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ABSTRACT: Water-based flow assurance issues include corrosion, scale, and gas hydrate formation. Chemical solutions to mitigate
these issues usually require separate inhibitors, which sometimes can lead to compatibility difficulties. Herein, we report studies on
maleic-based copolymers to combat hydrate and corrosion with a view to optimizing for scale inhibition also. The product of maleic
anhydride:N-vinyl caprolactam copolymer reacted with 3-dibutylaminopropylamine (MA:VCap-DBAPA) and its amine oxide
derivative (MA:VCap-DBAPA-AO) were the kinetic hydrate inhibitor (KHI) polymers investigated. Due to limited CO2 corrosion
inhibition (CI) by the polymers alone, various oxygen-, sulfur-, and nitrogen-based additives were screened for improved CO2 CI
and possible KHI synergy. KHI performance screening tests were conducted under high pressure with a structure II-forming natural
gas mixture in steel rocking cells using the slow (1 °C/h) constant cooling method. CO2 corrosion inhibition was measured by linear
polarization resistance in a stirred 1 L CO2 bubble test apparatus using C1018 steel coupons and 3.6 wt % brine at 20.5 °C. Several
sulfur-based additives improved the CI efficiency of the maleic polymers, especially butyl thioglycolate and 2-aminoethanethiol,
without a negative effect on the KHI performance. For example, 2500 ppm MA:VCap-DBAPA plus 1000 ppm butyl thioglycolate
gave an average hydrate onset temperature (To) of 4.4 °C (12.7 °C below the To for no additive) and 99.7% CI efficiency. In
contrast to a classic fatty acid imidazoline surfactant corrosion inhibitor, butyl thioglycolate was also found to greatly enhance the CI
efficiency of industrial KHIs, poly(N-vinyl caprolactam) (PVCap) and N-vinyl pyrrolidone:N-vinyl caprolactam copolymer, with no
antagonism to the KHI performance of the polymer. In addition, butyl thioglycolate boosted the KHI performance of PVCap. The
use of small synergists such as butyl thioglycolate avoids the use of classical surfactant corrosion inhibitors which can lead to tighter
emulsions and poor overboard oil-in-water quality.

■ INTRODUCTION
Production of oil and gas through flow lines presents several
problems due to the presence of water. These include
corrosion, scale, and gas hydrates.1−5 For most flow lines,
operators choose to combat these issues with one or more
chemical inhibitors. Co-injection of these inhibitors can
present its own set of compatibility problems, including
formulating several inhibitors to be stable and pumpable as a
single fluid and the possibility of one inhibitor lowering the
performance of another.6−8 Some compatible blends have been
found, but there is scope for improvement.9

We envisaged that a possible way to treat all three
production problems, corrosion, scale, and gas hydrates, was
to use kinetic hydrate inhibitors (KHIs) that also function as
corrosion and scale inhibitors (CIs and SIs). KHIs have been
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used for over 25 years to prevent gas hydrate formation both in
onshore and offshore production scenarios.10−21 The main
component in KHI formulations is one or more water-soluble
polymers with many amphiphilic groups. The solvent package
often acts synergistically to boost the performance. KHIs are a
class of low-dosage hydrate inhibitors and are usually added at
1000−10,000 ppm (0.1−1.0 wt %) to the produced water
phase based on the active polymer. Admittedly, KHIs are
limited in their performance with regard to the driving force in
the system, usually to about 10−12 °C subcooling depending
on the residence time of the fluids in the flow line, but this still
gives a good range of applicable field cases.22

Film-forming corrosion inhibitors (FFCIs) can be continu-
ously injected to prevent acid gas corrosion (CO2 but also
H2S), in which they are often added at concentrations of 10−
500 ppm depending on the severity and type of steel.2,23 Most
commercial FFCIs are blends of surfactants, such as imidazo-
lines, amidoamines, phosphate esters, and quaternary ammo-
nium salts, sometimes with added sulfur-based chemicals to
enhance the performance. Therefore, a dual function KHI−CI
does not have to be as efficient as typical commercial CI
dosages since it will probably be injected at a much higher
dosage to prevent hydrate formation. The same philosophy will
also be true for scale inhibition, where commercial SIs are
often added at dosages of 1−50 ppm.
All three classes of dual inhibitors have been reported

previously. Examples of SI−CIs include polyaspartates, and
examples of KHI−SIs are polyaspartamides. Examples of
KHI−CIs include N-vinyl lactam copolymers, N-alkylacryla-
mide copolymers, and polyurethanes.24−30 The subject has
been recently reviewed. A pioneering study by Sheng et al., and
inspirational to our own studies, investigated the use of VCap
copolymers as KHIs and CIs (Figure 1).31 They determined
th a t copo l yme r s w i t h e i t h e r ( 2 - am inoe t h y l ) -
trimethylammonium chloride hydrochloride (ATCH) or 1-
(3-aminopropyl)imidazole (APIM) show the best potential for
dual KHI and CI functionalities. However, if monomers with
pendant C12 dodecyl alkyl chains were added, the CI
performance increased but at the cost of the KHI performance.
Sulfonate and phosphonate groups gave only a small
improvement to the corrosion inhibition compared to the
PVCap homopolymer. The entry point for these copolymers
was VCap:sodium acrylate and required quite complex
carbodiimide and N-hydroxysuccinimide chemistry.
As discussed above, the main component in KHIs is one or

more water-soluble polymers and not classical single-chain
surfactants, which often have emulsifying properties. There-
fore, it may be better to deploy KHIs than surfactant-based

FFCIs such as imidazolines and quaternary ammonium salts
(“quats”), which can adversely affect the oil−water separation
process. There are many classes of polymeric CIs, although
very few are used industrially.32 We have concentrated our
efforts in designing tri-functional hydrate, corrosion, and scale
inhibitors (KHI−CI−SIs) using maleic-based polymers as the
starting material since maleic anhydride (MA) is cheap and
readily available. There are also some reports of maleic
polymers as CIs, but usually for aerobic corrosion con-
ditions.33−36 The MA unit in a polymer also offers great
flexibility and can be easily derivatized to contain a wide variety
of functional groups. Maleic-based polymers are already used
as SIs against carbonate and sulfate scales, and amide
derivatives have been known as KHIs since the
1990’s.2,4,37−39 But these polymers would need adjusting to
be able to function simultaneously as SI and KHI. Concerning
our studies with maleic polymer chemistry to design a KHI−
CI−SI, some of the published findings so far include the
following (Figure 1):

• High KHI performance and cloud point for vinyl
acetate:maleic anhydride (VA:MA) copolymers.40,41

For example, the reaction of the anhydride groups in
the VA:MA 1:1 copolymer with a 60:40 mixture of
cyclohexylamine:3-di-n-butylaminopropylamine
(VA:MA-60%cHex-40%DBAPA, Mn = 11 kg/mol, 25
wt %) in n-butyl glycol ether (nBGE) gave better
performance than previously reported maleamide
polymers.

• Besides good KHI performance, the VA:MA-60%cHex-
40%DBAPA copolymer also showed good CO2
corrosion inhibition properties.42

• MA:alkyl acrylates were shown to be poor KHIs,
probably due to the lack of strong hydrogen-bonding
groups such as amide or amine oxide. MA:tetrahy-
drofurfuryl (meth)acrylate copolymer (MA:THFMA)
could be derivatized to a powerful KHI, first by reaction
with DBAPA and then with H2O2 to give MA:THFMA-
DBAPA-AO.43

• Reaction of 3-(dibutylamino)-1-propylamine with
MA:N-vinyl caprolactam (MA:VCap) copolymer fol-
lowed by oxidation to give pendant dibutylamine oxide
groups gave the best performing MA-based KHI
reported to date, MA:VCap-DBAPA-AO.44

• Reaction of the homopolymer polymaleic anhydride
(PMA) with DBAPA or dibutylethanolamine and their
amine oxide derivatives gave good KHI performance.45

As KHIs are limited in their application (subcooling and
other factors), we wanted to start with a high-performing

Figure 1. Dual KHI-CIs, from left to right, PVCap-ATCH and PVCap-APIM, PVCap-APIM-C12.
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maleic-based KHI before modifying it to also inhibit corrosion
and scale, since these modifications will probably reduce the
KHI’s efficacy to some degree. In addition to VCap, another
monomer with similar activity and used in commercial KHI
polymers is N-isopropylmethacrylamide (NIPMAm).46−49

Therefore, derivatives of MA:VCap copolymer and MA:N-
IPMAm copolymer seemed like good places to start with.
(MA:NIPMAm copolymers as KHIs and Cis will be reported
separately).
Of the maleic polymers in Figure 2, MA:Vcap-DBAPA and

its amine oxide MA:Vcap-DBAPA-AO gave the best perform-
ance, significantly better than PVCap and with better brine
compatibility. MA:Vcap-DBAPA-AO at 2500 ppm has Tcl = 65

°C in deionized water, 61 °C for 5% NaCl brine, and 35 °C for
15 wt % NaCl brine.44 A summary of the best maleic-based
KHIs (Figure 2) from earlier reports is given later in this
report, along with a comparison with commercial PVCap and
VP:VCap polymers.
Therefore, MA:VCap-DBAPA-AO seemed like a good

starting point for adapting the polymer structure to function
as a sweet (CO2) corrosion inhibitor and possibly also as a
scale inhibitor (calcite and barite). We assumed MA:VCap-
DBAPA-AO would not be a good enough CO2 CI by itself,
which was corroborated by experimental evidence later in this
paper. So, we envisaged several methods to incorporate CI

Figure 2. Maleic polymers with excellent KHI performance. VA:MA-60%cHex-40%DBAPA (top), MA:THFMA-DBAPA-AO (bottom left), and
MA:VCap-DBAPA-AO (bottom right).

Figure 3. Summary graph of SCC in 5 cells. The temperature in cell 5 (T5) is shown only for clarity. Example is for 2500 ppm MA:VCap-DBAPA
plus 1000 ppm thiobarbituric acid.
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functionality, hopefully without losing any significant KHI
performance. These included the following:

• Blending MA:VCap-DBAPA-AO with synergists that
together give good CI performance without losing the
KHI effect.

• Statistical or block copolymerization of MA:VCap with
vinyl monomers with functional groups specially
designed for the CI effect.

• End-capping MA:VCap-DBAPA-AO with functional
groups for the CI effect.

• Reacting some of the anhydride groups in MA:VCap
with amines with more active CI functional groups than
those of DBAPA or DBAPA-AO.

The first method is reported here, i.e., to determine if the
powerful KHI MA:VCap-DBAPA-AO copolymer could also be
used to combat sweet corrosion and whether synergists could
be found to enhance both the hydrate and corrosion inhibition.
The other three methods above will be reported in a separate
communication.

■ EXPERIMENTAL SECTION
Materials. Polyetherdiamine 230 (Jeffamine 230) was kindly

supplied by Huntsman Corp. All other synergists were purchased
from VWR (Avantor) or Merck and used as received. Poly(N-vinyl
caprolactam) (PVCap) (Mw: approximately 2−4 kg/mol) and low-
molecular-weight N-vinyl caprolactam:N-vinyl pyrrolidone
(VP:VCap) copolymers were supplied from BASF as 41.1 and 53.8
wt % solutions in monoethyleneglycol (MEG) and water, respectively.
For the PVCap, the MEG solvent was removed for this study by
repeated precipitation of the polymer from aqueous solution above
the cloud and deposition point (ca. 40 °C).
Polymer Synthesis. MA:VCap, MA:VCap-DBAPA, and MA:V-

Cap-DBAPA-AO copolymers were made according to the literature
method (Figure 3).44 Polymer molecular weight analysis for all
polymers was carried out by size exclusion chromatography using
DMF solvent at 0.6 mL/min, 40 °C, using polystyrene standards. The
apparatus used was a JASCO Chem NAV size exclusion
chromatography system. This system was equipped with PU-2080,
AS-2055, CO-2065, RI-2031, and two commercial columns (TSKgel
SuperH4000 and TSKgel GMHXL).
KHI Experimental Test Procedure. KHI performance tests were

carried out in five 40 mL stainless-steel cells that were rocked in a
water bath with temperature controller. The rocking equipment was
supplied by PSL Systemtechnik, Germany, and the cells by Swafas,
Norway, were used to conduct KHI performance tests. Each cell
contains a stainless-steel ball for agitating the test solution during
rocking and pressure and temperature sensors. The cells were
pressurized with synthetic natural gas (SNG, Table 1), which
preferentially forms structure II gas hydrates as the most
thermodynamically stable phase.
KHIs were evaluated for performance by the slow constant cooling

(SCC) experimental method and are summarized as follows50

1. Test chemicals were dissolved to the desired concentration in
deionized water usually one day in advance of the test.

2. 20 mL of test solution was added to each of the five cells.
3. Using repeated vacuum and pressurizing with SNG, the air in
the cells was replaced with SNG up to 76 bar.

4. The cells were rocked at a rate of 20 rocks per minute with an
angle of 40° while being cooled at 1.0 °C/h from 20.5 to 2.0
°C.

As previously determined by standard laboratory dissociation
experiments, the hydrate equilibrium temperature (Teq) at 76 bar was
found to be 20.2 ± 0.05 °C warming at 0.025 °C/h for the last 3−4
°C. This correlates well with calculations done using PVTSim
software (Calsep, Denmark).50 During cooling in SCC experiments, a
linear pressure decrease occurs in the closed system until the first
detected onset of hydrate formation (To) when the pressure drops
faster due to consumption of SNG (Figures 3 and 4). The start of
nucleation may possibly happen earlier than To. Ta is taken as the
temperature when the pressure decrease is at its steepest, i.e., when
the hydrate formation is at its fastest. In the example shown in Figure
4, To is 7.7 °C and Ta is 7.3 °C. The standard deviation (assuming a
normal distribution) for a set of To or Ta values is no more than 0.6
°C and usually less than 0.3 °C. The scattering still allows for a rough
ranking of the performance of the KHI samples as long as sufficient
tests are carried out for a statistically significant difference using a t-
test. Depending on the variation in average To between samples, 5−10
tests are usually sufficient to get a significant difference at the 95%
confidence level (p < 0.05).51

Corrosion Inhibitor Testing Equipment and Procedures.
The bubble testing equipment provided by Gamry Instruments and
the CO2 corrosion test method have been described before.

42 The
only change in this study was that a 100 mL three-neck round-bottom
flask was used. The system is schematically illustrated in Figure 5. The
three-electrode system consists of a working electrode that holds the 5
cm2 C1018 mild steel metal coupon, a counter electrode, and a
reference electrode. The reference electrode is a liquid junction Ag/
AgCl electrode saturated with KCl with a potential of 199 mV vs
NHE. The counter electrode is a cylindrical spectroscopic graphite
rod with an area of 120 cm2 counter electrode, and reference
electrode, in which the working electrode holds the C1018 mild steel
metal coupon. The coupon was prepared by cleaning with water and
organic solvents, sonication, and polishing.
The 100 mL flask was filled with 80 mL of 3.6% NaCl brine

solution and saturated with very pure CO2-gas (O2 concentration <10
ppb) by introducing it through a gas dispersion tube directly into the
solution at a high gas flow rate while stirring at 250−300 rpm for a
minimum of 30 min before testing. The pH of the test solution was
now about 4−5. The stirring rate was lowered to 200 rpm and the
electrodes inserted and LPR measurements begun. The LPR
measurement was carried out by introducing a potential to the
metal sample of ±20 mV relative to the metal sample’s open circuit
potential (EOC). LPR measurements were manually repeated in 5 min
time intervals to get a consistent measurement sequence. If the
corrosion rate was less than 1.9−21 mmpy, the experiment was
aborted and a new, prepared steel coupon was used, and the
experiment was restarted. After 2 h or when the baseline corrosion
rate was constant, the corrosion inhibitor solution was inserted with a
syringe, and the LPR measurement continued for a minimum of 3 h
or until a steady corrosion rate was obtained. For some of the best
chemical combinations investigated, tests were continued for 24−48 h
to observe any long-term changes in the corrosion rate.
The collected data were sorted so that anomalous readings due to

pitting formation or an unstable system became more straightforward
to identify and exclude before performing quantitative analysis. A
graph was constructed showing the corrosion rate in both the absence
and presence of inhibitors. Quantitatively, the percent inhibition
efficiency (% η) was calculated as follows

X X
X

% 100%0 1

0

i
k
jjjjj

y
{
zzzzz= ×

Table 1. Composition of the SNG Mixture Used in the
Performance Testing

component mol %

nitrogen 0.11
n-butane 0.72
isobutane 1.65
propane 5.00
CO2 1.82
ethane 10.3
methane 80.4
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where X0 = 1.9−2.1 mmpy was the steady-state corrosion rate without
added inhibitor and X1 was the steady-state corrosion rate with added
inhibitor.

■ RESULTS AND DISCUSSION
KHI Performance Results�Polymer Only. Table 2 gives

a brief summary of the KHI performance by SCC screening
experiments of the best maleic-based KHIs from our group.
The table includes data for the commercial KHI polymers,
PVCap and VP:VCap as well as the subject KHI polymers for
this study, MA:VCap-DBAPA and its amine oxide derivative
MA:VCap-DBAPA-AO.40−44 We have also included the

homopolymers of polymaleic anhydride reacted with DBAPA
and its amine oxide derivative (PMA-DBAPA and PMA-
DBAPA-AO, respectively). These two homopolymers gave
similar KHI performance to PVCap but poorer than the best
MA-based copolymers. Results for the film-forming CI, fatty
acid imidazoline are also in Table 2. The fatty acid imidazoline
had no KHI effect by itself but had a negative effect on PVCap,
raising the average To value significantly from 9.7 to 11.9 °C.
Computer simulations on the formation of methane hydrate
with 1-(2-aminoethyl)-11-alkyl-imidazoline showed a signifi-
cant hydrate kinetic inhibition effect.52 This was mainly
attributed to the hydrophobic group displacing the methane
molecules and destroying the stability of water cages or
separating the methane from the water molecules to markedly
reduce their interactions. However, the simulations considered
the interaction of the imidazoline at the pipe wall and not
other factors such as the surfactant’s ability to increase the gas
solubility in the water phase.

Figure 4. Determination of To and Ta values for one rocking cell constant cooling experiment. Example given is for 2500 ppm MA:VCap-DBAPA
plus 1000 ppm thiobarbituric acid.

Figure 5. Assembled electrochemical bubble test cell for CO2
corrosion inhibitor testing.

Table 2. KHI Performance in SCC Tests for 2500 ppm of
Various Polymers and Additives40−44

polymer name
Mn (
g/mol)

To (av.)
[°C]

St. Dev.
[°C]

Ta (av.)
[°C]

no additive 17.1 0.5 16.9
PVCap 8000 9.7 0.3 9.4
PVCap + 500 ppm fatty acid
imidazoline

8000/351 11.9 0.4 9.0

VP:VCap 2000−4000 8.5 0.5 6.4
VA:MA 40:60 CHex:DBAPA 10,000 6.2 0.3 5.5
MA:THFMeA-DBAPA 3900 6.9 0.3 6.1
MA:THFMeA-DBAPA-AO 4030 6.5 0.2 6.3
MAcid:VCap 15,500 14.2 0.5 13.9
MA:VCap-DBAPA 16,600 5.6 0.4 5.4
MA:VCap-DBAPA-AO 17,300 3.9−5.2 0.4 3.7−4.5
PMA-DBAPA 2300 9.5 0.4 9.4
PMA-DBAPA-AO 2500 8.7 0.5 8.3
fatty acid imidazoline 351 17.6 0.4 17.5
butyl thioglycolate 141 16.9 0.4 16.0
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Butyl thioglycolate, which is discussed later as a corrosion
inhibitor and KHI synergist, also had negligible KHI effect by
itself. The results for MA:VCap-DBAPA-AO have been given
as a range as we made six batches and the KHI performance
varied somewhat between batches and with the person who
made them. One possible reason for the variation is partial
hydrolysis of the precursor MA:VCap copolymer before
reaction with DBAPA. This would give some maleic acid
groups which would not react with DBAPA at the conditions
used. When discussing blends and synergists with any one KHI
polymer, we always kept to the same polymer batch for the
best comparison.
Before investigating synergists for MA:VCap-DBAPA and

MA:VCap-DBAPA-AO, we carried out tests at a variety of
concentrations for both polymers. We point out that
MA:VCap-DBAPA can exist in aqueous solution as the ionized
form, as shown in Figure 6. Both MA:VCap-DBAPA and
MA:VCap-DBAPA-AO can therefore have pendant quaternary
nitrogen atoms. The results for average To and Ta values are
given in Table 3, and the average To values are shown
graphically in Figure 7. We have added results for VP:VCap for
comparison, showing the improved performance of the maleic
polymers.53 The excellent performance of MA:VCap-DBAPA-
AO has been proposed previously as being due to a synergistic
effect between the caprolactam groups and the dibutylamine
oxide groups.44 The average To value for MA:VCap-DBAPA-
AO increased slightly from 3.9 °C (but within acceptable
standard deviation limits) from the earlier study to 4.3 °C as
several batches were made and tested giving a new average. We

observed a small decrease in performance for the To values for
both maleic polymers when doubling our standard concen-
tration of 2500 to 5000 ppm. The 5-cell test was repeated on
the same polymer batch to give 10 individual experiments
giving a statistically significant result. We have very occasion-
ally seen this trend of increased To values at higher polymer
concentrations before, but only for very few polymers or
blends of polymers and non-polymeric synergists. Recently, a
decrease in performance above a concentration limit was seen
for a VP:VCap copolymer, although the trend was dependent
on the subcooling.54 However, in our SCC and within the
range 1000−5000 ppm, we did not observe any loss of
performance with increasing concentration (Table 3, Figure 7).

Figure 6. Reaction of the MA:Cap copolymer with either water or with DBAPA and subsequent formation of the amine oxide polymer (MA:VCap-
DBAPA-AO).

Table 3. Effect of Concentration on KHI Performancea

polymer concentration/ppm

0 1000 2500 5000

MA:VCap-DBAPA 17.1/16.9 °C 8.8/8.0 °C 4.8/4.5 °C 5.6/4.0 °C
MA:VCap-DBAPA-AO 8.4/7.7 °C 4.3/3.7 °C 5.2/3.3 °C
VP:VCap 10.5 °C 8.5/6.3 °C 6.4/4.2 °C

aAverage To/Ta values given.

Figure 7. Effect of concentration vs KHI performance (average To
values only given for clarity).
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We speculate there is some kind of concentration-dependent
polymer aggregation occurring, akin to the critical micelle
concentration observed for many surfactant classes.
KHI Performance Results�Polymer with Added

Synergists. The additives for combining with the maleic
polymers that we picked for this study are given in Tables 4

and 5. We used both MA:VCap-DBAPA and the amine oxide
derivative MA:VCap-DBAPA-AO, as we werenot sure at the
start of the project which of the two polymers would be
optimal for obtaining both good KHI and CI performance.
Both polymers already contained nBGE solvent, which has
been shown to have a small but significant synergistic effect for
these maleic polymers.40 As blends with these polymers, we
chose additives that we thought would improve the corrosion

inhibition of the polymer or could possibly improve the KHI’s
performance. We usually added 1000 ppm synergist to 2500
ppm polymer in order to see more clearly the effect of the KHI
synergism, although a lower concentration might have worked
just as well for corrosion inhibition. Those synergists that were
tested with both MA:VCap-DBAPA and MA:VCap-DBAPA-
AO gave similar KHI and CI performance enhancement. For
this reason, we did not carry out every KHI or CI test in the
matrix of polymer (amine or amine oxide) plus synergist, as we
assumed the two polymers behaved similarly with a range of
synergists.
The KHI performance of the MA:VCap-DBAPA-AO

copolymer alone is based on two separate batches, called
batches 5 and 6. Many synergists were evaluated with batch 5,
and these are listed at the top of Table 4. This batch 5
copolymer when tested alone gave an average To of 5.2 °C.
When this batch ran out, we used a new batch (6) which gave
an average To of 6.1 °C. A possible reason for the discrepancy
was discussed above and may be related to partial hydrolysis of
the MA:VCap precursor. For comparison purposes, it is
important to stick to the same polymer batch when evaluating
potential synergists. That is why values for both batches are
given when used alone.
Fatty imidazolines are good film-forming CIs and are known

to reduce the performance of some KHI polymers, as we saw
with PVCap in Table 2.2,6,7 We also found this to be true for
the maleic polymers, as the results in Tables 4 and 5 show,
although we did add 1000 ppm of the imidazoline, which is
higher than typical CI field dosages.
Several small, oxygenated molecules that have been

identified as good KHI synergists for VCap and NIPMAm-
based polymers are butyl lactate, 4-methyl-1-pentanol (iHex-
Ol), and the acetylenic diol gemini surfactant 2,4,7,9-
tetramethyl-5-decyne-4,7-diol.55−57 These were tested as
possible synergists for the maleic polymers. The alcohol
iHexOl was found to be incompatible with MA:VCap-DBAPA-
AO. Cycloheptanol, butyl lactate, and the acetylenic diol were
compatible but gave no significant performance enhancement.
It is possible they could improve the CI performance of the
maleic polymer, but we were more interested in nitrogen- and
sulfur-based molecules, as these are the main components in
film-forming flow line CIs.58−62 Polypropyleneglycol 400
(PPG) gave no synergy at 1000 ppm but has been reported
to enhance the performance of the VP:VCap copolymer at
higher concentrations.63 In addition, the corrosion inhibition
results show that none of the oxygenated additives were able to
significantly enhance the CI performance of the maleic
polymers alone.
Sulfur-based chemicals are often added to classic nitrogen-

based CO2 corrosion inhibitors, whereas this is less necessary
for sour corrosion due to the presence of H2S and other sulfide
species.2 Examples are mercaptoacetic acid, mercaptoethanol,
and thioglycolic acid.2,64 Some of the non-polymeric sulfur-as
well as nitrogen-based synergists that were investigated have
small alkyl groups, which we assumed could be suitable for
KHI synergy (Figure 8), just as butyl glycol ether is a synergist
for PVCap or PNIPMAm. VCap-based polymers show synergy
with molecules, particularly those with C4-7 alkyl or cycloalkyl
groups.54 As Tables 4 and 5 show, some synergists such as 1-
butyl imidazole, isobutylthiazole, and butyl thioglycolate
lowered the average To value for one or both of the maleic
polymers by about 1 °C. Therefore, these molecules were
made candidates for CI tests. Figure 8 gives the structures of

Table 4. KHI Results for 2500 ppm MA:VCap-2-DBAPA-
AO Polymer (Tcl = 65 °C in DIW) with 1000 ppm
Synergists

synergist
To (av.)
[°C]

St. Dev.
[°C]

Ta (av.)
[°C]

5th batch polymer only 5.2 0.4 4.5
decane/toluene 1:1 mix, 1 mL 4.5 0.5 3.7
fatty acid imidazoline 6.1 0.4 4.7
iHexOl deposit formed when mixed, not

tested
2,4,7,9-tetramethyl-5-decyne-4,7-diol 4.4 0.5 4.3
cycloheptanol 4.3 0.3 3.8
butyl lactate 4.0 0.2 3.4
thioglycolic acid 7.6 0.3 7.1
butyl thioglycolate 4.4 0.3 3.6
1-butylimidazole 3.7 0.4 3.0
3,6-dioxa-1,8-octanedithiol 7.7 0.5 5.6
polyetherdiamine, Mw: 230 g/mol 6.7 0.9 4.3
polyethyleneglycol Mw: 400 g/mol 4.2 0.4 3.5
polypropyleneglycol 400, Mw:
400 g/mol

4.6 0.5 4.2

polyglycerine, Mw: 1000 g/mol 3.8 0.2 3.2
polyethyleneimine, Mw: 2000 g/mol 4.9 0.2 4.1
polylysine, Mw: 5000 g/mol 4.8 0.2 4.0
polyguanidine, Mw: 2000 g/mol 5.5 0.8 4.4
6th batch polymer only 6.1 0.5 5.1
mercaptoacetic acid 5.7 0.6 4.0
mercaptoethanol 6.0 0.6 5.0
2-aminoethanethiol 4.2 0.8 3.5
butyl thioglycolate 5.1 0.6 4.1

Table 5. KHI Results for 2500 ppm MA:VCap-2-DBAPA
with 1000 ppm Synergists

synergist
To (av.)
[°C]

St. Dev.
[°C]

Ta (av.)
[°C]

no synergist 4.8 0.3 4.5
fatty acid imidazoline 6.7 0.3 6.0
ammonium thiocyanate 5.9 0.4 4.8
thioglycolic acid 5.5 0.3 5.0
1-butyl imidazole 4.3 0.4 3.9
butyl thioglycolate 4.7 0.3 4.2
butyl lactate 6.2 0.3 5.0
polyglycerine, Mw: 1000 g/mol 4.5 0.2 4.1
polypropylene glycol 400, Mw:
400 g/mol

4.6 0.3 4.2
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the most significant molecules tested as synergists. Terpol-
ymers of N-vinyl pyrrolidone, cyclohexyl vinyl ether, and alkyl
acrylates gave better KHI with added alkylimidazoles.65 A
recent KHI performance study with N-vinyl lactam polymers
and alkylimidazoles with 1−3 carbon atom alkyl groups
showed that the best synergy was obtained with 2-
propylimidazole.66

Mercaptoethanol is becoming more widely used in sweet CI
formulations.67 It does not react with imidazolines and other
amines like thioacids. In the gas hydrate rocking cells,
mercaptoethanol had no impact on the KHI performance of
MA:VCap.DBAPA-AO (Table 4). The lack of impact has been
shown previously for KHI polymers, but the polymer
structures were not reported.68 Mercaptoacetic acid is also

Figure 8. Row 1: 1-butyl imidazole, 2-aminoethanethiol (cysteamine), and mercaptoethanol (thioethanol). Row 2: thioacetic acid, thioglycolic acid
(mercaptoacetic acid), and butyl thioglycolate. Row 3: thiobarbituric acid, 3-acetamidotetrahydro-2-thiophenone, and 2-isobutylthiazole.

Table 6. Summary of CO2 Corrosion Inhibition Efficiency Results for Various Additives or MA:VCap-DBAPA with Various
Synergistsa

main additive synergist concn. ppm inhibition efficiency % S.D. %

fatty acid imidazoline 100 76.5 5
500 85.4 8

thioglycolic acid 500 + 100 75 6
acetic acid 100 + 33 62 8
LAWS 100 + 10 mL 79 7

PEG 400 500 2.7 9
thioglycolic acid 500 −29.2 12
ammonium thiocyanate 500 82 4
butyl thioglycolate 100 94.2 3

1000 92.6 3
sodium thiosulfate 500 45.4 7
thiobarbituric acid 500 1.7 11
2-aminoethanethiol 500 95.3 7
MA:VCap-2-DBAPA 500 18.1 7

2500 −75.0 6
thioglycolic acid 500 + 100 92.2 6
butyl thioglycolate 500 + 100 93.1 4

2500 + 1000 99.7% 6
ammonium thiocyanate 500 + 100 96.0 5
1-butylimidazole 500 + 100 10.2 12
2-isobutylthiazole 500 + 100 8.2 5

MA:VCap-2-DBAPA-AO 500 16.3 6
butyl thioglycolate 500 + 100 93.1 5
2-aminoethanethiol 500 + 100 98.7 4
mercaptoethanol 500 + 100 98.2 6

2500 + 1000 98.2 6
VP:VCap 500 37.3 13

butyl thioglycolate 500 + 100 99.3 3
2-aminoethanethiol 500 + 100 98.8 5

aHighest reading obtained due to overload error.
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widely used as a sweet corrosion FFCI synergist.1,2 We found it
had no significant effect on the KHI performance of
MA:VCap-DBAPA-AO. In contrast, thioglycolic acid had an
antagonistic effect. Probably the best sulfur-based synergist we
tested with MA:VCap-DBAPA-AO was 2-aminoethanethiol
(cysteamine), which lowered the average To value compared to
MA:VCap-DBAPA-AO alone by almost 2 °C. Butyl
thioglycolate only lowered this value by about 1 °C. 2-
Aminethanethiol is non-hazardous; it is also used as a
medication to treat cystinosis, and it has been claimed as a
corrosion inhibitor for sweet gas environments (i.e., no or
negligible H2S), especially in blends with polyaspartates.

69 Its
efficiency was shown to be better than that of thioglycolic acid.
2-Aminoethanethiol also has goodcorrosion inhibition effi-
ciency for steel in a 0.1 M HCl solution.70,71 Reaction products
of 2-aminoethanethiol and aldehyde have also been proposed
as acidizing corrosion inhibitors.72 Cysteamine-modified
polyaspartic acid has also been claimed as a new class of
green corrosion inhibitor for mild steel in sulfuric acid
medium.73

We also investigated some polyethers, such as polypropy-
leneglycol 400, and polyamines, some of which have been
claimed as KHI synergists (Tables 4 and 5).55 The polyamine,
polylysine, and polyguanidine (polyhexamethylene biguanide)
were chosen as we hoped they would also have corrosion
inhibition properties. Among the polymers tested, the
hyperbranched polyglycerine showed a weak synergistic effect,
but none of the other polyethers or polyamines improved the
maleic polymer KHI’s performance. Therefore, they were not
chosen for corrosion inhibition testing. In summary, the best
new candidate synergists for CI testing were 1-butylimidazole,
butyl thioglycolate, and 2-aminoethanethiol.
Corrosion Inhibition Experimental Results. Table 6

summarizes the CO2 corrosion test results. This includes
results for a range of additives, nearly all of which were tested
as KHI synergists, either by themselves or in combination with
MA:VCap-DBAPA and its amine oxide derivative MA:VCap-
DBAPA-AO. We point out that this is the first stage of
exploring potential synergists for the maleic polymers such that
concentrations and ratios have not been optimized for best
performance. Some work on maleic polymers for oxygen
corrosion inhibition has been reported.35

For comparison, the commercial CI, fatty imidazoline, was
tested. This inhibitor is commonly blended with other
surfactants to improve the performance.1,2 This imidazoline
showed good performance at 100 and 500 ppm, giving
inhibition efficiencies of 76.5 and 85.4%, respectively. Sulfur-
based additives in corrosion inhibitor packages have been used
to boost the CI surfactant’s performance. However, test data
have to be interpreted with caution. Laboratory results with
thio-based (S or −SH) species can sometimes look very good
but can mask problems and perform worse in the field.74 Thus,
some sulfur-based synergists (thiosulfate, thioglycolic acid, and
thioethanol) perform better in benchtop laboratory bubble
tests with limited stirring, shearing, and abrasive conditions
compared to the field. In fact, the H2S in sour gas systems will
initially cause reduced corrosion in the laboratory by forming a
protective FeS film on the steel surface.65 The addition use of
the sulfur-based product, thioglycolic acid (mercaptoacetic
acid), or acetic acid did not improve the performance of the
imidazoline. This may be due to the protonation of the
imidazoline groups (on top of the effect of carbonic acid)
changing the water solubility. The protonation causes the lone

pair on the nitrogen atom to be used, making the surfactant
less likely to chemisorb via the Lewis acid−base reaction to the
steel surface. The addition of LAWS (1:4 blend of toluene and
decane) lowered the imidazoline CI performance a little,
probably due to being partial partitioning to the hydrocarbon
phase. Partitioning is a key issue in designing optimal
hydrophilic-lipophilic balances in oilfield CI structures and
formulations.
Other N- and S-based molecules tested, such as those tested

as KHI synergists, were tested by themselves for corrosion
inhibition (Table 6). Surprisingly, there was a vast difference in
the results. Some of the sulfur-based molecules gave good
inhibition by themselves. For example, thioglycolic acid caused
corrosion promotion, whereas its butyl ester, butyl thioglyco-
late, was one of the best inhibitors, giving 94.2% inhibition
when added at 100 ppm. The result was slightly worse at 1000
ppm, giving 92.6%. Sodium thiosulfate gave some corrosion
inhibition by itself, lowering the corrosion rate by 45.4%. The
best sulfur-based product tested by itself was 2-amino-
ethanethiol, giving 95.3% inhibition. We speculate that the
presence of both the thiol and amine groups give a stronger
interaction with the metal surface. We also tested poly-
ethyleneglycol (PEG 400), a KHI synergist, but this showed
negligible effect by itself, and therefore we did no further tests
on oxygenated polymers such as polyglycerine, which showed
some KHI synergy with MA:VCap-DBAPA.
We then tested the maleic polymers MA:VCap-DBAPA and

MA:VCap-DBAPA-AO for corrosion inhibition by themselves
and with various synergists. By themselves, at 500 ppm, these
two polymers both showed weak inhibition abilities. At 2500
ppm, a typical KHI concentration, MA:VCap-2-DBAPA
promoted corrosion quite badly, with a negative efficiency of
−75.0%. However, the addition of several S-based additives
dramatically changed the result to 92+% corrosion inhibition
efficiency. These included ammonium thiocyanate, butyl
thioglycolate, thioglycolic acid, 2-aminoethanethiol, and
thiobarbituric acid. Butyl thioglycolate was the most promising
candidate since it also gave some KHI synergy with the maleic
polymers. Therefore, we also increased the test concentration
of MA:VCap-DBAPA-AO to a typical KHI dosage of 2500
ppm with added 1000 ppm butyl thioglycolate. The corrosion
inhibition efficiency was now 99.7%, possibly higher as the
resistance to iron oxidation was now so high that it caused an
overload during the test. It should be noted that sulfur
synergists are added to CI surfactant blends only for sweet
corrosion, but not needed for sour corrosion as it already has
H2S.

1,2 Therefore, it is possible that our maleic-based KHI
polymers will function even better in sour gas as CIs than in
sweet gas.75

KHI Performance Tests with the Best Corrosion
Inhibition Enhancers and Commercial KHI Polymers.
Due to the good CI performance of 2-aminoethanethiol and
butyl thioglycolate with the maleic copolymers, we also tested
these synergists in blends with the classic KHI homopolymer
PVCap and the copolymer VP:VCap using 500 and 100 ppm,
respectively (Table 7). Only blends with VP:VCap were tested
for CI efficiency but both polymers were used for KHI tests.
The CI efficiency of VP:VCap increased greatly from 37.3% for
the polymer alone, with the best result being 99.3% for butyl
glycolate.
Next, blends of 2-aminoethanethiol and butyl thioglycolate

with the KHI polymers were investigated for KHI performance
using the SCC screening method in steel rocking cells. 2500
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ppm polymer and 1000 ppm synergist were used in the KHI
tests. The synergist concentration is probably higher than
necessary for optimal corrosion inhibition, but we wanted to
enhance and negative effects on the KHI polymer by using
1000 ppm. Table 7 summarizes the test results as well as the
results with the addition of fatty imidazoline CI and with BGE.
The antagonistic effect of this corrosion inhibitor with PVCap
was given earlier in Table 2. With VP:VCap, addition of the
fatty imidazoline gave an average To value of 10.4 °C, on
average 2.4 °C higher than with VP:VCap alone, indicating a
similar level of antagonism as seen with PVCap. The two small
molecules, aminoethanethiol and butyl thioglycolate, did not
cause significant antagonism with the KHI polymers. In fact,
butyl thioglycolate gave some synergy with PVCap, lowering
the average To value from 9.4 to 7.2 °C. This was a stronger
synergetic effect than adding 1000 ppm BGE to PVCap. In
conclusion, both aminoethanethiol and butyl thioglycolate
greatly increase the CI effect of VCap-based polymers without
reducing the KHI performance, as seen with the fatty acid
imidazoline. In addition, imidazoline-based corrosion inhib-
itors are often quite toxic due to their strong surface-active
properties. Butyl thioglycolate and aminoethanethiol would be
expected to be less toxic due to their much shorter alkyl chain.
Further, mercaptocarboxylic acids and their esters, such as
butyl thioglycolate, were found to be readily biodegradable or
at worst showed good biodegradability in the OECD301D and
OECD301F tests.76

■ CONCLUSIONS
The copolymer MA:VCap-DBAPA and its amine oxide
derivative MA:VCap-DBAPA-AO, which are known to exhibit
good KHI performance, were shown to have limited sweet
corrosion inhibition properties, insufficient for corrosion
protection in the field when used alone. Blends of these
polymers with a variety of small molecules were investigated as
additives to boost the corrosion inhibition. These included
oxygenated molecules and polymers, as well as sulfur- and
nitrogen-based additives. Several sulfur-based additives
strongly improved the CI efficiency of the maleic polymers
without having a negative effect on the KHI performance.
Blends of the best additives with MA:VCap-DBAPA and
MA:VCap-DBAPA-AO were investigated for KHI perform-

ance. Two additives, 2-aminoethanethiol and butyl thioglyco-
late, showed significant KHI synergy. For example, 2500 ppm
MA:VCap-DBAPA plus 1000 ppm butyl thioglycolate gave an
average hydrate onset temperature (To) of 4.4 °C (12.7 °C
below the To result for no additive) while also giving a 99.7%
CI efficiency. Butyl thioglycolate and 2-aminoethanethiol were
also found to greatly enhance the CI efficiency of the industrial
KHIs, PVCap homopolymer, and VP:VCap copolymer. Butyl
thioglycolate also boosted the KHI performance of PVCap.
There are a large number of other blends that could be

investigated, but the main point of the study was achieved,
which was to show that MA:VCap-DBAPA(-AO) copolymers
can function well as KHIs and also as CIs, in this case when the
correct sulfur-based synergist is added. As a note of caution, we
stress that sulfur-based molecules should be tested carefully for
corrosion inhibition. The tests we have carried out are not at
high shear, and field and laboratory results are not always the
same. Gas-phase corrosion inhibition testing would also be
useful to determine top-of-the-line corrosion (TLC) in subsea
flow lines. We will report on our attempts to use other
methods of designing dual-function KHI-CIs using maleic-
based polymers in later publications. Future work will
investigate butyl thioglycolate and 2-aminoethanethiol as new
KHI and CI synergists, as well as tuning the maleic polymer
structures for triple KHI−CI−SI functionality.

■ AUTHOR INFORMATION
Corresponding Author

Malcolm A. Kelland − Department of Chemistry, Bioscience
and Environmental Engineering, Faculty of Science and
Technology, University of Stavanger, N-4036 Stavanger,
Norway; orcid.org/0000-0003-2295-5804;
Phone: +(47)51831823; Email: malcolm.kelland@uis.no

Authors
Janronel Pomicpic − Department of Chemistry, Bioscience
and Environmental Engineering, Faculty of Science and
Technology, University of Stavanger, N-4036 Stavanger,
Norway

Radhakanta Ghosh − Reliance Industries Limited, Vadodara
Manufacturing Division, 391346 Vadodara, Gujarat, India;
orcid.org/0000-0002-3384-028X

Audun Undheim − Department of Chemistry, Bioscience and
Environmental Engineering, Faculty of Science and
Technology, University of Stavanger, N-4036 Stavanger,
Norway

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.energyfuels.3c00991

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank the Research Council of Norway (Project number
308813) for financial support of this work.

■ REFERENCES
(1) Frenier, W. F.; Ziauddin, M. Chemistry for Enhancing the
Production of Oil and Gas; SPE Books, 2014.
(2) Kelland, M. A. Production Chemicals for the Oil and Gas Industry,
2nd ed.; CRC Press: Boca Raton, FL, 2014.
(3) Makogon, T. Y. Handbook of Multiphase Flow Assurance; Elsevier
Science & Technology, 2019.

Table 7. KHI Tests with 2500 ppm VCap-Based Polymers
with Synergists

synergist
To (av.)
[°C]

St. Dev.
[°C]

Ta (av.)
[°C]

no additive 17.1 0.5 16.9
PVCap 9.7 0.3 8.4
PVCap + fatty acid imidazoline
1000 ppm

11.9 0.4 9.0

PVCap + BGE 1000 ppm 8.7 0.4 8.2
PVCap + butyl thioglycolate
1000 ppm

7.2 0.4 6.8

PVCap + 2-aminoethanethiol
1000 ppm

9.7 0.5 8.4

VP:VCap 8.0 0.5 6.4
VP:VCap + fatty acid imidazoline
1000 ppm

10.4 0.3 8.3

VP:VCap + BGE 1000 ppm 7.9 0.6 6.0
VP:VCap + butyl thioglycolate
1000 ppm

8.3 0.4 5.7

VP:VCap + 2-aminoethanethiol
1000 ppm

8.3 0.7 6.5

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.3c00991
Energy Fuels 2023, 37, 8964−8975

8973

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Malcolm+A.+Kelland"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2295-5804
mailto:malcolm.kelland@uis.no
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Janronel+Pomicpic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Radhakanta+Ghosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3384-028X
https://orcid.org/0000-0002-3384-028X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Audun+Undheim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00991?ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c00991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(4) Dao, C.; Zhao, F. Oilfield Chemistry; Springer, 2018.
(5) Craddock, H. A. Oilfield Chemistry and its Environmental Impact;
Wiley, 2018.
(6) Moore, J. A.; Vers, L. V.; Conrad, P. Understanding kinetic
hydrate inhibitor and corrosion inhibitor interactions. In OTC-19869-
MS. Offshore Technology Conference, Houston, TX, 4−7 May, 2009.
(7) Moloney, J.; Mok, W. Y.; Gamble, C. G. Compatible corrosion
and kinetic hydrate inhibitors for wet sour gas transmission lines. In
Corrosion Conference and Expo 2009, Paper no. 09350. Atlanta, Georgia,
USA: NACE International, 22−26 March 2009.
(8) Seo, Y. Hydrate Inhibitors and Their Interferences in Corrosion
Inhibition. In Corrosion Inhibitors in the Oil and Gas Industry; Saji, V.
S., Umoren, S. A., Eds., 1st ed.; Wiley-VCH Verlag GmbH & Co.
KGaA, 2020; Chapter 17.
(9) Menendez, C. M.; Jardine, J.; Mok, W. Y.; Ramachandran, S.;
Jovancicevic, V.; Bhattacharya, A. New Sour Gas Corrosion Inhibitor
Compatible with Kinetic Hydrate Inhibitor. In IPTC-17440, Paper
presented at the International Petroleum Technology Conference, Doha,
Qatar, January 2014.
(10) Carroll, J. Natural Gas Hydrates, A Guide for Engineers; Gulf
Professional Publishing, 2003.
(11) Sloan, E. D.; Koh, C. A. Clathrate Hydrates of Natural Gases,
3rd ed.; CRC Press: Boca Raton, FL, 2008.
(12) Kelland, M. A. History of the development of low dosage
hydrate inhibitors. Energy Fuels 2006, 20, 825−847.
(13) Kelland, M. A. A review of kinetic hydrate inhibitors:
Tailormade water-soluble polymers for oil and gas industry
applications. In Advances in Materials Science Research; Wytherst, M.
C., Ed.; Nova Science Publishers, Inc: New York, 2011; Vol. 8.
(14) Perrin, A.; Musa, O. M.; Steed, J. W. The chemistry of low
dosage clathrate hydrate inhibitors. Chem. Soc. Rev. 2013, 42, 1996−
2015.
(15) Zhukov, A. Y.; Stolov, M. A.; Varfolomeev, M. A. Use of Kinetic
Inhibitors of Gas Hydrate Formation in Oil and Gas Production
Processes: Current State and Prospects of Development. Chem.
Technol. Fuels Oils 2017, 53, 377−381.
(16) Shahnazar, S.; Bagheri, S.; TermehYousefi, A.; Mehrmashhadi,
J.; Abd Karim, M. S.; Kadri, N. A. Structure, mechanism, and
performance evaluation of natural gas hydrate kinetic inhibitors. Rev.
Inorg. Chem. 2018, 38, 1−19.
(17) Kamal, M. S.; Hussein, I. A.; Sultan, A. S.; von Solms, N.
Application of various water soluble polymers in gas hydrate
inhibition. Renewable Sustainable Energy Rev. 2016, 60, 206−225.
(18) Wang, Y.; Fan, S.; Lang, X. Reviews of gas hydrate inhibitors in
gas-dominant pipelines and application of kinetic hydrate inhibitors in
China. Chin. J. Chem. Eng. 2019, 27, 2118−2132.
(19) Chin, Y. D.; Srivastava, A. Advances in LDHIs and
Applications. In OTC-28905, Offshore Technology Conference, 30
April - 3 May, Houston, Texas, USA, 2018.
(20) Singh, A.; Suri, A. Review of Kinetic Hydrate Inhibitors Based
on Cyclic Amides and Effect of Various Synergists. Energy Fuels 2021,
35, 15301−15338.
(21) Zhang, Q.; Kelland, M. A.; Lu, H. Non-amide kinetic hydrate
inhibitors: A review. Fuel 2022, 315, 123179.
(22) Heidersbach, R., Metallurgy and Corrosion Control in Oil and
Gas Production Wiley Series in Corrosion, 2nd ed.; Wiley: New Jersey,
2018.
(23) Usman, B. J.; Ali, S. A. Carbon Dioxide Corrosion Inhibitors: A
review. Arabian J. Sci. Eng. 2018, 43, 1−22.
(24) Bain, D. I.; Fan, G.; Fan, J.; Ross, R. J. Scale and Corrosion
Inhibition by Thermal Polyaspartates. In Paper No. 120 (paper
presented at the NACE CORROSION Conference, 1999).
(25) Bain, D. I.; Fan, G.; Fan, J.; Brugman, H.; Enoch, K.
“Laboratory and Field Development of a Novel Environmentally
Acceptable Scale and Corrosion Inhibitor,”. In Paper No. 2230 (paper
presented at the NACE CORROSION Conference, 2002).
(26) Pavelyev, R. S.; Zaripova, Y. F.; Yarkovoi, V. V.; Vinogradova, S.
S.; Razhabov, S.; Khayarov, K. R.; Nazarychev, S. A.; Stoporev, A. S.;
Mendgaziev, R. I.; Semenov, A. P.; Valiullin, L. R.; Varfolomeev, M.

A.; Kelland, M. A. Performance of Waterborne Polyurethanes in
Inhibition of Gas Hydrate Formation and Corrosion: Influence of
Hydrophobic Fragments. Molecules 2020, 25, 5664.
(27) Farhadian, A.; Varfolomeev, M. A.; Rahimi, A.; Mendgaziev, R.
I.; Semenov, A. P.; Stoporev, A. S.; Vinogradova, S. S.; Karwt, R.;
Kelland, M. A. Gas Hydrate and Corrosion Inhibition Performance of
the Newly Synthesized Polyurethanes: Potential Dual Function
Inhibitors. Energy Fuels 2021, 35, 6113−6124.
(28) Park, J.; Kim, H.; Sheng, Q.; Wood, C. D.; Seo, Y. Kinetic
Hydrate Inhibition Performance of Poly(vinyl caprolactam) Modified
with Corrosion Inhibitor Groups. Energy Fuels 2017, 31, 9363−9373.
(29) Ulhaq, M. I. Dual-Purpose Kinetic Hydrate and Corrosion
Inhibitors, Chapter 8. In Polymeric Corrosion Inhibitors for Greening the
Chemical and Petrochemical Industry; Mazumder, M. J., Quraishi, M.,
Al-Ahmed, A., Eds.; Wiley, September, 2022.
(30) Imran Ulhaq, M.; Saleem, Q.; Ajwad, H.; Aleisa, R. M.; Alanazi,
N. M.; Leoni, M.; Zahrani, I.; Makogon, T. Corrosion Inhibition of
Carbon Steel in a Sour (H2S) Environment by an Acryloyl-Based
Polymer. ACS Omega 2023, 8, 18047−18057.
(31) Sheng, Q.; Silveira, K. C. d.; Tian, W.; Fong, C.; Maeda, N.;
Gubner, R.; Wood, C. D. Simultaneous hydrate and corrosion
inhibition with modified Poly(vinyl caprolactam) polymers. Energy
Fuels 2017, 31, 6724−6731.
(32) Ul-Haq, M. I.; Al-Malki, A.; Alsewdan, D. A.; Alanazi, N. M.
Hyperbranched Polymers With Active Groups As Efficient Corrosion
Inhibitors. U.S. Patent 20,210,395,898 A1, 2021.
(33) Umoren, S. A.; Solomon, M. M. Polymeric Corrosion
Inhibitors for Oil and Gas Industry. In Corrosion Inhibitors in the
Oil and Gas Industry; Saji, V. S., Umoren, S. A., Eds., 1st ed.; Wiley-
VCH Verlag GmbH & Co. KGaA, 2020; Chapter 12.
(34) Chen, T.; Chen, Z.; Chen, M.; Fu, C. Evaluation of anti-
corrosion performance of poly(maleic acid-co-N-[3-(dimethylamino)-
propyl]-methacrylamide) as novel copolymer inhibitor for carbon
steel in neutral medium. J. Mol. Liq. 2021, 338, 116638.
(35) Boffardi, B. P.; Cook, M. M.; Ralston, P. H. Corrosion
Inhibition with Amine Adducts of Maleic Anhydride Polymers, U.S.
Patent 4,018,702 A, 1977.
(36) Gill, J. S.; Reed, P. E.; Banerjee, S.; Harbindu, A.; Tong, Y.
Maleic Anhydride Homopolymer And Maleic Acid Homopolymer
And Methods For Preparing Thereof, And Non-Phosphorus
Corrosion Inhibitor And Use Thereof. U.S. Patent 20,180,305,617
A1, 2018.
(37) Amjad, Z.; Koutsoukos, P. Evaluation of maleic acid based
polymers as scale inhibitors and dispersants for industrial water
applications. Desalination 2014, 335, 55−63.
(38) Frenier, W. W.; Ziauddin, M. Formation, Removal, and
Inhibition of Inorganic Scale in the Oilfield Environment; SPE
Publishing, 2008.
(39) Amjad, Z.; Demadis, K. D., Eds., Mineral Scales and Deposits:
Scientific and Technological Approaches 1st ed.; Elsevier: Amsterdam,
2015.
(40) Klug, P.; Kelland, M. Additives for inhibiting gas hydrate
formation. CA 2272654 C, 2002.
(41) Zhang, Q.; Kelland, M. A. A new investigation of
polymaleamides as kinetic hydrate inhibitors − Improved perform-
ance and compatibility with high salinity brines. Chem. Eng. Sci. 2021,
241, 116719.
(42) Kelland, M. A.; Pomicpic, J.; Ghosh, R.; Undheim, C.;
Hemmingsen, T. H.; Zhang, Q.; Varfolomeev, M. A.; Pavelyev, R. S.;
Vinogradova, S. S. Multi-functional oilfield production chemicals:
maleic-based polymers for gas hydrate and corrosion inhibition. IOP
Conf. Ser.: Mater. Sci. Eng. 2021, 1201, 012081.
(43) Pomicpic, J.; Ghosh, R.; Kelland, M. A. Non-Amide Polymers
as Kinetic Hydrate Inhibitors - Maleic Acid/Alkyl Acrylate
Copolymers and the Effect of pH on Performance. ACS Omega
2022, 7, 1404−1411.
(44) Kelland, M. A.; Pomicpic, J.; Ghosh, R.; Abdel-Azeim, S. N-
Vinyl caprolactam:maleic-based copolymers as kinetic hydrate

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.3c00991
Energy Fuels 2023, 37, 8964−8975

8974

https://doi.org/10.1021/ef050427x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef050427x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2cs35340g
https://doi.org/10.1039/c2cs35340g
https://doi.org/10.1007/s10553-017-0814-6
https://doi.org/10.1007/s10553-017-0814-6
https://doi.org/10.1007/s10553-017-0814-6
https://doi.org/10.1515/revic-2017-0013
https://doi.org/10.1515/revic-2017-0013
https://doi.org/10.1016/j.rser.2016.01.092
https://doi.org/10.1016/j.rser.2016.01.092
https://doi.org/10.1016/j.cjche.2019.02.023
https://doi.org/10.1016/j.cjche.2019.02.023
https://doi.org/10.1016/j.cjche.2019.02.023
https://doi.org/10.1021/acs.energyfuels.1c02180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c02180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2022.123179
https://doi.org/10.1016/j.fuel.2022.123179
https://doi.org/10.1007/s13369-017-2949-5
https://doi.org/10.1007/s13369-017-2949-5
https://doi.org/10.3390/molecules25235664
https://doi.org/10.3390/molecules25235664
https://doi.org/10.3390/molecules25235664
https://doi.org/10.1021/acs.energyfuels.1c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b01956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b01956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b01956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c01290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c01290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c01290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b00525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b00525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2021.116638
https://doi.org/10.1016/j.molliq.2021.116638
https://doi.org/10.1016/j.molliq.2021.116638
https://doi.org/10.1016/j.molliq.2021.116638
https://doi.org/10.1016/j.desal.2013.12.012
https://doi.org/10.1016/j.desal.2013.12.012
https://doi.org/10.1016/j.desal.2013.12.012
https://doi.org/10.1016/j.ces.2021.116719
https://doi.org/10.1016/j.ces.2021.116719
https://doi.org/10.1016/j.ces.2021.116719
https://doi.org/10.1088/1757-899x/1201/1/012081
https://doi.org/10.1088/1757-899x/1201/1/012081
https://doi.org/10.1021/acsomega.1c06063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c06063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c06063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.2c00075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.2c00075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c00991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


inhibitors: the effect of internal hydrogen-bonding. Energy Fuels 2022,
36, 3088−3096.
(45) Kelland, M. A.; Pomicpic, J.; Ghosh, R. Maleic and Methacrylic
Homopolymers with Pendant Dibutylamine or Dibutylamine Oxide
Groups as Kinetic Hydrate Inhibitors. ACS Omega 2022, 7, 42505−
42514.
(46) Ree, L. H. S.; Opsahl, E.; Kelland, M. A. N-Alkyl
Methacrylamide Polymers as High Performing Kinetic Hydrate
Inhibitors. Energy Fuels 2019, 33, 4190−4201.
(47) Colle, K. S.; Costello, C. A.; Oelfke, R. H.; Talley, L. D.; Longo,
J. M.; Berluche, E. Method for Inhibiting Hydrate Formation. U.S.
Patent 005,600,044 A, 1997.
(48) Colle, K. S.; Costello, C. A.; Berluche, E.; Oelfke, R. H.; Talley,
L. D. Method for Inhibiting Hydrate Formation. U.S. Patent
006,028,233 A, 2000.
(49) Kelland, M. A.; Svartaas, T. M.; Ovsthus, J.; Namba, T. A new
class of kinetic hydrate inhibitor. In Gas Hydrates: Challenges for the
Future; Holder, G. D., Bishnoi, P. R., Eds.; New York Acad Sciences:
New York, 2000; Vol. 912, pp 281−293.
(50) Chua, P. C.; Kelland, M. A.; Hirano, T.; Yamamoto, H. Kinetic
Hydrate Inhibition of Poly(N-isopropylacrylamide)s with Different
Tacticities. Energy Fuels 2012, 26, 4961−4967.
(51) Myers, R. H.; Myers, S. L.; Walpole, R. E.; Ye, K. Probability &
Statistics for Engineers & Scientists; Pearson Education Int.: New
Jersey, U.S.A., 2007.
(52) Hu, P.; Ke, W.; Chen, D. Molecular Dynamics Simulation of
Methane Hydrate Formation on Pipeline Surface in the Presence of
Corrosion Inhibitors. Energy Fuels 2023, 37, 301−309.
(53) Kelland, M. A.; Dirdal, E. G.; Ghosh, R.; Ajiro, H. 5-Methyl-3-
vinyl-2-oxazolidinone−Investigations of a New Monomer for Kinetic
Hydrate Inhibitor Polymers. Energy Fuels 2022, 36, 2609−2615.
(54) Yang, C.; Zi, M.; Wu, G.; Zou, X.; Liu, K.; Chen, D.
Concentration effect of kinetic hydrate inhibitor on hydrate formation
and inhibition. Fuel 2022, 323, 124448.
(55) Clements, J.; Pakulski, M. K.; Riethmeyer, J.; Lewis, D. C..
Improved poly(vinyl caprolactam) kinetic gas hydrate inhibitor and
method for preparing the same. WO 2017048424 A1, 2017.
(56) Kelland, M. A.; Dirdal, E. G. Powerful Synergy of Acetylenic
Diol Surfactants with Kinetic Hydrate Inhibitor Polymers - Choosing
the Correct Synergist Aqueous Solubility. Energy Fuels 2021, 35,
15721−15727.
(57) Kelland, M. A.; Dirdal, E. G.; Ree, L. H. S. Solvent Synergists
for Improved Kinetic Hydrate Inhibitor Performance of Poly(N-
vinylcaprolactam). Energy Fuels 2020, 34, 1653−1663.
(58) Anejjar, A.; Salghi, R.; Zarrouk, A.; Benali, O.; Zarrok, H.;
Hammouti, B.; Ebenso, E. E. Inhibition of carbon steel corrosion in 1
M HCl medium by potassium thiocyanate. J. Assoc. Arab Univ. Basic
Appl. Sci. 2014, 15, 21−27.
(59) Usman, B. J.; Gasem, Z. M.; Umoren, S. A.; Solomon, M. M.
Eco-friendly 2-thiobarbituric acid as a corrosion inhibitor for API 5L
X60 steel in simulated sweet oilfield environment: Electrochemical
and surface analysis studies. Sci. Rep. 2019, 9, 830.
(60) Alink, B. A.; Outlaw, B.; Jovancicevic, V.; Ramachandran, S.;
Campbell, S. Mechanism of CO2 Corrosion Inhibition by Phosphate
Esters. In NACE-99037, Paper presented at CORROSION 99, San
Antonio, Texas, April 1999.
(61) Martin, R. L.; McMahon, J. A.; Alink, B. A.; Weare, R. Further
Advances in the Development of Environmentally Acceptable
Corrosion Inhibitors. In Paper presented at the CORROSION 99,
San Antonio, Texas, April 1999.
(62) Jovancicevic, V.; Ahn, Y. S.; Dougherty, J. A.; Alink, B. A. CO2
Corrosion Inhibition by Sulfur-Containing Organic Compounds. In
NACE-00007, Paper presented at the CORROSION 2000, Orlando,
Florida, March 2000.
(63) Barreto, G.; Delroisse, H. Composition That Can Be Used to
Delay the Formation of Gas Hydrates. U.S. Patent. 20,210,403,795
A1, 2021.

(64) Liu, D.; Qiu, Y. B.; Tomoe, Y.; Bando, K.; Guo, X. P.
Interaction of inhibitors with corrosion scale formed on N80 steel in
CO2-saturated NaCl solution. Mater. Corros. 2011, 62, 1153−1158.
(65) Liu, B.; Cheng, L.; Chen, G.; Sun, C.; Huang, X. Application of
imidazole reagent as hydrate kinetic inhibitor synergistic reagent. CN
113549440 A, 2022.
(66) Cheng, L.; Li, Z.; Cui, J.; Zhu, R.; Li, J.; Qin, H.; Liu, B.; Chen,
G.; Ning, F. The synergistic effect between imidazole reagents and
kinetic hydrate inhibitors. J. Mol. Liq. 2023, 376, 121466.
(67) Ahn, Y. S.; Jovancicevic, V.; Mercaptoalcohol corrosion
inhibitors. U.S. Patent 6,645,399 B2, 2003.
(68) Moore, J. A. Understanding Kinetic Hydrate Inhibitor and
Corrosion Inhibitor Interactions. In Proceedings of the Offshore
Technology Conference, Houston, TX, May 4−7, OTC, Richardson,
TX, 2009.
(69) Fan, J. C.; L-D, G.; Fan, M. J. Composition and Method for
Inhibition of Metal Corrosion. WO 2000075399 A2, 2000.
(70) Cherqui, S. Cysteamine therapy: a treatment for cystinosis, not
a cure. Kidney Int. 2012, 81, 127−129.
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