of 20 wt%GLDA
(pH ¼ 3.8) on nickel-based alloys, Inconel-625 and Incoloy-925,
at 177 �C (350 �F) over 6 h. The corrosion rate in the Inconel-625
and Incoloy-925 was found to be 10.7 (0.0118) and 3.6 mmpy
(0.0040 lb �2), respectively. There were no signs of pitting on
the surface of the coupons. Under North Sea conditions
(10 mol% H2S, 5 mol% CO2, 121 �C (250 �F), 20 wt% GLDA (pH
¼ 3.8) with 0.05% corrosion inhibitor containing polymeric
ester quat and butyl diglycol (approved for use in the North Sea),
resulted in acceptable corrosion rates. This formulation met all
the Oslo Paris Convention for the Protection of Marine Envi-
ronment of the Northeast Atlantic (OSPAR) requirements.

GLDA was also shown to have low corrosion rates with 22Cr
and 13Cr at 150 �C (302 �F) without the use of corrosion
inhibitors but HEDTA was found to be corrosive at similar
conditions.68 Lal69 conducted tests using GLDA and EDTA at 149
(300 �F) and 177 �C (350 �F) at a pH of 4 on S13Cr-110 metal
coupons and found the corrosion rates to be 7.5 (0.00827) and
0.1 mmpy (0.000114 lb �2), respectively.

Reyes et al.70 tested a GLDA/HF blend and showed acceptable
corrosion rates on coiled tubing and drill pipe at temperatures
below 160 �C (320 �F), but corrosion inhibitors were required at
RSC Adv., 2022, 12, 1813–1833 | 1819
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higher temperatures. The corrosivity of 25 wt% GLDA on L-80 at
127 �C (260 �F) in the presence of sour gas (7 mol%) and carbon
dioxide (3 mol%) was examined by Nasr-El-Din et al.71 and
found to require 1% corrosion inhibitor containing alkoxylated
fatty amines, alkoxylated organic acid, and thiourea N,N0 dibutyl
since the corrosion rate was too high (152.5 mmpy (0.168 lb
�2)) without it. The iron and manganese concentration was
reduced by 97 and 73% during the corrosion tests when the
corrosion inhibitor was used. Nasr-El-Din et al.72 tested the
corrosiveness of GLDA on L-80, Alloy 28, and Incoloy 925 under
sour conditions at 300 �F (149 �C) for 6 hours and found the
corrosion rates to be 9.7 (0.0107), 0.2 (0.0002), and 0.09 mmpy
(0.0001 lb �2), respectively. In the presence of acidic gases
such as H2S and CO2 at 121 �C (250 �F), a corrosion inhibitor
was required for 20 wt% GLDA, resulting in low corrosion rates
with L-80, 13Cr, duplex-2205, and alloy 28.49 Tables 1 and 2
show a summary of the corrosion test results.

Due to corrosion mechanisms of chelating agents, corrosion
may be inhibited by adding corrosion inhibitors that act by
blocking adsorption sites or cathodic sites. Campbell and Eick73

showed the inhibition of goethite, an iron oxohydroxide
Table 1 Low-carbon steel corrosion rate summary

Metal APCA Concentration, wt% T, �C Inhibitor, v% p

N-80 HEIDA 50 149 0.200 2
HEIDA 75 149 0.200 4
EDTA 20 177 0 1
HEDTA 20 177 0.300 4
GLDA 20 149 0 4
HEDTA 20 149 0 4
EDTA 20 149 0 4
MGDA 20 149 0 4
GLDA 20 177 0 4
HEDTA 20 177 0 4
EDTA 20 177 0 4
MGDA 20 177 0 4
HEDTA 20 177 1 4
MGDA 20 177 1 4

CT HEIDA 50 149 0.200 2
HEIDA 75 149 0.200 4
DTPA 15 120 0 1

L-80 GLDA 20 121 0 3
GLDA 20 121 0.050 3
GLDA 25 127 0 N
GLDA 25 127 1.000 N
GLDA 20 149 0 3
GLDA 20 149 0.001 3
GLDA 20 149 0.005 3
GLDA 20 149 0.001 3
GLDA 20 149 0 3
GLDA 20 149 0 3
GLDA 20 149 0.001 3
HEDTA 20 149 0 3
HEDTA 20 149 0.001 3
HEDTA 20 149 0.005 3
HEIDA 20 149 0 3
MGDA 20 149 0 3
ASDA 20 149 0 3

P-110 EDTA 10 80 0 6
EDTA 20 80 0 1

1820 | RSC Adv., 2022, 12, 1813–1833
(a-FeO(OH)), from EDTA dissolution using phosphates,
molybdates, and selenite. These oxyanions compete with EDTA
for adsorption sites on the mineral surface, preventing EDTA
adsorption and dissolution of the rock. However, they also show
that insufficient inhibitor concentration can result in incom-
plete coverage of adsorption sites on the surface, resulting in
EDTA adsorption to an extent comparable to the absence of
inhibitors at pH > 6. They also noted an increase in goethite
dissolution, which they attributed to EDTA being forced into
a dissolution enhancing mononuclear conformation to adsorb
to the remaining sites. This dissolution study could be used to
deal with corrosion issues as well.

Shi et al.74 prepared GLDA (pH ¼ 4) by diluting a high pH
stock solution and changing its pH using acetic acid and found
that it exhibited a better acidication effect on Baota limestone
than a solution prepared with HCl as the pH modier. 5 wt%
GLDA without any corrosion inhibitor showed 24 h corrosion
rates of 0.9 (0.004) and 15.9 mmpy (0.07 lb �2) at 25 (77 �F) and
80 �C (176 �C), respectively. They postulated that physical and
chemical adsorption decreased the interactions of H+ ions with
the metal and thus reduced the corrosion rates compared to
H
Duration,
hours H2S/CO2

Corrosion rate,
mmpy (lb �2) Source

.5 6 No 3.0 (0.0033) 14

.0 6 No 1.1 (0.0012)
2.0 4 No 13.6 (0.0100) 48
.0 4 No 13.6 (0.0100)

12 No 328.8 (0.724) 56
12 No 364.6 (0.803)
12 No 389.6 (0.858)
12 No 291.5 (0.642)
12 No 342.4 (0.754)
12 No 442.3 (0.974)
12 No 485.9 (1.07)
12 No 345.1 (0.76)
12 No 4.6 (0.0102)
12 No 2.5 (0.00561)

.5 6 No 1.8 (0.0020) 14

.0 6 No 0.9 (0.0010)
2 6 No 6.4 (0.007) 66
.8 6 Yes 193.3 (0.2128) 42
.8 6 Yes 3.5 (0.0038)
ot mentioned 6 Yes 152.6 (0.1680) 71
ot mentioned 6 Yes 4.0 (0.0044)
.8 6 No 539.2 (0.5937) 64
.8 6 No 512.8 (0.5647)
.8 6 No 23.8 (0.0262)
.8 6 No 35.8 (0.0394) 21
.8 6 No 177.6 (0.1956)
.8 6 Yes 9.7 (0.0107) 72
.8 6 No <45.4 (<0.05) 65
.8 6 No 757.5 (0.8341) 64
.8 6 No 570.2 (0.6279)
.8 6 No 118.1 (0.1300)
.8 6 No 592.0 (0.6519) 21
.8 6 No 417.4 (0.4596)
.8 6 No 628.1 (0.6916)
.0 6 No 170.7 (0.1880) 55
0.0 6 No 0.09 (0.0001)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 CRA corrosion rate summary

Metal APCA Concentration, wt% T, �C
Inhibitor,
% pH

Duration,
hours H2S/CO2

Corrosion rate,
mmpy (lb �2) Source

13Cr GLDA 20 121 0 3.8 6 Yes 334.1 (0.3679) 49
GLDA 20 121 0.05 3.8 6 Yes 14.3 (0.0158)
GLDA 20 149 0 3.8 6 No 0.8 (0.0009) 21
GLDA 20 149 0 3.8 6 No 7.3 (0.0080) 67
HEDTA 20 149 0 3.8 6 No 300.6 (0.3310)
HEDTA 20 149 0 3.8 6 No 477.1 (0.5253) 49
HEIDA 50 149 0.2 2.5 6 No 4.5 (0.0050) 14
HEIDA 75 149 0.2 4 4 No 2.7 (0.0030)
HEIDA 20 149 0 3.8 6 No 53.6 (0.0590) 21
MGDA 20 149 0 3.8 6 No 81.7 (0.0900)
ASDA 20 149 0 3.8 6 No 51.1 (0.0563)
HEDTA 20 177 0.3 4 4 No 9.1 (0.0100) 48
EDTA 20 177 0 12 6 No 0.0000
GLDA 20 177 0.5 3.8 6 No 45.0 (0.0496) 49
GLDA 20 177 0 3.8 6 No 315.9 (0.3478)
GLDA 20 150 0 — 6 No 7.3 (0.008) 68
HEDTA 20 150 0 — 6 No 300.6 (0.3310)

S13Cr GLDA 20 177 0 3.8 6 No 17.0 (0.0187) 49
Alloy 28 GLDA 20 149 0 3.8 6 Yes 0.2 (0.0002) 72
22Cr GLDA 20 150 0 — 6 No 0.09 (0.0001) 68
Incoloy 925 GLDA 20 149 0 3.8 6 Yes 0.09 (0.0001) 72

GLDA 20 177 0 3.8 6 No 3.6 (0.0040) 49
Inconel-625 GLDA 20 177 0 3.8 6 No 10.7 (0.0118) 49
Duplex HEDTA 20 177 0 3.8 6 No 0.0000 49

GLDA 20 177 0 3.8 6 No 0.09 (0.0001)
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standalone HCl or acetic acid. A new sulfate scale dissolver
composed of ethylenediamine, NTA, EDTA, chloroacetic acid,
and a surfactant with a pH of 12.5 showed a corrosion rate of
12.7 mmpy (0.014 lb �2) at 90 �C (194 �F) and 6 h of testing.75 A
0.4 M DTPA in presence of 1 vol% corrosion inhibitor and
mutual solvent yielded a corrosion rate of 0.9 mmpy (0.001 lb
�2) (N80) during an iron sulde scale treatment process at
65 �C (150 �F).76 Luo et al. studied a DTPA–sodium polyacrylate
blend (pH ¼ 12) for the dissolution of barite and evaluated the
blend's corrosion performance at 90 �C (194 �F).77 The blend
showed negligible corrosion rates for N80 and 13Cr for a testing
time of 10 h. Disodium EDTA solutions can corrode carbon steel
as high as 16.6 mm per year, which is considered high for
engineering operations.78
APCAs as corrosion inhibitors

Chelating agents are only corrosive if the chelated product is
soluble. Therefore, if the ligand can form an insoluble chelated
product aer binding to the surface site on the metal, it can act as
a corrosion inhibitor.79 Chelating agents may also inhibit corro-
sion if they formbi- ormultinuclear complexes on the surface site,
as it is energetically unfavorable to remove these complexes.80

EDTA has been examined thoroughly by several authors as
an inhibitor for various types of metals in acid. It has been
shown to inhibit corrosion on mild steel and aluminum in
0.5 M HCl through adsorption of the EDTA molecule on the
metal surface.81,82 Both authors demonstrate that EDTA was able
to both inhibit corrosion by acting as a mixed inhibitor and
© 2022 The Author(s). Published by the Royal Society of Chemistry
prevent pitting on the metal surface immersed in the acid
solution. Even in 1 M of HCl, EDTA was still able to perform
comparatively well against thiourea, a conventional corrosion
inhibitor at room temperature.83 Zor et al.84 showed that
aluminum surfaces could be protected from chloride corrosion
by EDTA and that this inhibition was optimal at pH 9 with low
concentrations of EDTA (10�4 M) at room temperature.

Inhibition properties of EDTA can be further enhanced
through the addition of other ions and inhibitors. Zinc(II) ions
(Zn2+) and trisodium phosphate (Na3PO4) have been shown to
exhibit synergistic effects when used with EDTA to inhibit
corrosion.85 The authors show that at the optimal pH of 7, 98%
inhibitor efficiency is obtained due to the formation of an
insoluble layer of ferrous EDTA, ferrous Na3PO4, and zinc(II)
hydroxide. Another set of additives that have been shown to
enhance the inhibition properties of EDTA is hydroxylamine
sulfate and Fe2+.86 Finally, the inhibiting properties of EDTA on
steel surfaces can be strengthened through the addition of Fe3+

ions to the solution.81

A magnesium hydroxide-EDTA coating reduced the corrosion
rate of bare AZ31 Mg alloys by one or two orders of magnitude.87

EDTA accelerated the formation of the protective coating.
APCAs degradation

Understanding the degradability of APCAs is an important
factor when designing treatments. The effects of chelating
agents on the environment have been comprehensively studied
over the past few decades. Because of their ability to chelate
RSC Adv., 2022, 12, 1813–1833 | 1821
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metal ions, chelating agents in the environment can inuence
the speciation and bioavailability of metals, as well as remobi-
lize toxic heavy metals into drinking and groundwater from
sediments and aquifers.88,89

APCAs have also been shown to harm certain types of
bacteria by destroying cell membranes and harm plants by
increasing toxic heavy metal uptake.90 Furthermore, APCAs may
cause water eutrophication due to the presence of nitrogen
atoms in their structure that results in undesired algae
blooms.90,91 In such cases, these effects can be minimized if the
chelating agent readily degrades when introduced to the
environment.

APCAs have been used in the oil and gas industry for several
applications including oileld stimulation, iron control, scale
removal, and enhanced oil recovery. The effectiveness of such
treatments depends on the performance of the chemical agents.
Its degradation under extreme conditions can render the
treatment ineffective. Degradation of APCAs can be divided into
three broad degradation processes: thermal, photo-, and
biodegradation. Due to the frequent use of APCAs in the oil and
gas industry, it is critical to understand the level of resistance of
ligands to these types of degradation. Understanding the limi-
tations of each type of APCA can help researchers and industry
professionals to design an effective downhole treatment. Also,
knowing the degradation products of chelating agents, espe-
cially those from thermal decomposition, allows for the iden-
tication of problems that may arise from negative interactions
of these products with other additives in the solution. Some
APCAs degrade to yield other APCAs of lower stability constants,
which may still be able to carry out the function of the parent
APCA. The resulting lower stability may lessen the impact of
degradation on chelating agent systems.
Thermal degradation of APCAs

When organic compounds are used in the oileld, thermal
stability becomes an important consideration due to harsh
downhole conditions. These temperature limitations are
usually indicative of the operational limit of the chemicals
used, and APCAs are no exception. Therefore, it is important to
determine the thermal stability of these APCAs before they are
used in the eld. It is also important to examine the degra-
dation products of these molecules to determine if they will
precipitate or participate in undesired side reactions with
other additives.

The thermal stability of chelating agents, their various
thermal degradation pathways, and the effect of various envi-
ronmental factors on the degradation products and process
have been thoroughly studied. Martell et al.92 studied the
thermal degradation of both NTA and EDTA and showed that at
260 �C (500 �F) and pH 9.5, EDTA hydrolyzes to its primary
degradation products HEIDA and IDA in half an hour. HEIDA
was later shown to undergo further hydrolysis to yield ethylene
glycol and IDA. Eventually, the primary degradation products
were determined to be substituted methylamines.

NTA decomposed at 293 �C (560 �F) in a stepwise, non-
hydrolytic decarboxylation process, starting from the initial
1822 | RSC Adv., 2022, 12, 1813–1833
degradation product, N-methyliminodiacetic acid (MIDA), to
methylsarcosine, and nally yielding trimethylamine. At low
pH, however, degradation products of NTA were found to be
IDA, MIDA, sarcosine, glycine, and N,N-dimethylglycine with
the eventual degradation products being carbon monoxide
(CO), carbon dioxide (CO2), formaldehyde, and methylamines.93

However, these decompositions are not common since typical
temperatures in the eld are far below these levels.

The thermal decomposition of GLDA was studied by several
authors.20,21,94–96 GLDA exhibited similar thermal stability to
HEDTA when heated for 4 hours at 149 �C (300 �F) and 177 �C
(350 �F) and the decomposition products were cyclic GLDA and
formic acid.20 Sokhanvarian95 examined the decomposition of
GLDA at the same temperatures and a pH of 4 up to 12 hours.
The GLDA decomposition products were identied through
mass spectrometry as monosodium glutamate-monohydrate,
IDA, oxotetrahydrofuran-2 carboxylic acid, hydroxyglutaric
acid, and acetic acid. IDA and hydroxyglutaric acid were iden-
tied as the primary degradation products. The authors also
suggest a mechanism for the thermal decomposition of GLDA at
low pH in Fig. 4. MGDA and HEIDA were extremely stable at
temperatures up to 177 �C (350 �F), experiencing no degrada-
tion over 6 hours.21 However, ASDA was shown to degrade easily,
with less than 10% of the APCA remaining when degraded at
149 �C (300 �F) for the same duration. This would require the
application of an APCA with adequate thermal stability for high-
temperature wells since the degradation products will no longer
be able to perform the function of the original ligand, such as
iron control, scale removal, or matrix acidizing.

Factors inuencing thermal degradation. By testing the
degradation products of EDTA at various pH values at 200 �C
(392 �F), Venezky and Moniz97 showed that a decrease in pH
results in a corresponding decrease in thermal stability and that
pH also inuences the stepwise degradation of EDTA. The
improved stability of high pH solutions of EDTA was postulated
to be because of higher resonance stabilization of the free
carboxylate ions. Also, the degradation process is faster in
presence of H+ ions.

Fig. 5 shows the effect of pH on EDTA degradation at 200 �C
(392 �F). EDTA is postulated to lose one –CH2COOH group and
degrade to ethylenediaminetriacetic acid (ED3A) which
undergoes further decomposition as the pH is lowered.

Increasing H+ ion concentration resulted in higher concen-
trations of MIDA when NTA is thermally decomposed.93 Dillon98

degraded EDTA at pH 7 and 250 �C (482 �F) for a week and
found that only methyl and ethyl substituted amines remained.
Boles et al.99 evaluated disodium EDTA degradation at pH 4.6
and temperatures of 125 (257 �F), 175 (347 �F), and 200 �C (392
�F). These researchers concluded that the resulting primary
degradation product was MIDA instead of HEIDA or IDA. They
found that the half-life of disodium EDTA was 1.4� 0.4 hours at
200 �C (392 �F). Below 1 week of degradation, the primary
degradation products retained the carboxyl functional groups
capable of binding metal ions. However, its efficiency in
chelating transition and actinide metals reduced by 6 to 22
orders of magnitude at 25 �C (77 �F) compared to EDTA. Beyond
1 week of degradation, the EDTA was decarboxylated into
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Proposedmechanism for GLDA degradation at pH 4 and exposure to temperature up to 200 �C for a period above 4 hours (adapted from
ref. 96).
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methyl and ethyl substituted amines, thereby removing any
metal chelation abilities. The presence of dissolved oxygen also
inuences the rate of degradation, where higher oxygen content
leads to higher thermal degradation. During mixing or pump-
ing, oxygen will inadvertently be added to the system. Dissolved
oxygen (O2) concentration was also found to affect the rate of
decomposition of EDTA, with higher concentrations of O2,
resulting in a higher rate of decomposition.100 In the presence of
5% palladium on carbon catalyst, NTA can be degraded by O2 at
90 �C (194 �F) to yield IDA, carbon dioxide, water, and oxalic
acid.101 Thermal degradation of EDTA was found to decrease the
amount of free EDTA rapidly at higher temperatures.102 Final
degradation products of EDTA have also been shown to be
dependent on the temperature of the system92,103 (Fig. 6).

The effects of metal ions on the thermal degradation of
chelating agents have also been examined. This is important in
applications such as scale removal and iron control since
thermal degradation of the metal chelate would release the ion
held back into solution with undesirable consequences. In
general, APCA chelates are more stable than their protonated
forms. Motekaitis et al.35 tested the effects of various divalent
cations on the thermal stability of EDTA at pH 10.4 and found
Fig. 5 Proposed effect of pH on the stepwise degradation of EDTA at 2

© 2022 The Author(s). Published by the Royal Society of Chemistry
an inverse correlation between the thermal stability of the metal
chelate and the stability constant between EDTA and the metal
ion. This is due to the predominant mechanism of dissociation
followed by degradation at high temperatures. The higher
stability complexes dissociate slowly and lead to better thermal
stability than the less stable complexes. The presence of phos-
phate or silicate ions accelerated the degradation process of the
Ca(II)–EDTA complex product. The thermal stability of NTA with
several divalent cations and Fe3+ was tested at 300 �C (572 �F) by
Booy and Swaddle.105 They showed that NTA3� was more stable
than several NTA chelates such as Fe(II)–NTA, Fe(III)–NTA, and
Cu(II)–NTA. However, Co(II)–NTA was demonstrated more
thermal stability than NTA3�.

HEDTA and GLDA were shown to be stabilized by the addi-
tion of various salts commonly used in drilling or clay stabili-
zation, including cesium formate, potassium chloride, and
ammonium chloride.95 It was also found that amino-
polycarboxylic acids with a higher number of nitrogen atoms
are generally more thermally stable. Calcium ions (Ca2+), which
are common during limestone acidizing, were also found to
stabilize GLDA.96 Resonance stabilization of free carboxylate
groups is thought to provide increased thermal stability in the
00 �C (392 �F) (adapted from ref. 97).

RSC Adv., 2022, 12, 1813–1833 | 1823
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Fig. 6 Proposed schematic of EDTA degradation and the effects of temperature on the final products (adapted from ref. 104).
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presence of cations and higher pH.95,97 Hydrated sodium salts of
EDTA were found to be less stable at a much lower temperature
than their aqueous form.106

Redox reactions with metal ions that eliminate APCA
molecules have also been observed. Ethylenediaminetriacetic
acid (ED3A), IDA, and HEIDA were found to be the degradation
products of EDTA, while NTA yielded IDA as the major
product. Fe3+ was observed to be reduced to Fe2+ and Cu2+ to
copper metal (Cu0). Booy and Swaddle105 also decomposed
NTA–Fe3+ and NTA–Cu2+ chelates and made similar observa-
tions with the former yielding IDA, sarcosine, and dimethyl-
amine, with the latter producing IDA, formaldehyde, and CO2.
Only 2.5% of NTA was degraded aer 6 hours of exposure to
160 �C (320 �F). However, at 220 �C (428 �F), the rate of
degradation was faster and about 75% of NTA was degraded
aer 8 hours of exposure.107 Using thermogravimetric and
diffusal thermal analysis (TG/DTA), ED3A was proven to be the
major component of EDTA oxidation by Fe3+.108 Lambert and
Mason109 reacted hexacyanoferrate with EDTA at 50 �C (122 �F)
and observed Fe reduction. Studies of the reaction kinetics
and mechanism of EDTA, DTPA, NTA, and CDTA with cer-
ium(IV) ions (Ce4+) in perchloric acid media at room temper-
ature show a reduction of Ce4+ to cerium(III) ions (Ce3+).110–112

Hanna et al.112 suggest the degradation products of EDTA to be
ethylenediamine and glycine when oxidized by Ce4+ and
propose a mechanism for their formation. Therefore, more
chelating agents would be required to adequately control iron
or remove iron-based scale.
1824 | RSC Adv., 2022, 12, 1813–1833
Biodegradation

In recent times, the oil and gas industry has placed an ever-
growing emphasis on the use of environmentally friendly
materials, ranging from demulsiers to drilling uids.160 The
biodegradability of chelating agents is an important factor
when selecting which type of APCAs to use, especially in
offshore environments. Furthermore, selecting more biode-
gradable ligands that can be degraded with bulk waste may be
preferable to those that do not and therefore require an extra
layer of treatment to remove.

Industrial use of chelating agents has rendered its disposal
into natural waters. Biodegradation of organic compounds is
the primary method to remove them from the environment.113

Chelating agents in the environment can inuence the specia-
tion and bioavailability of metals, as well as remobilize toxic
heavy metals into drinking and groundwater from sediments
and aquifers.88,89 They may also cause water eutrophication due
to the presence of nitrogen atoms in their structure.36,90 In
general, the biodegradability of chelators in the oileld is
evaluated using OECD (Organization of Economic Cooperation
and Development) tests and standards. When undergoing
biodegradability tests, biodegradable chelating agents, such as
S,S-EDDS, are oen tested alongside as a control to determine if
the conditions of the test are favorable for biodegradation.

The biodegradability of APCAs is inuenced by the number
and character of nitrogen atoms present in the molecule.
Chelators containing a single nitrogen atom, such as NTA, are
biodegradable, whereas those containing two or more nitrogen
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra07272b


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
2/

2/
20

25
 6

:3
3:

53
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
atoms, such as EDTA and DTPA, cannot be degraded by typical
assays.13,24,114 Means et al.115 showed that NTA is more biode-
gradable than EDTA and DTPA in the long term. They also
observed that the rates of degradation of the three APCAs were
not high enough to preclude concern about their release to the
environment. Biodegradation of NTA was found to occur in
wastewater, river water, and using the activated sludge process,
evolving CO2, water, and inorganic nitrogen as degradation
products.116 EDTA, however, can be biodegraded by certain
strains of bacteria found in aerated lagoons, secondary waste-
water treatment facilities, industrial sewage, and lab-grown
sources.24,36,117–122 Fig. 7 shows a pathway for biodegradation of
EDTA. ED3A and IDA are the main metabolites of EDTA
Fig. 7 Proposed biodegradation pathway of EDTA by DSM 9103 (adapte

© 2022 The Author(s). Published by the Royal Society of Chemistry
oxidation by highly concentrated biomass from an aerated
lagoon receiving EDTA-containing wastewaters. Other products
such as EDDA, ethlyenediaminemonoacetate (EDMA), NTA, and
glycine were detected in low concentrations. The type of
nitrogen atom, secondary or tertiary, also appears to play a role
in the stability of the chelating agent as shown by the higher
susceptibility of ethylenediaminediacetic acid (EDDA) to
degradation than EDTA.24,123

The substituents and stability constants of the metal chelate
also affect its biodegradability. The effect of various substitu-
ents in ethylenediamine derivatives was investigated by Sykora
et al.24 They found that biodegradability increased in the order
–COCH3, –CH3,–C2H5, –CH2CH2OH, –CH2COOH. These
d from ref. 124).

RSC Adv., 2022, 12, 1813–1833 | 1825
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authors also showed that EDTA, HEDTA, and DTPA were not
degraded by prolonged exposure to activated sludge. The
lowering of the degree of substitution helps in making the
compound more biodegradable. For example, lowering the
number of acetic acid groups in EDTA from four to two, hence
making it EDDA, increases the biodegradability of the
compound.

Understanding the biodegradability of metal-chelate
complexes is important because ligands are oen present in
the chelated form in waste solutions. Therefore, biodegradability
test results of metal chelates can vary widely primarily depending
on the cell's ability to deal with specic metal ions. Degradation
dependence on stability constants for EDTA was only shown for
whole cells and not for EDTA–monooxygenases.125

Metal–EDTA complexes with stability constants of 12 and
lower, except for Zn–EDTA, could be degraded by the strain
BNC1.120 This would also include Ca–EDTA, a common product
when EDTA is used for matrix acidizing. The presence of these
complexes was also shown to not inuence the metabolization
of uncomplexed EDTA or degradable metal–EDTA complexes.
The degradation of EDTA is usually accompanied by the
precipitation of metal salts, an increase in the occulation of
cells, and increasing pH. DSM 9103 was also tested on EDTA,
DTPA, and some divalent EDTA metal complexes, though
degradation of DTPA was only 65 to 70% of EDTA.121 However,
using ultra-ltered cell-free extracts of BNC1 or puried EDTA–
monooxygenases of DSM 9103 showed a great increase in
biodegradation rates and an absence of dependency of stability
constants.125 Satroutdinov et al.126 investigated Pseudomonas sp.
LPM-410 and LPM-4 and showed improved degradation of some
EDTA chelates compared to DSM 9103, but were unstable in
cobalt (Co), Cu, and Pb complexes.

Microorganisms in soil cultures under aerobic conditions
were also found to be able to degrade EDTA and some of its
metal chelates.117 Madsen and Alexander127 investigated the
effects of certain cations on the biodegradability of oxalate,
citrate, NTA, and EDTA and found that EDTA and NTA chelates,
except for NTA–Ca2+, were not biodegradable. However, at
sufficiently low levels of NTA, a Pseudomonas species was found
to degrade NTA chelates other than Ni chelates.128

Allard et al.129 examined the biodegradability of 14C EDTA
and DTPA iron complexes with modied OECD tests and
showed that they were non-biodegradable. Uncomplexed DTPA
and its Fe3+ chelate were also found to be non-biodegradable by
Metsärinne et al.130 and Alarcón et al.131 No microorganisms
have been reported to be able to use DTPA as a sole source of
carbon and energy.125

The degradability of L-GLDA, D-GLDA, NTA, and several of
their metal chelates were studied by Van Ginkel et al.132 with
OECD biodegradation tests and an isolate strain BG-1 (also
known as Rhizobium radiobacter). L-GLDA was found to be
readily biodegradable in all tests and its chelates were readily
degraded by BG-1. Fig. 8 shows the author's proposed degra-
dation pathway. D-GLDA, an enantiomer of L-GLDA, did not
degrade in activated sludge, but degraded in acclimatized
sludge and the SCAS (Semi Continuous Activated Sludge) test at
a slower rate than L-GLDA. Mahmoud et al.94 showed that GLDA
1826 | RSC Adv., 2022, 12, 1813–1833
was degraded by 60% using the OECD 301D test and completely
degraded in the OECD 303A test, indicating it was
biodegradable.

Similarly, Witschel and Egli133 tested the biodegradability of
[R,R]-EDDS, [R,S]-EDDS, and [S,S]-EDDS and observed that [R,R]-
EDDS was non-biodegradable, while [S,S]-EDDS was readily
biodegradable. Chen et al.134 used computational and experi-
mental methods to study the stability and degradation of S,S-
EDDS, and EDTA chelates, and this showed that the biodegra-
dation of both molecules involves preferential cleavage of the
C–N bond. Stereo conformation was also shown to affect the
degradability of ASDA with only L-ASDA being easily
biodegradable.135
Photodegradation

In addition to degradation by thermal and biological processes,
chelating agents can also undergo photodegradation. Under-
standing the photo-degradability of chelating agents presents
a third alternative to degrade chelating agents should biodeg-
radation or thermal degradation prove ineffective. In addition,
chelating agents susceptible to photodegradation would have to
be stored appropriately in the eld to prevent excessive degra-
dation of the chemical.

Means et al.115 tested the photo-, bio-, and chemical degra-
dation rates of NTA, DTPA, HEDTA, and EDTA over 173 days.
EDTA and NTA were observed to be relatively resistant to pho-
todegradation, while DTPA experienced high rates of degrada-
tion. HEDTA was observed to have degraded completely by the
end of the experiment.

In the absence of oxygen, EDTA photodegradation occurs via
decarboxylation, while the presence of O2 or hydrogen peroxide
(H2O2) involves the cleavage of a C–N bond.136 Selieverstov
et al.137 examined the effects of ultraviolet (UV) irradiation and
H2O2 on the degradation of EDTA solutions under alkaline and
acidic conditions. These researchers found that under acidic
conditions (citric acid), EDTA was stabilized to photo-
degradation by citric acid but adding H2O2 allowed for efficient
degradation. In alkaline conditions, degradation of EDTA was
increased by using a combination of UV irradiation and H2O2.
Unlike EDDS, the susceptibility of EDTA to photodegradation
was shown to be dependent on the presence of metal ions.138

Since chelating agents generally exist as metal chelates post-
treatment, understating the rate of their photodegradation is
important when considering their environmental impact. This,
along with biodegradation of metal chelates, can provide a good
estimate of the lifespan of chelating agents in the environment,
and can reveal if waste containing chelating agents requires
treatment before it is discharged.

Ferric chelates are usually tested because they are the most
common complex in water considering the concentration and
stability constants of the ions present.88,139 Ferric EDTA was
found to degrade in presence of uorescent and incandescent
lamps and a yellow-tan precipitate containing majorly iron was
produced.140 Hill-Cottingham141 examined the photosensitivity
of ferric EDTA, HEDTA, and DTPA and found them to be
degradable in sunlight. Lockhart and Blakely142 carried out
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Proposed biodegradation pathway of L-GLDA by BG-1 (adapted from ref. 132).
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photodegradation tests of EDTA with various divalent and
trivalent cations and concluded that EDTA chelates of Mn2+ and
Fe3+ were the most degradable of the chelates tested. Sources of
Mn2+ include corrosion of low-carbon steel while Fe3+ is typi-
cally obtained from hematite, pumped acid solutions, rust, and
corrosion of tubulars.

The pH of the solution was shown to inuence the degrad-
ability of the complex because higher pH values would result in
the preferential formation of uncomplexable iron hydrox-
ides.138,142,143 Degradation of ferric NTA and EDTA chelates at
30 �C (86 �F) and pH 9–10 were observed to involve decarbox-
ylation of the chelating agent and reduction of ferric ions to
their ferrous state.143 CO2, formaldehyde, and the Fe2+

complexes of NTA and IDA were observed for ferric NTA
degradation, while CO, formaldehyde, Fe2+, and ED3A were
formed from the degradation of ferric EDTA.142,144

Svenson et al.139 degraded ferric chelates of NTA, DTPA, and
EDTA at pH 7 and showed that NTA–Fe3+ was the most resistant
to photodegradation, while DTPA–Fe3+ exhibited the shortest
half-life. This work also proposed steps for the photochemical
conversion of EDTA at neutral conditions but did not specify the
byproducts of the reactions (Fig. 9).

Metsärinne et al.130 examined the photodegradation of DTPA
in the presence and absence of Fe3+ in distilled water and lake
water using sunlight and UV radiation at the range of 315–
400 nm emitted by blacklight lamps and observed that free
DTPA was more resistant to photodegradation than DTPA–Fe3+.
They observed almost 90% degradation during the rst two
weeks of DTPA photodegradation. DTPA is said to form photo-
labile Fe(III) complexes which lead to the rapid elimination of
DTPA in lake water. Tests using IDA–Fe3+ showed photo-
degradability in acidic solution, though no degradation is
observed at neutral conditions.145
Field applications of APCAs

Conventional APCAs, such as EDTA, NTA, HEDTA, and DTPA,
have been widely used in the oil and gas industry, including
© 2022 The Author(s). Published by the Royal Society of Chemistry
scale removal and acidizing treatments. However, these ligands
present a danger to the environment due to their recalcitrance
and toxicity. A new generation of biodegradable APCAs has
generated increasing interest due to their ability to rival the
traditional APCAs in terms of stability and performance. Such
chelating agents include HEIDA, MGDA, GLDA, and ASDA.
MGDA and GLDA are renowned for their ability to chelate
calcium and magnesium ions.31,146–148

Zack et al.148 patented a system using MGDA in the presence
of methane sulfonic acid to dissolve scales, such as calcium
carbonate and showed effective dissolution and inhibition at
176 �F (80 �C). MGDA has also been designed for use as
a stimulation uid alongside HF by Pascarella and Reyes149 and
as a self-diverting mixed acid system.150 MGDA, GLDA, and
ASDA have also shown promise as stimulation and fracturing
uids.151,152 MGDA can also be used in ASP (Alkali Surfactant
Polymer) solutions as a scale inhibitor.153

GLDA has also seen many successes when used in the eld.
GLDA was shown to improve the production of a sour gas
carbonate reservoir by 110% aer treatment,72 and that of
a sandstone gas reservoir for three times the duration of
conventional treatments.71 GLDA has also been used to
successfully stimulate SAGD producing wells.154 HEIDA has also
been shown to be an effective scale remover that can be used in
place of EDTA.14 Sopngwi et al.155 used an APCA/HF (hydro-
uoric acid) system to successfully stimulate a well in a sand-
stone reservoir in the Gulf of Mexico and showed an increase in
the production rate of 30%, while the acid system showed
a corrosion rate of 14.5 mmpy (0.016 lb �2) on 13Cr in the
presence of 0.6% inhibitor. More recently, a similar system was
applied to offshore wells in West Africa and showed an
improvement of 48% to production rates.156 Panait et al.157

investigated the application of GLDA as a matrix acidizing uid
in Romanian heavy oil elds and observed an improvement in
the performance of the wells. GLDA was also used at pH 10 as
a scale remover to treat wells damaged by iron, calcium, and
magnesium scale.158 Santos et al.159 used 20% GLDA at pH 3.8 to
acidize offshore wells in the North Sea and showed notable
RSC Adv., 2022, 12, 1813–1833 | 1827
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Fig. 9 Proposed photochemical conversion of EDTA in aquatic conditions at neutral pH (adapted from ref. 139).
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improvement to the production rate. Wang et al.161 applied
a combination of a chelating agent preush and the main body
of 15 wt% HCl to stimulate a gas well at 365 �F (185 �C). They
showed an increase of 50 000 m3 per day in production rate
following the treatment. Channa et al.162 acidized oil wells using
50 vol% GLDA solution and observed a 30 to 40% increase in
productivity. Ting et al.163 used a chelating agent-based mud
acid system to stimulate a reservoir of 49 �C (120 �F) and were
able to increase production to approximately 200%.
Conclusions

Chelating agents have a wide range of applications in the oil
and gas industry that involve extended exposure to harsh
conditions. It is important to understand what inuences the
temperature limits to ensure that the chelating agents are still
active in these harsh oileld conditions. In addition, corrosion
caused by chelating agents has to remain within the industry's
acceptable limit to minimize damage to the downhole equip-
ment and therefore minimize expenditure. Understanding the
operational limits as well as the degradability of chelating
agents in the environment is essential for selecting the appro-
priate chelating agent when designing treatments.

The main conclusions of this review paper can be summa-
rized in the following points:

(1) Acidic solutions of chelators are more corrosive compared
to basic solutions of chelating agents and the corrosion rate of
both cases increases as temperature increases.

(2) Low carbon steel corrosion by ligands occurs through a 2-
step process: chelator enhanced dissolution of the iron oxide
layer followed by a redox reaction between the base metal and
the chelating agent.
1828 | RSC Adv., 2022, 12, 1813–1833
(3) The corrosion due to chelating agents is much less with
CRA tubulars compared to LCS but still requires corrosion
inhibitor at temperatures above 300 �F (149 �C).

(4) Corrosion by chelating agents can be reduced by adding
the appropriate corrosion inhibitors such as alkoxylated fatty
amines.

(5) The thermal stability of deprotonated or complexed
ligands was found to be higher than protonated chelating
agents due to multiple factors including resonance stabilization
and more stable chelate products.

(6) The presence of salts such as cesium formate, potassium
chloride, and ammonium chloride increases thermal stability
in chelators.

(7) Lower pH conditions or the presence of oxygen reduces
the thermal stability of chelating agents.

(8) The ligands' biodegradability is inuenced by several
factors including the number of nitrogen atoms and the
complexity of their chemical structure.

This work provides the petroleum industry with an adequate
and informative summary of factors contributing to the corro-
sion of chelating agents and their susceptibility to various types
of degradation. The knowledge gained through this review can
help readers determine a suitable chelating agent for specic
applications and avoid major pitfalls. It can also help future
researchers in identifying gaps in literature where additional
research is needed. One such area is identifying degradation
behavior mechanisms for other chelating agents not studied in
this paper.
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Abbreviation
APCA
© 2022 The Aut
Aminopolycarboxylic acid

ASDA
 L-Aspartic acid N,N-diacetic acid

CDTA
 Trans-l,2-cyclohexylenediaminetetraacetic acid

CRA
 Corrosion resistant alloys

DAE
 Diaminoethane

DT3A
 Diethylenetriaminetriacetic acid

DT4A
 Diethylenetriaminetetraacetic acid

DTPA
 Diethylenetriaminepentaacetic acid

ED3A
 Ethylenediaminetriacetic acid

EDDS
 Ethylenediaminedisuccinic acid

EDMA
 Ethylenediaminemonoacetic acid

EDTA
 Ethylenediaminetetraacetic acid

HCl
 Hydrochloric acid

HEDTA
 Hydroxyethyl ethylenediaminetriacetic acid

HEIDA
 Hydroxyethyliminodiacetic acid

HF
 Hydrouoric acid

IAA
 Iminoacetaldehydeacetate

ICP
 Inductively coupled plasma

IDA
 Iminodiacetic acid

L-GLDA
 L-Glutamic acid N,N-diacetic acid

LCS
 Low carbon steel

MGDA
 Methylglycinediacetic acid

MIDA
 N-Methyliminodiacetic acid

MS
 Mass spectrometry

MSG
 Monosodium glutamate

N,N0-EDDA
 N,N0-Ethylenediaminediacetic acid

N,N-EDDA
 N,N-Ethylenediaminediacetic acid

NMR
 Nuclear magnetic resonance

NTA
 Nitrilotriacetic acid

o-PDA
 1,2-Phenylenediamine
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M. Eyvaz, Intechopen, 2019, ch. 8, pp. 1–22, DOI: DOI:
10.5772/intechopen.88533.

59 A. Hanafy, H. A. Nasr-El-Din, A. Rabie and J. Zhou, Presented
in part at the SPE International Conference on Oileld
Chemistry, Galveston, Texas, USA, 2019, DOI: DOI:
10.2118/193574-MS.

60 L. Kalfayan, Production Enhancement with Acid Stimulation,
PennWell Corporation, Tulsa, 2008.

61 A. H. A. Ali, W. W. Frenier, Z. Xiao and M. Ziauddin,
Presented in part at the SPE Annual Technical Conference
and Exhibition, San Antonio, Texas, 2002, DOI: DOI:
10.2118/77366-MS.

62 C. A. De Wolf, H. A. Nasr-El-Din and A. Bouwman, SPE Prod.
Oper., 2017, 32, 208–217, DOI: 10.2118/152716-PA.

63 D. H. Hur, M. S. Choi, U. C. Kim and J. H. Han, Nucl. Eng.
Des., 2003, 220, 11–16, DOI: 10.1016/S0029-5493(02)00252-
2.

64 C. De Wolf, A. B. Bouwman and H. A. Nasr-El-Din, US pat.,
20150005216A1, 2015.

65 H. A. Nasr-El-Din, C. De Wolf, A. Bouwman, E. R. Bang,
E. Naylor and A. Alex, Presented in part at the SPE Saudi
Arabia Section Technical Symposium and Exhibition, Al-
Khobar, Saudi Arabia, 2012, DOI: DOI: 10.2118/160849-MS.

66 K. Z. Abdelgawad, M. Mah and I. A. Hussein, J. Nat. Gas Sci.
Eng., 2018, 55, 595–605, DOI: 10.1016/j.jngse.2017.06.020.

67 C. De Wolf, H. A. Nasr-El-Din and E. R. A. Bouwman,
E. R. Bang and E. Naylor, presented in part at the SPE
International Conference and Exhibition on Oileld
Corrosion, Aberdeen, UK, 2012, DOI: DOI: 10.2118/152716-
MS.

68 A. Ameri, H. M. Nick, N. Ilangovan and A. Peksa, Presented
in part at the Abu Dhabi International Petroleum Exhibition
and Conference, Abu Dhabi, UAE, 2016, DOI:DOI: 10.2118/
183399-MS.

69 T. Lal, Evaluation of EDTA and GLDA Corrosion on S13Cr-110
Metal Alloy at High Temperature and High Pressure With and
Without Salt, Texas A&M University, College Station, 2016.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra07272b


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
2/

2/
20

25
 6

:3
3:

53
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
70 E. A. Reyes, A. M. Beuterbaugh, A. L. Smith and C. L. Smith,
International Pat., WO2015030801 A1, 2015.

71 H. A. Nasr-El-Din, H. Dana, V. Tomos, T. Stanitzek, C. A. De
Wolf and A. K. Alex, J. Pet. Technol., 2015, 54, 289–297, DOI:
10.2118/168163-PA.

72 H. A. Nasr-El-Din, C. De Wolf, T. Stanitzek, A. Alex,
S. Gerdes and N. R. Lummer, SPE Prod. Oper., 2013, 28,
277–285, DOI: 10.2118/163332-PA.

73 J. L. Campbell and M. J. Eick, Clays Clay Miner., 2002, 50,
336–341, DOI: 10.1346/00098600260358094.

74 Y. Shi, L. Yu, S. Chen, Y. He, X. Yang, L. Duan and J. Cai, J.
Nat. Gas Sci. Eng., 2020, 82, 103494, DOI: 10.1016/
j.jngse.2020.103494.

75 H. Gamal, S. Elkatatny and D. E. Al Shehri, Sustainability,
2020, 12, 2455, DOI: 10.3390/su12062455.

76 R. Ramanathan and H. A. Nasr-El-Din, SPE Journal, 2021,
26, 693–715, DOI: 10.2118/205005-PA.

77 Z. Luo, N. Zhang, L. Zhao, C. Wang, L. Wu, P. Liu and H. Ji,
J. Pet. Explor. Prod., 2020, 10, 3069–3079, DOI: 10.1007/
s13202-020-00886-5.

78 M. K. Aldahdooh and S. A. Ali, Eur. Polym. J., 2020, 141,
110071, DOI: 10.1016/j.eurpolymj.2020.110071.

79 M. Florian, Corrosion Mechanisms, Marcel Dekker, New
York, 1987.

80 D. Mercier, J. C. Rouchad and M. G. Barthes-Labrousse,
Appl. Surf. Sci., 2008, 254, 6495–6503, DOI: 10.1016/
j.apsusc.2008.04.010.

81 K. Zohdy, Int. J. Electrochem. Sci., 2015, 10, 414–431.
82 R. Azooz, J. Electrochem. Sci. Eng., 2016, 6, 235–251, DOI:

10.5599/jese.300.
83 A. Musa, M. Kadhum, M. Takriff, A. Daud and

S. Kamarudin, Mod. Appl. Sci., 2009, 3, 90–94, DOI:
10.5539/mas.v3n4p90.
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91 D. Kołodyńska, Environ. Sci. Pollut. Res. Int., 2013, 20, 5939–
5949, DOI: 10.1007/s11356-013-1576-2.

92 A. E. Martell, R. J. Motekaitis, A. R. Fried, J. S. Wilson and
D. T. MacMillan, Can. J. Chem., 1975, 53, 3471–3476, DOI:
10.1139/v75-498.
© 2022 The Author(s). Published by the Royal Society of Chemistry
93 M. Booy and T. W. Swaddle, Can. J. Chem., 1977, 55, 1762–
1769, DOI: 10.1139/v77-247.

94 M. A. Mahmoud, H. A. Nasr-El-Din, C. D. Wolf, J. N. LePage
and J. H. Bemelaar, SPE J., 2011, 16, 559–574, DOI: 10.2118/
127923-PA.

95 K. Sokhanvarian, Thermal Stability of Various Chelates that
are used in the oil eld, Texas A&M, College Station, 2012.

96 K. Sokhanvarian, H. A. Nasr-El-Din and C. A. De Wolf, SPE
Prod. Oper., 2015, 31, 12–21, DOI: 10.2118/157426-PA.

97 D. L. Venezky and W. B. Moniz, Anal. Chem., 1969, 41, 11–
16, DOI: 10.1021/ac60270a005.

98 E. C. Dillon, The Thermal Degradation of EDTA, Oxalic Acid
and Gallic Acid, Princeton University, Princeton, New
Jersey, 1981.

99 J. S. Boles, K. Ritchie and D. A. Crerar, Nucl. Chem. Waste
Manage., 1987, 7, 89–93, DOI: 10.1016/0191-815X(87)
90003-9.

100 D. L. Venezky, NRL Report 726, Naval Research Laboratory,
Washington D.C., 1971, https://apps.dtic.mil/sti/pdfs/
AD0723791.pdf.

101 M. T. Tetenbaum and H. Stone, J. Chem. Soc. D, 1970, 1,
1699a, DOI: 10.1039/C2970001699A.

102 Y. H. Son, S. H. Jeon, G. D. Song, J. H. Lee and D. H. Hur,
Coatings, 2018, 8, 377, DOI: 10.3390/coatings8110377.

103 P. J. Sniegoski and D. L. Venezky, J. Chromatogr. Sci., 1974,
12, 359–361, DOI: 10.1093/chromsci/12.6.359.

104 J. Chen, J. Gao and X. Wang, J. Braz. Chem. Soc., 2006, 17,
880–885, DOI: 10.1590/S0103-50532006000500010.

105 M. Booy and T. Swaddle, Can. J. Chem., 1977, 55, 1770–
1776, DOI: 10.1139/v77-248.

106 W. W. Wendlandt, Anal. Chem., 1960, 32, 848–849, DOI:
10.1021/ac60163a604.

107 V. S. Sathyaseelan, H. Subramanian, P. Chandramohan,
M. P. Srinivasan and S. Velmurugan, Nucl. Mater. Energy,
2020, 25, 100874, DOI: 10.1016/j.nme.2020.100874.
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