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ABSTRACT: Well-known kinetic hydrate inhibitors (KHIs) such as poly(N-vinylcaprolactam) (PVCap), poly(N-vinylpyrrolidone)
(PVP), and 1:1 N-vinylcaprolactam:N-vinylpyrrolidone (VCap:VP) copolymer have been subjected to a range of treatments to
determine their reliability and whether the treatment conditions could affect the KHI performance, both positively or negatively.
This included thermal aging (at varying temperatures, at varying pH, and in monoethylene glycol (MEG) solvent), treatment with
microwaves or ultrasound, ball-milling, and oxidizing agents (household bleach or hydrogen peroxide, also with heat). In addition,
samples of commercial polymer solutions kept for up to 15 years were also tested for KHI performance to determine their long-term
reliability. Testing was carried out using a synthetic natural gas mixture in steel rocking cells using slow constant cooling starting at
ca. 76 bar. All samples of PVCap and 1:1 VP:VCap showed good KHI performance to the first sign of hydrate formation, but older
samples showed a better ability to inhibit crystal growth. KHI polymer testing after treatment with microwaves or ultrasound, or
thermal aging (at varying temperatures, varying field pH, and in MEG solvent up to 160 °C) showed little loss of performance.
Oxidizing agents, particularly sodium hypochlorite solution, worsened the KHI performance.

1. INTRODUCTION
One of the chemical methods used to prevent gas hydrate
formation in oil and gas field production flow lines is injection
of kinetic hydrate inhibitors (KHIs).1−7 The main active
ingredient in KHIs is a water-soluble polymer, but deployed
formulations usually contain organic solvents or other
molecules that can act as synergists. KHI polymers usually
contain amphiphilic groups. The mechanism of KHIs is still
the subject of debate, but it appears several of these
amphiphilic groups (i.e., in oligomers or polymers) are needed
to prevent gas hydrate nuclei and/or crystals from growing into
macroscopic size and subsequently blocking flow lines.8−10

Well-known classes of KHI polymers that have been applied
in the field include various N-vinyllactam homopolymers and
copolymers and poly(N-alkyl(meth)acrylamides) (Figure 1).7

KHI polymers may be subjected to a range of field conditions.
First, before injection they may be stored in tanks for long
periods at temperatures up to 40 °C. Later, the polymer will be

injected into a hot well stream usually at the well head, where
the fluids may reach 80−100 °C. Some polymers may
thermally degrade at these temperatures.11−13

In addition, the pH of the produced water (i.e., aqueous
phase from an unprocessed well stream) under pressure will be
quite acidic due to dissolved carbon dioxide and often
hydrogen sulfide, as well as organic acids from the liquid
hydrocarbon phase. The pH is usually around 4−6 but can
occasionally be even lower. Thus, the KHI polymer must be
able to survive hot acidic conditions for a time and still inhibit
hydrate formation when the fluids cool inside the hydrate-
forming region.
The KHI may also be injected along with a thermodynamic

inhibitor (THIs) to boost the hydrate inhibition.14−17 The
commonest THIs used in production flow lines are methanol
and monoethylene glycol (MEG), but ethanol is also
sometimes used. Due to the volumes and costs, methanol
and MEG are often regenerated and reused. If the THI is
injected with KHI and is regenerated on site, the KHI polymer
will be subjected to elevated temperatures; this can be up to
160 °C if the THI is MEG.18,19 It is important that the KHI
polymer in the MEG does not cause fouling and is not
degraded by this thermal treatment as the whole formulation is
to be reinjected.
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Figure 1. KHI polymers, left to right: poly(N-vinylpyrrolidone)
(PVP), poly(N-vinylcaprolactam) (PVCap), and poly(N-isopropyl-
methacrylamide) (PNIPMAm).
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If the KHI polymer is not to be recycled, it may be
preferable in some regions if the polymer is destroyed before it
is discharged in the produced water into the environment.
Several methods have been proposed recently.20−22 One
method to destroy the polymer is oxidation with common
oxidizing agents such as bleach solution (aqueous sodium
hypochlorite) or hydrogen peroxide. In the field, this oxidation
treatment may be the last one to be encountered by the KHI
polymer but, in this case, it is preferable if the polymer is not
preserved but is degraded as much as possible.
In this report we have investigated typical conditions

encountered by the KHI polymer as well as some other
nonfield conditions simply to observe the effect on the
polymer. These include

1. aging for up to 15 years
2. thermal treatmentat varying temperatures, varying

pH, and in MEG solvent
3. microwave treatment
4. ultrasound
5. ball-milling
6. oxidizing agents with or without heat treatment

household bleach or hydrogen peroxide

The KHI polymer was tested before and after these different
treatment conditions.

2. EXPERIMENTAL METHODS
2.1. Chemicals Used and KHI Polymer Treatment Equip-

ment. Batches of poly(N-vinylcaprolactam) (PVCap;Mw 3000−4000
and 7000−12000 g/mol) and 1:1 N-vinylcaprolactam:N-vinyl-
pyrrolidone (VCap:VP; Mw 2000−4000 g/mol) were supplied by
BASF, Germany between 2004 and 2016. PVCap samples were
approximately 41 wt % solution in MEG. For all experiments except
the long-term stability study, the MEG was removed by triple
precipitation of the polymer, followed by removal of residual solvents
under vacuum. The VCap:VP copolymer was 53.8 wt % in water and
was used as supplied. Poly(N-vinylpyrrolidones) (PVP K15, 8000 g/
mol; PVP 120k,Mw 3 × 106 g/mol) pure powders were obtained from
Ashland Chemical Co. All of these lactam-based KHI polymers had
pH about 7−8 as 2500 ppm aqueous solutions. MEG solvent (99%)
and acetic acid (99+%), aqueous hydrogen peroxide (30 vol %), and
aqueous hydrochloric acid (37 wt %) were supplied by VWR
(Avantor). Sodium hypochlorite (“Klor” bleach solution, approx-
imately 5 wt % NaOCl) was supplied by Coop Mega, Norway.
Microwaving of polymer solutions was carried out using a Miele

microwave oven. A 100 mL aliquot of a 2500 ppm solution of KHI
polymer was placed in the oven in a glass vessel and subjected to
microwaves at 780 W until the solution boiled (4−5 min). Ball-
milling on solid KHI polymer samples was carried out using a
Pulverisette 7, from Fritsch GmbH, Germany. Zirconium(IV) oxide
balls were used in containers of the same material. Solids were milled
for 10 min periods (with 2 min cooling periods in-between) at 700
rpm.
Ultrasound treatment of KHI polymer solutions was carried out

using a Branson 2510 ultrasonic cleaner at 40 kHz with 2.8 L bath
from Emerson, USA. A 2500 ppm solution of KHI polymer was
placed in the sonic bath and subjected to ultrasound for 5 min at ca.
20.5 °C.
2.2. KHI Equipment and Experimental Methods. We carried

out high-pressure KHI performance tests using a multisteel rocking
cell apparatus, supplied by PSL Systemtechnikk, Germany (Figure 2).
The cells themselves were made by Svafas, Norway, and each has an
internal volume of 40 mL. Five cells were used for our study placed in
a water bath. A steel ball is placed in each cell which runs smoothly
back and forth when the cells are rocked. Each cell was filled with 20
mL of aqueous KHI solution.

The test method in both rigs was our standard “slow constant
cooling” test method described previously.23,24 The rest of the test
method was as follows: Air in the sapphire or steel cells was removed
using a vacuum pump, and then the cells were filled with 2−3 bar of
synthetic natural gas (SNG; Table 1). The cells were briefly rocked,

and the procedure pump−fill was repeated twice except on the last fill
the cells were then charged with 79 bar of SNG. This gas mixture
preferentially forms structure II hydrates as the most thermodynami-
cally stable phase. A computer logged the pressure, and temperature
for each cell as well as the temperature in the cooling bath. The cells
were cooled at a rate of 1.0 °C/h from 20.5 to 2.0 °C while rocking at
15 rocks per minute at an angle of 40°.

In this type of test, we first observe a pressure drop of 1.5−2 bar
due to gas dissolution in the aqueous phase. Thereafter a linear
pressure decrease is observed as the temperature decreases in a closed
system. The first deviation from this linear pressure decrease is taken
as the first sign of hydrate formation in the system. We call this the
onset temperature (To) although true nucleation could have taken
place at an earlier stage. The second parameter obtained from these
experiments is the temperature for rapid hydrate formation (Ta),
which is found where the pressure drop is at its steepest (meaning the
inflection point of the pressure curve). This gives an indication of
when the KHI is no longer able to confine the growth of hydrates.
Some KHIs give very rapid hydrate growth once nucleation has begun
while others, such as many N-vinylcaprolactam-based polymers, are
able to slow the crystal growth process for long periods.

At the end of the slow constant cooling experiment, we plot a graph
of pressure and temperature vs time for each cell. These graphs are
essentially identical in form for both the steel and sapphire cells. Up to
10 individual tests were carried out on each sample. An example of a
typical set of pressure and temperature vs time data for one sample is
given in Figure 3. This is a graph from two sets of five tests giving a
total of 10 tests. The closeness of the pressure and temperature traces
gives some visual idea of the reproducibility of the test. In Figure 4 we
show a graphical example, demonstrating how we determine To and
Ta. The test is for PVCap (2020 sample). In this test, To was found
to be 10.3 °C and Ta is found to be 8.6 °C. Due to the stochastic
nature of hydrate formation, the data scattering is 10−15%.25,26 A full
set of To and Ta values from eight blank tests and 10 tests on a

Figure 2. Rocking cell rig showing the five steel cells in upright
position.

Table 1. Composition of Synthetic Natural Gas

component mol %

methane 80.67
ethane 10.20
propane 4.90
isobutane 1.53
n-butane 0.76
N2 0.10
CO2 1.84

Energy & Fuels pubs.acs.org/EF Article

https://dx.doi.org/10.1021/acs.energyfuels.0c03519
Energy Fuels 2021, 35, 1273−1280

1274

https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03519?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03519?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03519?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03519?fig=fig2&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c03519?ref=pdf


PVCap sample are given in Table 2. In addition, we give the average
and standard deviations (population type). No systematic errors
leading to consistently better or worse results for any of the cells were
observed. Temperatures in the cells and the water bath were observed
to be homogeneous. The two methods that we used to determine the
hydrate equilibrium temperature (HET) for high-pressure gas hydrate
systems are calculations using Calsep’s PVTSim and laboratory
experiments by standard slow hydrate dissociation.27,28 Previous
experiments conducted by our group using a SNG−water system
agreed very well with the calculated value (accuracy within 1 °C).29

2.3. Results and Discussion. 2.3.1. Long-Term Aging. All
polymer solutions were tested 8−10 times to get reasonably reliable
To and Ta values. Standard deviations were no more than 0.7 °C.
Each solution was prepared the day before testing unless otherwise
stated. The first part of the study was to check the long-term reliability
of commercial KHIs. We had obtained samples of PVCap (ca. 41 wt
% in MEG) and 1:1 VP:VCap copolymer (53.8 wt % in water) from
the supplier at four times, in 2004, 2010, 2016, and 2020. All samples
were kept at the laboratory temperature of 20.5 °C the whole time in
screw-lid-sealed plastic bottles which were only opened occasionally

and briefly. Thus, the samples were stored aerobically but without loss
of solvent. Both types of these VCap-based polymers are known to be
very poorly biodegraded in the OECD306 seawater test over 28
days.2,7 Samples were used as received; no solvents were removed for
these long-term aging studies.

The KHI performance results for tests at 2500 ppm active polymer
were carried out in the steel multicell rocking equipment and are
summarized in Table 3. 8−10 tests were conducted on each polymer
solution. Tests were carried out in 2019 so that the oldest samples
were approximately 15 years old at that time. Although the lowest
average To value (7.3 °C) was found for the oldest batch (2004), at
the 95% confidence level (p > 0.05 from statistical t test), there was
no significant difference between the To values performances of each
group of polymers supplied at the three dates. However, there is a
trend to higher Ta values as the polymers get older. This is for both
PVCap and 1:1 VP:VCap copolymer. We are not sure of the reason
for this trend. Since operators wish to keep their flow lines completely
hydrate free, the time to first hydrate crystal formation is usually
regarded as the more important parameter. Therefore, we conclude
that on the basis of To values both polymers give reliable KHI
performance even after a 15 year storage period. Other commercial
KHI polymers such as hyperbranched poly(esteramide)s or poly(N-
alkylmethacrylamide)s were not investigated as we had not stored
them for such a long time.

Usually, we make up 2500 ppm polymer aqueous solutions the day
before the test to allow the polymer chains to be fully hydrated by the
water and come to their equilibrium structure.9,23,24,26 To check if this
is necessary, we prepared solutions of 1:1 VP:VCap copolymer (2004
batch) at 2500 ppm and tested them immediately as well as after
stirring overnight at 20.5 °C. Both solutions gave almost identical
average To and Ta values, indicating that there was no difference in
waiting approximately 24 h before testing the polymer solution. We
also carried out the same procedure with this polymer but with added
2500 ppm MEG, i.e., immediate testing with a freshly made solution
and testing after stirring 24 h. The results are summarized in Table 4
but discussed later in this study.

2.3.2. Thermal Aging at Normal pH. Some KHI storage facilities,
for example in the Middle East, might keep concentrated KHI
solutions for many months at up to 40+ °C, especially during the
summer. We have not kept any of our laboratory samples at these
temperatures for long periods, so instead we decided to investigate
heating the samples to even higher temperatures for short periods,
which might be typical of well head temperatures. The PVCap used in
this study had a higher molecular weight range (7−12 kg/mol) than

Figure 3. Example of pressure and temperature vs time graph for a set
of 10 slow constant cooling tests. (RC Temp. is the temperature given
on the cooling bath display.)

Figure 4. Example of To and Ta determination for one of the steel rocking cells in a slow constant cooling test.
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those used in Table 2. The MEG solvent was removed before testing.
PVCap homopolymer is less likely to be injected at high well head
temperatures as it has a cloud and deposition point of about 30−40
°C as a 2500 ppm solution in deionized water. Therefore, we
concentrated on heating the 1:1 VP:VCap copolymer in aqueous
solution, which has cloud and deposition points of about 70 and 85
°C, respectively.30 We found that heating a 2500 ppm aqueous
solution of this polymer to 80 °C for 20 h gave no visual change in the
solution, when cooled back to room temperature, and no significant
change in the KHI performance (Table 4). Photographs of the 2500
ppm solution of this copolymer at 20 °C (after heating) and at 80 °C
are given in Figure 5.
2.3.3. Thermal Aging with MEG. KHIs can be used as a retrofit

solution, to replace some or all of the injected thermodynamic hydrate
inhibitor (THI), in a field application.31 MEG is often regenerated
and reinjected. Therefore, it is important to know if the KHI would
survive the MEG regeneration processing where the temperature of
the fluids can reach as high as 160 °C.32−36

First, we checked if MEG was a synergist for the 1:1 VP:VCap
copolymer 2004 batch. A mixture of 2500 ppm of both chemicals gave
average To and Ta values (10 tests) of 7.1 and 5.7 °C, respectively
(Table 4). The To value is a little lower but is not statistically

significantly different from the copolymer alone (p < 0.05 for
statistical t test). MEG has been reported to be a weak synergist with
PVCap.37 Sometimes synergy is reported between KHI and THI, but
often this is just an additional effect and not true synergy; i.e., the KHI
gives extra inhibition on top of the THI inhibition but not more than
the full effect of each when mixed.38−40 At best, MEG is a poor
synergist. Etherification (ethoxylation) of alcohols to form alkyl glycol
ethers produces much more powerful synergists.41

Next, we heated a solution of 1:1 VP:VCap copolymer (2004
batch) with an equivalent weight (based on active copolymer) of
MEG to 160 °C for 1 h under an anaerobic atmosphere in a sealed
stirred vessel. The pH was still about 7 after this treatment. When we

Table 2. Examples of the Range of To and Ta Values for Blank Tests and PVCap (Mw = 7−12k)

To values, °C Ta values, °C
To(av),
°C

SD,
°C

Ta(av),
°C

SD,
°C

blank test 16.8, 17.2, 17.3, 17.0, 16.0, 17.1, 17.8, 16.7 16.8, 17.1, 17.1, 17.0, 15.9, 16.9, 17.6, 16.7 17.0 0.49 16.9 0.45
PVCap(7−12k) 10.3, 10.3, 10.5, 10.3, 9.8, 10.6, 10.2, 11.2, 10.4,

10.3
9.9, 9.9, 10.1, 9.8, 9.6, 10.1, 9.9, 10.0, 9.8, 9.9 10.4 0.34 9.9 0.14

Table 3. Slow Constant Cooling Tests on 2500 ppm Active
Polymera

polymer To(av), °C Ta(av), °C

no additive 16.8 (0.5) 16.7 (0.4)
PVCap 2004 10.0 (0.3) 7.9 (0.2)
PVCap 2010 9.7 (0.4) 7.8 (0.5)
PVCap 2016 10.2 (0.2) 7.5 (0.4)
1:1 VP:VCap copolymer 2004
(immediate testing)

7.3 (0.5) 6.0 (0.5)

1:1 VP:VCap copolymer 2004 7.4 (0.6) 6.5 (0.4)
1:1 VP:VCap copolymer 2010 8.5 (0.7) 5.8 (0.7)
1:1 VP:VCap copolymer 2016 8.2 (0.6) 5.8 (0.3)
1:1 VP:VCap copolymer 2020 8.1 (0.4) 5.4 (0.4)
aTo and Ta are the average of 8-10 individual experiments. Standard
deviations are given in parentheses.

Table 4. Effect of Thermal Aging in MEG, pH, Ultrasonic and Microwave Treatmenta

polymer To(av), °C Ta(av), °C

no additive 16.8 (0.5) 16.7 (0.4)
PVCap (Mw = 7−12 kg/mol) 10.4 (0.3) 8.9 (0.3)
PVCap + MEG 9.2 (0.4) 8.8 (0.3)
PVCap (pH 3.9) 10.2 (0.2) 9.6 (0.2)
PVCap (pH 3.9, heat 90 °C for 20 h) 10.6 (0.3) 9.8 (0.3)
1:1 VP:VCap copolymer 2004 7.4 (0.6) 5.6 (0.4)
1:1 VP:VCap copolymer 2004 (heat 80 °C for 20 h) 7.5 (0.4) 5.6 (0.3)
1:1 VP:VCap copolymer 2004 + MEG 7.1 (0.5) 5.7 (0.3)
1:1 VP:VCap copolymer 2004 + MEG (immediate testing) 7.0 (0.5) 5.5 (0.4)
1:1 VP:VCap copolymer 2004 + MEG (after 160 °C for 1 h) 7.4 (0.6) 6.3 (0.5)
1:1 VP:VCap copolymer 2004 (pH 3.9) 7.8 (0.5) 5.5 (0.4)
1:1 VP:VCap copolymer 2004 (pH 3.9, heat 80 °C for 20 h) 8.0 (0.4) 5.6 (0.4)
1:1 VP:VCap copolymer 2004 (microwave treatment) 7.1 (0.4) 5.9 (0.4)
1:1 VP:VCap copolymer 2004 (ultrasonic treatment) 7.3 (0.5) 5.7 (0.5)

a2500 ppm KHI polymer used in all tests. MEG concentration was 2500 ppm. Average of 5−10 tests.

Figure 5. 2500 ppm solutions of 1:1 VP:VCap copolymer at 20 °C
after first heating to 80 °C (left) and at 80 °C (right).
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retested the solution at 2500 ppm active polymer, we observed an
average To of 7.4 °C and Ta of 6.3 °C, i.e., the same KHI
performance as before heat treatment at the 95% confidence level
(Table 4). Therefore, since MEG was shown earlier to give no
synergy, it appears this copolymer is able to survive the temperature
and residence time experienced in MEG regeneration equipment.
2.3.4. Effect of pH. The motivation for this part of the study is

unofficial reports from service companies that some KHI polymers
perform differently at low produced water pH values. In this study we
only investigated N-vinyllactam-based polymers. The pyrrolidone
rings in PVP are reported to slowly ring-open hydrolyze under acidic
conditions and elevated temperatures42 (Figure 6). This may occur
via the protonated monomer species, [VP-H+], which will exist in
solution at low pH before hydrolysis and could also affect the KHI
performance. If these reactions also occur for caprolactam rings in
VCap-containing polymers, it could also cause loss of KHI
performance but might raise the polymer cloud point. Basic
conditions can also cause hydrolysis of lactam rings, but alkyl
substitution on the lactam nitrogen (as in VP or VCap-based
polymers) makes the lactam more resistant against hydrolysis.43

Degradation of N-vinyllactam polymers under basic conditions may
be a relevant issue for their use in water-based drilling fluids which
often have pH of 10−11.30
As explained earlier, the pH of the aqueous produced fluids from a

gas or oilfield under pressure could be quite acidic due to the presence
of dissolved CO2 and H2S, with the pH occasionally dropping below 4
for some fields. Although the CO2 in our natural gas mixture would be
expected to lower the pH of the KHI aqueous solution to about 5, we
deliberately acidified a solution of 1:1 VP:VCap copolymer (2004
batch) to pH 3.9 by addition of hydrochloric acid. (A weak acid was
not used as the amount needed for this pH could have an effect on the
hydrate equilibrium temperature.)44 Although we preacidified to pH
3.9, the actual pH at 70−80 bar from the partial pressure of CO2 in
the gas mixture, and its buffering effect, may raise the pH somewhat
higher than 3.9 during the test.
The effect of preacidification (protonation) of KHI polymers has

been reported previously, but usually in connection with quaterniza-
tion of amine monomer units.45,46 We maintained the final acidified
VP:VCap polymer concentration at 2500 ppm. When this was tested
the next day with no heating above room temperature, we obtained an
average To of 7.8 ± 0.4 °C (Table 4). Then we heated an identical
sample at pH 3.9 and 80 °C anaerobically for 20 h in a sealed tube.
No deposition during the heating process was observed, and the
sample was clear when cooled to room temperature. When we carried
out new KHI tests, we observed an average To value of 8.0 ± 0.5 °C
(10 tests), indicating no loss of performance at the 95% confidence
level.
We also investigated a commercial PVCap under more acidic

conditions with added hydrochloric acid. A 2500 ppm solution of this
polymer at pH 3.9 gave the same KHI performance as the pure
PVCap. We then heated an identical acidified polymer solution at pH
3.9 and 90 °C anaerobically for 20 h in a sealed tube. Surprisingly, this
also did not affect the KHI performance (Table 4). This “stability”
may be due to polymer precipitation above the cloud and deposition
point of about 40 °C and therefore being less accessible for aqueous
hydrolysis.
2.3.5. Mechanochemical Treatment. KHI polymers must survive

rapid injection, movement through valves and the harsh physical flow
environment in a multiphase flow line. To push this environment to

an even more extreme physical condition, we investigated ball-milling
of KHI polymers as powders using zirconium(IV) oxide balls. We
wondered if this mechanical strain could cause cleavage of side groups
on the polymer backbone or even the backbone itself. Mechano-
chemical solvent-free reactions by milling or grinding are becoming
more popular as methods to do solvent-free reaction chemistry.47

Mechanochemistry can even accomplish reactions and access
molecules previously not accessible by solution chemistry. Ball-
milling can also affect the microscopic and macroscopic properties of
a material such as structure, morphology, crystallinity, and thermal
stability.48,49

First, we presumed ball-milling might be able to break long
polymer chains to shorter chains which would give improved KHI
performance. Several studies suggest that very low molecular weight
ranges (down to as little as 6−8 monomer units) give the best
performance for KHI polymers when the distribution is mono-
modal.2,8,50−52

Some reports indicate substantial polymer degradation from ball-
milling, e.g., for poly(methyl methacrylate).53 However, other
polymers such as polypropylene-ethylene copolymer or polyethylene
homopolymer show a much slower degradation effect.54 In addition,
ball-milling of solutions of polymers are expected to give less chain
breakage than powdered solids, so we used powdered polymers to
ensure we would see an effect. For these reasons, we tested a high
molecular weight polymer powder, PVP 120k (Mw = 3 × 106 g/mol
given by the manufacturer; PDI not given), as VP monomer is known
to polymerize to much higher molecular weights compared to VCap
forming PVCap for example. We also knew that the KHI performance
of PVP on our structure II hydrate-forming synthetic natural gas
increases with decreasing molecular weight.55

We ball-milled PVP 120k powder for 60 min. The temperature
during this type of milling can reach up to 70 °C.56 GPC analysis of
the milled polymer indicated a lower and broad molecular weight
distribution (Mn now 10000 g/mol with PDI = 12.1), so we expected
a higher KHI performance, i.e., lower To value. We found that the
average To value (six tests) of the PVP dropped from 13.7 °C before
ball-milling to 12.8 °C after ball-milling, but the drop was only
statistically significant at the 90% confidence level, giving p = 0.09 in a
t test (Table 5).

We then ball-milled a sample of poly(N-isopropylmethacrylamide)
(PNIPMAM) which had a much lower molecular weight (Mn) of
19000 g/mol (PDI = 2.6). After 60 min ball-milling the average To
value had dropped from 10.5 to 9.8 °C but this was not statistically
significantly different at the 95 or even 90% confidence level (Table

Figure 6. Hydrolysis of N-vinylpyrrolidone monomer units.

Table 5. KHI Test Results for Ball-Milled Polymers (5−6
Tests on Each Polymer)

polymer Mn (g/mol)/PDI To(av), °C Ta(av), °C

no additive 16.8 (0.5) 16.7 (0.5)
PVP 120k
(Mw, 3 × 106 g/mol)

a 13.7 (0.4) 11.2 (0.3)

PVP 120k after 60 min
ball-milling

10000/2.57 12.8 (0.5) 10.5 (0.5)

PNIPMAM 19000/12.1 10.5 (0.5) 10.1 (0.4)
PNIPMAM after 60 min
ball-milling

7000/1.47 9.8 (0.4) 9.4 (0.3)

aInsoluble in DMF. Manufacturer gives Mw as 3 × 106 g/mol.
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5). GPC analysis indicated a decrease in Mn after ball-milling,
dropping from 19000 to 7000 g/mol. These two results with PVP and
PNIPMAM indicate that KHI polymers may degrade to some degree
under very harsh mechanical conditions. However, this could improve
the KHI performance if the molecular weight range is reduced to
shorter, but not too short, polymer chains. Thus, ball-milling or some
other kind of mechanical strain degradation might be a way to
produce shorter and more optimal KHI polymers from larger polymer
chains if they were not easily available by other means. An example
might be natural polymers such as proteins and polysaccharides.
Ball-milling has recently been shown to convert monomers into

polymers. This was demonstrated first for the conversion of
phenylenevinylenes using a butoxide-based catalyst and ball-milling
to poly(phenylenevinylenes) (PPVs).57 Other polymers have been
made, but as far as we know, classic radical polymerization has not
been carried out for polyvinylation.58 Therefore, we decided to try
using ball-milling to form a polymer via vinyl polymerization of classic
monomers found in KHIs with a radical initiator. We ball-milled both
VCap and NIPMAM separately with 1% AIBN for 3 × 10 min
periods. The resulting solid was analyzed by 1H NMR and shown to
be monomer only with no broad peaks indicating polymer formation.
The milling was repeated, this time with added 2-propanol as solvent.
Again, no polymerization appeared to have taken place by NMR
analysis.
2.3.6. Treatment with Oxidizing Agents. The final chemical

treatment we investigated was oxidation. Oxidation processes have
been proposed as a method to eliminate or reduce a KHI polymer in
the produced water prior to discharge to an environmentally sensitive
body of water.59 There may also be a need to use an oxidizing biocide
to treat injected water containing a KHI to prevent gas hydrate
formation, for example in WAG or CO2 injection. We have previously
attempted to partially oxidize PVCap to convert the seven-ring
caprolactam to a seven-ring adipimide (Figure 7).60 We tried a variety

of oxidizing agents, but none were able to accomplish the required
oxidation, probably due to steric problems. (We are currently
investigating oxidation of the caprolactam ring from the monomer,
and we will report on this in a later study.) However, in that study we
did not attempt the oxidation with the two biocides, sodium
hypochlorite or hydrogen peroxide solution. Here we report these
experiments for the first time.
Addition of 1 mol equiv of sodium hypochlorite to a solution of

PVCap (Mw = 7−12 kg/mol; MEG removed), so that the polymer

concentration was 2500 ppm, raised the pH to 9. This solution gave
the same KHI performance as the untreated polymer (Table 6).
However, when we heated the sodium hypochlorite/PVCap solution
to 90 °C for 20 h (above the deposition point of PVCap) and cooled
to room temperature, we observed a small amount of solid that would
not dissolve, less than 10% of the polymer weight. After filtering, the
filtrate was retested and the average To value had increased from 10.0
to 13.0 °C. This is obviously due to a lower concentration of polymer,
but some of the remaining PVCap may have oxidized also, including
degradation of the polymer chain, but remained water-soluble. The
bleach-induced decomposition of other water-soluble polymers has
been reported previously. For example, the molecular weight of
poly(N-vinylpyrrolidone) decreased by a factor of 5 when exposed to
sodium hypochlorite at pH 11.5.61 The authors proposed that scission
was initiated by free radical induced hydrogen abstraction of the
proton α to the carbonyl. The polymer chain of poly(N-
isopropylacrylamide) is degraded by sodium hypochlorite at pH 7−
9 but the side chains are chlorinated to form a stable N-chloramide
copolymer at higher pH.62

Attempted oxidation of VP:VCap copolymer with aqueous NaOCl
(bleach) was also carried out for 20 h at 80 °C, just below the cloud
point of the copolymer. This polymer appears to be quite robust. No
visual change in the solution was observed, and as the results in the
last two entries in Table 5 show, there was no significant change in the
KHI performance of the polymer, assuming the small amount of
bleach in solution did not interfere with the hydrate equilibrium
temperature.

Hydrogen peroxide is a cheap oxidizing biocide which is known to
form a solid 1:1 adduct with PVP.63,64 However, we are unable to find
a report of an adduct with PVCap. To a solution of PVCap we added
1 molar equiv (per VCap monomer) of 30 wt % hydrogen peroxide
solution so the polymer concentration was 2500 ppm. The solution
was stirred at 20.5 °C for 20 h with no sign of precipitation. We did
not heat the solution as this would decompose the peroxide. When we
tested the solution for KHI performance, we obtained an average To
of 8.3 °C, which was significantly lower than the 10.2 °C value for the
untreated polymer (statistically, p value in t test was <0.05).
Interestingly, the cloud point was measured and it was found to
have dropped by about 1 °C from about 39 to 38 °C (repeat tests).
This seems to rule out oxidation to the adipimide ring as this is more
hydrophilic than the caprolactam ring. We also found a 2 wt %
solution of hydrogen peroxide decreased the cloud point to about 36
°C. Therefore, it seems the hydrogen peroxide is able to affect the
solubility of PVCap. We can only speculate on the apparent
synergistic effect of hydrogen peroxide on the PVCap KHI
performance. For example, it is known that hydrogen bonds in pure
hydrogen peroxide are weaker than those in water.65 The presence of
hydrogen peroxide in the PVCap solution may affect the rate of
hydrate formation by weakening hydrogen bonding, or possibly the
hydrogen bonding to PVCap is weakened allowing for better
inhibition of growing hydrate clusters. Finally, since PVP·H2O2 is
known, the formation of a PVCap·H2O2 adduct in solution cannot be
ruled out.64

2.4. Conclusion. N-Vinyllactam-based kinetic hydrate inhibitor
polymers (KHIs) such as poly(N-vinylcaprolactam) (PVCap),

Figure 7. Oxidation of poly(N-vinylcaprolactam) to poly(N-vinyl-
adipimide).

Table 6. KHI Performance after Treatment with Oxidizing Agentsa

polymer To(av), °C Ta(av), °C

no additive 16.8 (0.5) 16.7 (0.5)
PVCap (Mw = 7−12 kg/mol) 10.2 (0.5) 9.0 (0.3)
PVCap +2500 ppm bleach (pH 9) 10.0 (0.3) 9.4 (0.3)
PVCap +2500 pm bleach (heat 90 °C for 20 h)b 13.0 (0.4) 9.5 (0.3)
PVCap + 10000 ppm H2O2 (20 °C for 20 h, pH 4.5) 8.3 (0.3) 7.6 (0.3)
PVCap + 20000 ppm H2O2 (immediate test, pH 4.3) 9.5 (0.3) 8.9 (0.2)
1:1 VP:VCap copolymer 2016 8.2 (0.4) 5.8 (0.3)
1:1 VP:VCap copolymer 2016 + 2500 ppm NaOCl (pH 10.8, heat 80 °C for 20 h) 8.1 (0.3) 6.4 (0.3)

aAll KHI polymer concentrations are 2500 ppm. bSome precipitate in the sample, removed before KHI performance testing.
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poly(N-vinylpyrrolidone) (PVP), and 1:1 N-vinylcaprolactam:N-
vinylpyrrolidone (VCap:VP) copolymer were subjected to a range
of treatments to determine their reliability and whether the treatment
conditions could affect the KHI performance. Samples of PVCap and
1:1 VP:VCap up to 15 years old showed good performance regarding
the onset of hydrate formation, but older samples showed a better
ability to inhibit crystal growth. Various samples of VP:VCap
copolymer of up to 15 years old showed no loss of performance
after aerobic storage in plastic bottles at room temperature. KHI
testing after thermal aging of PVCap or VP:VCap (at varying
temperatures, at varying field pH, and in MEG solvent) showed little
loss of performance, indicating good robustness for these polymers.
Treatment with microwaves or ultrasound showed little change in the
polymer performance. Harsh mechanical stress from ball-milling can
reduce the polymer molecular weight to shorter chain lengths but
might serve to improve the performance since it is known that low
molecular weight polymers are most effective as KHIs. Oxidizing
agents did affect the KHI performance. Bleach (aqueous sodium
hypochlorite) worsened the performance of PVCap but only at
elevated temperatures and in basic solution. The performance of
PVCap improved upon addition of hydrogen peroxide. This may be
due to formation of a PVCap·H2O2 adduct or a synergistic effect.
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■ NOMENCLATURE
AIBN = azobisisobutyronitrile
GPC = gel permeation chromatography
HET = hydrate equilibrium temperature
KHIs = kinetic hydrate inhibitors
MEG = monoethylene glycol
Mn = number-average molecular weight
Mw = weight-average molecular weight
NMR = nuclear magnetic resonance
PDI = polydispersity index
PNIPMAm = poly(N-isopropylmethacrylamide)
PVCap = poly(N-vinylcaprolactam)
PVP = poly(N-vinylpyrrolidone)
SNG = synthetic natural gas
Ta = temperature for the fastest hydrate formation rate

THI = thermodynamic inhibitor
To = onset temperature for first detection of hydrate
formation
VCap:VP = N-vinylcaprolactam:N-vinylpyrrolidone
WAG injection = water and gas injection
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