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ABSTRACT: Kinetic hydrate inhibitors (KHIs) have been used - - - Hydrogen-bonding
for over 25 years to prevent gas hydrate formation in oil and gas A \\N ;
production flow lines, but they are some of the most expensive ° ™ g
oilfield production chemicals. The main component in KHI —
formulations is a water-soluble polymer with many amphiphilic 240 \

groups. Usually, in commercial KHI polymers, the hydrophilic part

of these groups is the amide group. In addition, KHI polymers are m o
often incompatible with film-forming corrosion inhibitors. There- 6
fore, we sought to find cheaper but effective KHIs that could also

act as a flow line corrosion inhibitor. Continuing earlier work from

our group with maleic-based polymers, we have now explored maleic acid/N-vinyl caprolactam (MAcid/VCap) copolymers to
introduce VCap, a well-known KHI monomer, together with the cheaper MA monomer. 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 test method. Surprisingly, the MAcid/VCap copolymer showed very poor KHI efficacy. GFN2-xTB molecular
dynamics simulations revealed that MAcid/VCap exhibits intra-hydrogen bond networks that trap the polymer morphology in the
globular form. In this scenario, the caprolactam ring is encapsulated inside the polymer structure due to the intra-hydrogen bonds
and the hydrophobic interactions that minimize its ability to interact with the hydrate surfaces, which significantly reduces the
MAcid/VCap kinetic inhibition performance. However, the polymer in such globular forms still displays an important amount of its
carboxylic groups exposed to water, which explains the water solubility. In contrast to MAcid/VCap copolymers, maleimide
derivatives with dibutylamino end groups were effective KHIs and even better with dibutylamine oxide end groups. A terpolymer of
MA/VCap reacted with N,N-dibutylaminopropylamine followed by subsequent oxidation of the end groups to dibutylamine oxide
and gave the best performance of any maleic-based polymer reported to date. The combination of caprolactam and dibutylamine
oxide groups can be thought of as synergism within the same polymer, akin to the excellent synergy of the separate molecules,
tributylamine oxide and PVCap.

B INTRODUCTION are deployed in the field. The homopolymer (PVCap) is often

Production of oil and gas has several flow assurance issues used as a standard for comparison to new KHI polymers and

including corrosion and deposition of scale, wax, gas hydrates, VCap/N-vinyl pyrrolidone (VCap/VP) copolymers, which have

and asphaltenes.”” Chemicals can be used to combat each of higher cloud points (Figure 1). However, caution must be taken
these problems but usually each requires a different chemical. in such a comparison because factors such as the polymer
We have begun a program to develop multi-functional chemicals molecular weight distribution, method of polymerization, end-
in an attempt to treat gas hydrates, corrosion, and scale, which capping, and polymer solvent can affect the performance.4’5

are all water-based problems. Regarding the first issue, we have Recently, we decided to focus on maleic-based polymers to
been designing and testing kinetic hydrate inhibitors (KHIs) asa develop a multi-functional chemical that could be tailored not
methg)_dl gto prevent gas hydrate solids from forming in flow only as a KHI but also for corrosion and scale inhibition. As far as
lines.”™ " KHIs delay the hydrate formation process at the we know, there are no polymers that function well in all three

nucleation and crystal growth stages.' "> KHIs have been shown
to both increase the nucleation work required to form critical
nuclei and increase the effective number of sites where
nucleation could occur.'

KHIs are formulations in which the main ingredient is one or
more water-soluble polymers with amphiphilic functional
groups. One of the most well-known classes of KHI polymers
is N-vinyl caprolactam-based (VCap) polymers, several of which
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Figure 1. Left to right, N-vinyl pyrrolidone/N-vinyl caprolactam
copolymer (VP/VCap) and poly(N-vinyl caprolactam) (PVCap).

ways, although there are KHIs with corrosion inhibition
properties, corrosion inhibitors with scale inhibition properties,
and scale inhibitors with KHI properties.'” >’ The reasoning
was twofold. First, maleic anhydride (MA) is an abundant and
cheap raw material. Second, polymers and copolymers of MA
can be easily reacted with amine or alcohols to give a wide range
of pendant functional groups connected to the polymer
backbone.

Maleic-based KHI polymers have been known since the
1990’s.*" Improvements in KHI performance were recently
reported for vinyl acetate/maleic anhydride (VA/MA) copoly-
mers.”' For example, reaction of the anhydride groups in the
VA/MA 1:1 copolymer with a 60:40 mixture of cyclohexyl-
amine:3-di-n-butylaminopropylamine (VA/MA-60%cHex-40%
DBAPA, M, = 11 kg/mol, 25 wt % in BGE) gave a significantly
better performance than previously reported maleimide
polymers (Figure 2) and no cloud point at 95 °C in water.

This copolymer also showed good CO, corrosion inhibition
properties.32

Another approach using maleic-based copolymers is to
copolymerize MA with a known active KHI monomer such as
VCap. This leaves the MA units free to be derivatized for
incorporation of functional groups for corrosion and scale
control. Here, we present work carried out on MA/VCap and
MA/N-vinyl pyrrolidone (MA/VP) copolymers and their use as
starting materials to a range of other copolymers that have been
screened for KHI performance. Excellent KHI performance was
obtained for the best polymers, better than all previously
reported MA-based KHI polymers. This work is the foundation
for development of our MA/VCap-based multi-functional
hydrate-scale corrosion inhibitors, which we will report on in
later publications.

B EXPERIMENTAL SECTION

Materials. MA (>99%), xylene (99%), 1,2-dimethoxyethane
(DME, 99%), 2-butoxyethanol (BGE, 99%), hydrogen peroxide (30
wt % in water), azobisisobutyronitrile (AIBN), iso-butylamine
(iBuNH,), n-butylamine (nBuNH,), cyclohexylamine (CyHexNH,),
n-1-butylpiperazine (nBuPiperazine), and 3-(dibutylamino)-1-propyl-
amine (DBAPA) were purchased from VWR (Avantor) and used as
received. Poly(N-vinyl caprolactam) (PVCap) (Mw approximately 2—
4 kg/mol) was supplied by BASF as Luvicap EG, a 41.1 wt.% solution of
the polymer in monoethylene glycol. The solvent was removed for this
study by repeated precipitation of the polymer from aqueous solution
above the cloud and deposition point (ca. 40 °C). Synthesis of
polymaleic anhydrides was carried out according to the literature,

H2N/\/\NBu2

HN

NBu,

H20>

HN

o 6 —  HOOC COOH N
n n 0 n n (0]
o COOH N H,0 o coo N
R
HN

NBu,*

n n o]
0 COOH (Nj
T_

Figure 2. Reaction of the MA/Cap copolymer with either water or with DBAPA and subsequent formation of the amine oxide polymer (MA/VCap-

DBAPA-AO).
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except that toluene was replaced with xylene or DME.*! Polymer
molecular weight analysis for all polymers was carried out by GPC/SEC
using DMF solvent at 0.6 mL/min, 40 °C, using polystyrene standards.

Polymer Synthesis. MA/VCap and MA/VP copolymers were
made in the same way using the AIBN initiator and either xylene or
DME as solvent. Solvent was removed to leave a solid copolymer, which
was always stored in an air-tight container before further use. It is
important to keep MA-based polymers dry before reacting with amines
or alcohols or else water vapor opens the anhydride ring to give two
carboxylic acids groups, neither of which will react easily with the
amines or alcohols under the conditions used. Examples of the three
synthesis procedures in this study are given here: they include an
example of copolymer MA:N-vinyl lactam synthesis, its reaction to
open the ring of the MA group with a primary amine [the example given
is for N,N-dibutylaminopropylamine (DBAPA)], and reaction of
tertiary amine groups in a polymer with hydrogen peroxide to make
amine oxide groups (Figure 2).

Synthesis of poly(maleic anhydride-co-N-vinylcaprolactam).
Maleic anhydride (2.45 g and 0.025 mol) was first weighed in a round-
bottom flask. Afterward, AIBN (0.41 g and 0.0025 mol), N-
vinylcaprolactam (3.48 g and 0.02S mol), and then S0 mL of DME
were added. The air was then removed, and then, a stream of N, gas was
flushed into the flask. The system was then heated at a temperature of
70 °C and stirred for 15 h. After the reaction, the system was then
cooled, and the solvent was decanted and removed via rotary
evaporation to obtain the resulting product, alternating MA/VCap
1:1 copolymer.

Reaction of poly(maleic anhydride-co-N-vinylcaprolactam)
with DBAPA. Poly(maleic anhydride-co-N-vinylcaprolactam) (0.174
g) was weighed in a vial, and DBAPA (0.137 g and 0.00074 mol) and
BGE solvent (0.894 g and 0.0076 mol) were added. The mixture was
stirred at room temperature for 16 h until complete dissolution to give a
25.8 wt % solution of the MA/VCap-DBAPA polymer with one
DBAPA attached per MA monomer unit (Figure 2).

Synthesis of MA/VCap-DBAPA-AO. 0.311 g of DBAPA-modified
poly(maleic anhydride-co-N-vinylcaprolactam) (MA/VCap-DBAPA)
was reacted with 0.083 g of a 30 wt % solution of hydrogen peroxide.
The solution was then stirred for 16 h at room temperature to give the
amine oxide MA/VCap-DBAPA-AO with one DBAPA-AO attached
per MA monomer unit (Figure 2).

Cloud Point (T)) Measurement. A 2500 ppm aqueous solution of
the polymer was heated slowly. The temperature at the first sign of
clouding of the solution was taken as the cloud point. Any solution that
was already opaque or cloudy at room temperature was first kept in a
cooling room at 4 °C before heating. Cloud point measurements were
repeated three times to check reproducibility.

KHI Experimental Test Procedure. A multi-stainless-steel rocker
rig supplied by PSL Systemtechnik, Germany, and Svafas, Norway, was
used to conduct KHI performance tests. This apparatus can rock five 40
mL cells in a cooling bath, with each cell equipped with temperature
and pressure sensors. A stainless-steel ball is placed in each cell for
agitating the test solution during rocking. A synthetic natural gas
mixture (SNG, Table 1) was used, which preferentially forms structure
IT gas hydrates as the most thermodynamically stable phase.

KHIs were evaluated for performance by the slow constant-cooling
(SCC) experimental method, which is summarized as follows:*”

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 S.00
CO, 1.82
ethane 103
methane 80.4

3090

1. Test chemicals were dissolved to the desired concentration in
deionized water (DIW) usually 1 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.

By standard laboratory dissociation experiments, the hydrate
equilibrium temperature (T,) at 76 bar was determined to be 20.2 +
0.05 °C warming at 0.025 °C/h for the last 3—4 °C, which correlates
well with calculations performed using Calsep PVTSim software.*>
During a SCC experiment, there is a linear pressure decrease from
which both the onset temperature for hydrate formation (T,) and the
rapid hydrate formation temperature (T,) can be observed (Figure 3).
In the example shown, T, is 11.2 °C and T, is 10.0 °C. Each cell is a
closed system. From this linear pressure decrease, the temperature at
the first observable deviation is defined as T,. This is the first
macroscopic observation of hydrate formation carried out by an
observation on a linear pressure decrease, and therefore, it is quite
possible that the hydrate nucleation is initiated at a molecular level prior
to this. These experiments, however, may not be capable of detecting
the start of nucleation, which possibly happens earlier than T,. T, is
taken as the temperature when the pressure decrease is the steepest, that
is, when the hydrate formation is the fastest. The standard deviation
(assuming a normal distribution) for a set of T, or T, 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 T, between
samples, S—10 tests suffices in most cases to get a significant difference
at the 95% confidence level (p < 0.05).*

Modeling Work: GFN2-xTB Molecular Dynamics Simulations
on the MAcid/VCap 1:1 Copolymer. Molecular dynamics (MD)
simulations are performed on alternating MAcid/VCap 1:1 oligomers
of 40-mer lengths in order to examine the polymer conformational
changes that probably would impact its interactions with the hydrate
surfaces. The GEN2-xTB method®® with the extended tight-binding
Hamiltonian®**” was used to sample the polymer chain conformation
due to its efficiency. GFN2-xTB is a semi-empirical quantum method
based on density functional tight-binding theory developed by
Grimme’s group. The method has primarily targeted the computation
of properties around the energy minima such as geometries, vibrational
frequencies, and non-covalent interaction energies. The GEN refers to
the calculated properties, and xTB stands for the extended tight-
binding Hamiltonian. There are three variants of GFNn-xTB that are
developed (n = 0, 1, and 2), which differ in accuracy and efficiency.
They have been successfully applied in the optimization of organo-
metallic complexes, structure sampling, exploring the reaction profiles,
and macromolecule structure optimization.”*”** In addition, the
electronic effects are still included at the semiempirical level of theory,
which are challenging systems for the DFT method."’ The empirical FF
parameters for the GFN2-xTB method are fitted to reproduce the
results of DFT (B97-3¢).”® Prior to MD production, an energy
minimization step is performed to remove the bad atomic contacts in
the initial polymer coordinates. MD simulations were conducted for 1
ns at 278 and 300 K using the XTB code®' and in an implicit water
environment usﬂing the analytical linearized Poisson-Boltzmann
(ALPB) model.>>>® The implicit solvent model was chosen to
minimize the computational cost; such a system is not affordable in
an explicit water environment (702 atoms). Furthermore, ALPB
models the interactions with the solvent molecules accurately by
including polar and non-polar contributions and correction for
hydrogen bonding interaction. Such treatment demonstrates very
accurate performance in predicting the geometries, binding energies,
hydration free energies, and the octanol—water partition coeflicient
compared to their experimental counterparts.>” Furthermore, details on
the GFN2-xTB method and its applications have been published.>*

The MAcid/VCap 1:1 polymer (Figure 4) was considered for our
MD simulations as the remaining polymers in this study do not display
the capacity to form intra-HBs. Concerning the MAcid/VP 1:1

https://doi.org/10.1021/acs.energyfuels.2c00075
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Figure 3. Determination of T, and T, values for one rocking cell experiment.

MAcid:VCap 1:1

Figure 4. Optimized structure of the MAcid/VCap copolymer is
represented in spheres and sticks, showing the intra-hydrogen bonds
(HBs) along the polymer backbone. Optimization was carried out in an
implicit solvent environment (no explicit water molecules are
considered).

copolymer, it has the same capacity to form intra-HBs, and we focused
on MAcid/VCap 1:1 due to the computational cost.

B RESULTS AND DISCUSSION

Experimental Study of Kinetic Gas Hydrate Inhibition.
Table 2 summarizes the SCC results with all polymers in this
study. DIW, and PVCap were also tested for comparison. A
concentration of 2500 ppm (0.25 wt %) was chosen as a typical
field dosage. We chose to use T, values to evaluate the
performance of a KHI as total inhibition of detectable hydrate
formation is preferred for avoiding any chance of deposits
building up in flow lines. T, — T, values can give some indication
of the ability to slow the growth of hydrate crystal formation
although caution must be taken. Comparisons are only valid if T,
values are similar as the driving force when crystal growth occurs
ought to be similar. In Table 2, T, — T, values for maleic
polymers are quite low (<1 °C), indicating that these polymers
are not good at preventing macroscopic crystal growth.

We prepared MA-based polymers (PMA, MA/VCap
copolymer, and MA/VP copolymer) in both xylene and DME
to investigate the difference between solvent polarity. Not all

3091

Table 2. Summary of Slow Constant-Cooling KHI Test
Results. All Solutions Were Clear Unless Otherwise Stated

molecular T, T,
weight (av.)  (av.)
polymer name , M, (g/mol) [°C] [°C]
1 no additive 16.0 15.7
2 PVCap 9.8 9.4
maleic polymers made in DME
3 MAcid/VCap-1 15 500 14.2 13.9
(PDI 2.85)
4 MA/VCap-1-DBAPA” 25700 5.6 54
S MA/VCap-1-CyHexNH," 20428 86 84
6 MA/VCap-1-nBuNH," 18 847 7.3 7.2
7 MA/VCap-1-iBuNH," 18 847 7.2 7.0
8 MA/VCap-2' 10 000
9 MA/VCap-2-DBAPA” 16 594 5.6 54
10 MA/VCap-2-DBAPA-AO“ 17299 3.9 3.7
11  MA/VCap-2-nBuPiperazine” 14 866 8.7 8.6
12 MA/VCap-2-nBuPiperazine-AO“ 15571 8.5 8.2
repeat with new polymer batch” 15571 9.0 8.7
13 MAcid/VP 35 500 18.5 14.9
(PDI 3.34)
14 MA/VP-DBAPA* 61 800 8.4 7.6
15 MA:VP-DBAPA-AQO“ 64612 7.7 7.0
maleic polymers made in xylene
16  PMAcid 800 (PDI3.8) 161 159
17 MAcid/VCap-3° 9800 14.8 14.5
(PDI 3.69)
18 MA/VCap-3-DBAPA” 16262 6.0 5.4
19 MA/VCap-3-CyHexNH," 48 180 9.3 9.0
20 MA/VP-DBAPA-AO“ 64 633 8.6 7.7

“25-58 wt % solution in BGE.

polymers were made in both solvents but sufficient to show that
there was not much difference between the use of the two
solvents (Table 2). We preferred DME as solvent as it was easier
to remove after polymerization by rotary evaporation and
vacuum-drying.

As discussed in the introduction, MA/VCap and MA/VP
copolymers have previously been shown to be alternating
ABABAB copolymers.”>~>® Table 2 gives the molecular weights
of the hydrolyzed versions of these copolymers (MAcid
versions) from GPC analysis and for the PMAcid homopolymer.

https://doi.org/10.1021/acs.energyfuels.2c00075
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Reaction of the MA copolymers with 1 equivalent of amine per
MA unit went to completion as jud§ed by 1H NMR
spectroscopy and as previously reported.””*” This means that
there was one amine attached per MA unit (Figure 2).
Therefore, the molecular weights of the aminated copolymers
can be determined by adding the molecular weights of the MA/
VCap or MA/VP copolymers and the amines. These values are
given in Table 2.

Considering the good performance of PVCap and many
previously investigated VCap copolymers, we were initially very
surprised to find that MA/VCap when hydrolyzed to the maleic
acid/VCap copolymer (MAcid/VCap) gave very poor perform-
ance as a KHI The average T, values for the MAcid/VCap
copolymers made in DME and xylene were 14.2 and 14.8 °C,
respectively (Entries 3 and 17 in Table 2), not much better than
no additive or PMA homopolymer (Entries 1 and 16). The same
poor performance was also seen for the MAcid/VP copolymer
(entry 13). MA/VCap-2 (entry 8) was not tested as a KHI as it
was clear that it would not perform well due to the poor
performance of MAcid/VCap-1 (entry 3). Instead, it was
directly derivatized with amines (Entries 9—12).

We wondered what the reason was for the poor performance
of the MAcid:N-vinyl lactam 1:1 copolymers. First, we noted
that MA polymerizes poorly by itself but forms alternating
ABABAB copolymers with a number of comonomers if the
molar feed ratio is 1:1.°° This has been reported for the MAcid/
VP 1:1 copolymer.”® A kinetic investigation by proton nuclear
magnetic resonance spectroscopy ('"H NMR) showed that both
monomers had identical polymerization rates if both monomers
were present in the reaction mixture.”’ The MAcid/VCap 1:1
copolymer has also been reported to have a high amount of
alternating copolymers.”® This study also showed by FTIR
spectroscopy at various pH values that this copolymer has
considerable internal hydrogen bonding between the maleic acid
and VCap units, which obviously is not present in PVCap
(Figure S).

Figure S. Crude sketch of the possible internal hydrogen bonding for
the MAcid/VCap copolymer.

From the above studies, we assume that our MA/VCap will
also be a highly alternating ABAB copolymers. We also
wondered if the internal H bonds were the reason for the poor
KHI performance. This might cause the polymer to curl up on
itself, which would hide a large part of the polymer from
interacting with water or hydrate surfaces. At the same time, the
copolymer does not lose water solubility due to the second
carboxylic acid group on each maleic unit, which is free to
interact with water. We carried out computer modeling studies
to help probe this theory. These are discussed in the next
section.

Compared to MAcid/VCap, derivative copolymers made by
reacting MA/VCap with amines all gave improved KHI
performance (Table 2). These amide-forming reactions were
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performed in BGE solvent, which is a known synergist for
PVCap and other polyamide-based KHI polymers.®’~®* PVCap,
with a similar amount of added BGE, was shown to give an
average T, of 7.3 °C under the same test conditions in the same
rocking cell apparatus.®*

Of the various amines used, DBAPA clearly gave the best
performance, giving average T, value, at least 1.5 °C better than
all the other amines used. The other amines, n-butylamine, iso-
butylamine, cyclohexylamine, and butylpiperazine, were chosen
based on previous maleic-based KHI polymer studies. Entries 4
and 9 in Table 2 give results for two different-molecular weight
MA/VCap-DBAPA copolymers for which the initial MA/VCap
was made in DME. Entry 18 gives the results for a third MA/
VCap-DBAPA copolymer for which the precursor MA/VCap
was made in xylene. All three copolymers have fairly similar
results, with no statistically significant difference, with average
T, values between 5.6 and 6.0 °C, better than PVCap with a
similar concentration of added BGE. To compare the KHI
performance of two polymers, it is important that they have the
same functional groups and similar molecular weight in order to
get a valid comparison. The MAcid/VCap-3 (entry 17) made in
xylene has M, 9800 g/mol, which is similar to MAcid/VCap-2
made in DME with M, 10000 g/mol (entry 8). Therefore,
derivatives of these two copolymers can be compared. We can
then see that MA/VCap-2-DBAPA has average T, = 5.6 °C and
MA/VCap-3-DBPAP has average T, = 6.0 °C. These values are
too close to be able to claim that one polymer is better than
another.

The dibutylamino end groups may be partially quaternized
due to self-ionization in water as shown in Figure 6. These

H,O
—_—

m m
o COOH o COO”

NH gNH

Ng /N+
— Bu
Bu \ / \
Bu Bu

Figure 6. Self-ionization of MA-DBAPA monomer units.

dibutylammonium groups may contribute to give improved
performance as seen in other polycationic KHIs and synergistic
mixtures of quaternary ammonium salts and VCap-based
polymers.*>~%

We knew from past studies that oxidizing the dibutylamino
group to dibutylamine oxide could improve the performance for
other polymer classes.’*” Therefore, we first reacted MA/
VCap-DBAPA with hydrogen peroxide to form MA/VCap-
DBAPA-AO (entry 10, Table 2). The performance increased
substantially as observed from the average T, value dropping by
a statistically significant 1.7—3.9 °C compared to the parent
polyamine (entry 9, T, = 5.6 °C) (p < 0.05 in a t-test). This is an
excellent T, value, better than any other reported maleic-based
KHI polymer. Butylated amine oxides are known to be good
synergists for VCap-based polymers, so the improved perform-
ance result for MA/VCap-DBAPA-AO could be construed as an
internal synergy.” In contrast, MA/VP-DBAPA-AO (Entries 15
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and 20) did not exhibit such a strong performance increase as
observed for the equivalent VCap copolymer. The MA/VP-
DBAPA-AO polymer made in DME gave a statistically
significantly lower average T, value by 0.9 °C than the same
polymer made in xylene. The lower performance of the MA/VP-
based copolymer compared to the MA/VCap polymer perform-
ance fits with the known poorer performance of PVP compared
to PVCap performance.”*’ Finally, we also made MA/VCap-
2-nBuPiperazine-AO, the amine oxide of MA/VCap-2-nBuPi-
perazine (entry 12). This polymer did not show an improvement
over the piperazine precursor, possibly because there is only one
pendant butyl group compared to two butyl groups in MA/
VCap-DBAPA-AO.

Solutions of KHI polymers in produced water can be
subjected to elevated temperatures both at the well head and
during processing. Above the cloud point temperature, the
polymer could precipitate and cause deposits. Therefore, a high
cloud point in the produced water is a useful property although it
can often give lower KHI performance than a more hydrophilic
polymer in the same class.””" The cloud point of the most
effective KHI polymer MA/VCap-DBAPA-AO was determined
at various salinity values using a 2500 ppm solution of the
polymer. The results are given in Figure 7. In DIW, the cloud
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Figure 7. Cloud point of 2500 ppm solution of MA/VCap-DBAPA-AO
at various salinity values.

point was 65 and decreased to 35 °C in 15 wt % NaCl. For the
more hydrophilic polymer MA:VP-DBAPA-AQO, there was no
cloud point even in 15 wt % NaCl, giving this polymer an
excellent compatibility temperature range even with high salinity
brines. We will report on the KHI efficacy of these polymers in
high salinity brines in later work.

Molecular Dynamics Simulations. GF2-xTB MD simu-
lations were carried out on the MAcid/VCap copolymer in order
to examine the impact of its intra-HB network on the polymer
morphology in an implicit water phase. We have simulated the
polymer at two different temperatures: 300 and 278 K; the latter
is the operational temperature. We also examined the effect of
the pH on the protonation state of its carboxylic groups (low pH
= 3.5). The repeating unit of MAcid that carries the carboxylic
groups is succinic acid; its pK, values are 4.21 and 5.64,”> which
means that at pH 3.50, most carboxylic groups (83.9%) are in
the protonated state.”” Popescu et al. reported even lower pK,
values in the presence of 0.02 N CaCl, (3.5 and 6.1).”"
Therefore, we modeled the MAcid/VCap copolymer with 20%
of its carboxylic groups in their deprotonated state (i.e.,
dissociated form).

The radius of gyration (R,) is a key parameter usually used to
monitor the conformational changes of the macromole-
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cules.”””” Figure 8 depicts the time evolution of R, of
MAcid/VCap under different conditions of temperature and
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Figure 8. Time evolution of the internal HBs and radius of gyration
(Rg) of the MAcid/VCap polymer simulated at 278 and 300 K.

total charge. MD of MAcid/VCap at different temperatures and
in different charged states simulated for 1 ns revealed a compact
morphology that curled up to form a globular structure. R, of
MAcid/VCap changes from 24 to 10.0 Aat 278 Kand to 11.6 A
at 300 K. At low temperature (278 K), the polymer loses almost
60% of its hydrodynamic size and 50% of its hydrodynamic size
at room temperature (300 K). The polymer is transformed into
the same globular conformation (Figures 8 and 9), irrespective
of its charged state (i.e., the carboxylic groups are fully
undissociated or partially dissociated). In its neutral and charged
states, the polymer displayed the same intra-HBs during the last
100 ps. However, the charged state quickly adopts the compact
conformations mainly because of its higher density of intra-HBs
than the neutral state (Figure 9). The presence of some
carboxylate anions along the polymer backbone drives the
conformational transition into the globular form faster than the
polymer with fully undissociated carboxylic groups. The
dissociated carboxylic group establishes strong HBs with the
amide group of VCap and the second undissociated carboxylic
group.

The neutral state simulated at 278 K exhibits conformational
fluctuations in the early dynamics; however, it gets compacted
after 400 ps and is trapped into even more compact structures
during the last 300 ps. At such low temperatures, the polymer
backbone dynamics are slow, and it is easily trapped into shallow
minima, which slows down its transition to the globular form
compared to the charged state. At 300 K, the polymer changes
into the compact conformation even before the first 50 ps. Still, it
displays a more extended structure than at 278 K (Figures 8 and
9d) because at a higher temperature, the polymer backbone can
overcome the shallow energy barriers and sample more extended
structures. The intra-HB network is established between the
carboxylic groups with themselves and with the Cap group
(Figure 9e). The conformational transition observed in our
simulation is in very good agreement with what is reported in the
literature of the MAcid/VCap viscosity reduction at pH = 3.5.”*
Indeed, at this pH, the authors noted that the solution becomes
turbid, and the reduced viscosity is zero. Due to the high density
of the intra-HBs, the polymer aggregates and undergoes a
significant hydrodynamics size reduction, which is evidenced in
our MD simulation.

The Cap is encapsulated inside the polymer structure in the
globular form due to the intra-HBs and the van Der Waals
interactions. In this scenario, the Cap does not have access to
interact with the hydrate surfaces, which significantly degrades
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Figure 9. Structures of the MAcid/VCap copolymer at different temperatures and in different charged states. (a) Snapshot of an intermediate state of
MAcid/VCap simulated at 278 K with zero total charge (time = 160 ps), (b,c) final morphologies of MAcid/VCap with zero and four total negative
charges, respectively. (d,e)Final morphology simulated at 300 K, and zero total charge is shown in spheres and sticks with the intra-HBs shown by

dashed lines.

the MAcid/VCap inhibition performance. The polymer is
indeed trapped in the globular form; however, it still displays an
essential amount of its carboxylic groups exposed to water that
explains the reservation of its solubility. The latter is in good
agreement with the dynamic light scattering results at different
pH values; at pH = §, the hydrodynamic diameter of MAcid/
VCap is about 300 nm, while at pH = 3.9, it is 80 nm. Therefore,
at low pH, the polymer forms small globular nanoparticles, and
they are dispersed in water.

Bl CONCLUSIONS

Low-molecular weight copolymers of MA/VCap or MA/VP
were made in DME or xylene. Dissolution in water gave MAcid/
VCap and MA/VP copolymers. Both were found to give very
poor KHI performance in SCC screening tests in steel rocking
cells using 76 bar SNG. The surprisingly poor performance was
investigated using molecular dynamics simulations. These were
performed at the GFN2-xTB level of theory, highlighting the
role of the intra-HB networks in trapping the polymer
morphology in the globular form rather than in the coil one.
In such morphology, the Cap units are encapsulated and
protected from the interactions with the hydrate surfaces. The
MD simulations revealed that the origin of these intra-HBs are
not limited to those formed between the MAcid carboxylic and
the amide of the Cap units but between the MAcid carboxylic
groups themselves at different distances along the polymer
backbone. We also observed an important role of a small fraction
of dissociated carboxylic groups that accelerates the polymer
coil—globular transition.

Reaction of MA/VCap with various amines removed the
internal H bonding and gave much improved KHI performance.
The best amine derivative of MA/VCap was MA-VCap-
DBAPA, but the performance was improved further by
converting the dibutylamino end groups to dibutylamine oxide
groups. This we have termed internal synergism within the
copolymer, akin to the excellent external synergy of separate
molecules such as tributylamine oxide and PVCap. The
performance of MA:VCap-DBAPA-AO is the best we have
seen reported for any maleic-based polymer. The addition of
BGE solvent is also helpful for further KHI performance
enhancement. We are now designing derivatives of MA/VCap
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and MA/VP copolymers for multi-functionality such as KHIs,
ClIs, and SIs. The DBAPA amine oxide group is a key feature in
these studies.
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