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METHOD OF CONTROLLING GAS HYDRATES IN FLUID SYSTEMS

TECHNICAL FIELD

This mvention relates to inhibiting the formation and growth of hydrate particles in fluids
containing hydrocarbon gas and water, particularly in the production and transport of natural gas,
petroleum gas or other gases by treatment with a glycol ether solution of a N-alkyl (alkyl)acrylamrde
homopolymer or copolymer.

BACKGROUND OF THE INVENTION

Modern oil and gas technologies commonly operate under severe conditions during the

course of o1l recovery and production. For instance, high pumping speed, high pressure in the

~ pipelines, extended length of pipelines, and low temperature of the oil and gas flowing through the

pipelines. These conditions are particularly favorable for the formation of gas hydrates, which can
be significantly hazardous for o1l productions offshore or for locations with cold climates.

- Gas hydrates are ice-like SOIids that are formed from small noneelar molecules and water at
lower temperatures and at increased pressures. Under these conditions, the water molecules can
form eage-like etruc‘tures around these small nonpolar molecules (typically dissolved gases such as
carbon dioxide, hydrogen sulfide, methane, ethane, propane, butane and 1so-butane), creating a type
of host-guest 1r1teract10n also known as a clathrate or clathrate hydrate The specrﬁe archrteeture of
this eage structure can be one of several types (called type 1, type 2, type H), dependmg onthe
1dent1ty of the guest molecules. However once formed these crystalhne cage structures tend to settle
out from the solution and accumulate into large solid masses that can travel by oil and gas
transporting pipelines, and potentially block or damage the pipelines and or related equipment. The
damage reeulting from a bloekage can be very costly from an equipment repair standpoint, as well as
from the loss of production, and ﬁnally the resultant environmental anaet

- The petroleum mdustry gwes partleular attention to clathrate hydrates because the conditions
are often favorable for the formation of hydrates and subsequent blockages. There are many
instances where hydrate blockages have halted the produetron of gas, eondensate and oil.

Obweusly, the monetary consequences for each of these instances are amplrﬁed when consrdenng
the volumes of production in deepwater apphcatrons where tens of thousands of barrels of oil are
routinely produced daily and the shut-—ins can take months to remedy. Additionally, restarting a

shutdewn facility, particularly in deep waler production or transportatien facility, 1s extremely



10

15

20

25

CA 02740235 2011-04-11
WO 2010/045520 PCT/US2009/060941

difficult because of the significant amounts of time, energy, and materials, as well as the various
engineering implementations that are often required to remove a hydrate blockage under safe
conditions.

The mdustry uses a number of methods to prevent blockages such as thermodynamic hydrate
inhibitors (THI), anti-agglomerates (AA), and kinetic hydrate inhibitors (KHI). The amount of
chemical needed to prevent blockages varies widely depending upon the type of inhibitor that 1s
employed. Thermodynamic hydrate inhibitors are typically used at very high concentrations (glycol
1s often used mn amounts as high as 100% of the weight of the produced water), while KHI’s and
AA’s are used at much lower concentrations (0.3 — 0.5 % active concentration) and are typically
termed low dose hydrate mhibitors (LDHIS). |

Commonly 1t 1s accepted that KHI’s interfere with the growth of the clathrate hydrate crystal,
thus preventing the formation of the hydrates.

- While AA’s allow the crystal to form and then disperse the small crystal, KHI’s prevent the
formation of hydrate crystals by disrupting the crystal growth. It is commonly accepted that AA’s
act as dispersants of the hydrate crystals into the hydrocarbon phase, and therefore have a limitation
that the 11qu1d hydroearbon phase must be present. Typically the liquid hydroearbon to water ratio
sheuld be no greater then one to one to ensure that there is enough hydrocarbon to centam the
dlspersed hydrate crystals Unfortunately, this limitation reduces the opportumty in the oilfield as
many wells increase the amount of water produced very rapidly after the water breakthrough is
ebserved. ' - ' B ' - | '

" There are several important factors to censider when evalaating the eapabilities and
performance of a hydrate mhlbltor, but the most s1gn1ﬁcant and dlreetly relevant of these are the two
factors subeeolmg and the hoIcI time. Subeeolmg refers to the degree to Wthh the temperature of the
system can be lowered below the theoretical hydrate formation temperature at a given pressure, and
is often referred to in terms of a AT value. The hold time refers to the amount of time that this sub-
cooled system can be kept hydrate-free in the presence of a particular KHI. Thus a good KHI should

have a large AT subeeolmg temperature, and be capable of Iong hold times at that temperature
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SUMMARY OF THE INVENTION

This invention 1s a method of inhibiting of hydrates in a fluid comprising
water, gas and optionally liquid hydrocarbon comprising treating the tluid with an effective
hydrate-inhibiting amount of an inhibitor composition comprising an amphiphtlic polymer
prepared by polymerizing one or more N-alkyl (alkyl)acrylamide monomers in a solvent
comprising one or more glycol ether solvents ot formula CH3-(CH,)y-(0O-CH;-CH»),-OH m 18
an integer of 0-1, and n 1s an integer of >1. In another aspect, this invention is a hydrate
inhibitor composition prepared by polymerizing one or more N-alkyl (alkyl)acrylamide
monomers 1n a solvent comprising one or more glycol ether solvents of formula CH3-(CH,)p-

(0-CHy-CH,),-OH m is an integer of 0-1, and n is an integer of 21.

Another aspect 1s a method of inhibiting hydrates in a fluid comprising water,
gas and optionally liquid hydrocarbon comprising treating the fluid with an effective hydrate-
inhibiting amount of an inhibitor composition comprising a polymer prepared by
polymerizing one or more N-alkyl (alkyl)acrylamide monomers in a solvent comprising one
or more glycol ether solvents of formula CH;3-(CH;),-(O-CH;-CH;),-OH where m 1s an
integer of 0—1, and n is an integer from 1 to 4, wherein the solvent modities at least one end
group of the polymer and wherein said polymer: has a distribution of molecular weights with
about 60—-100 percent in the range of 1,000 to 20,000 Dalton and about 0-25 percent in the
rarige from 20,000 to 6,000,000 Dalton; has the property of maintaining a hold time of four
hours or greater in a high pressure rocking cell test using test conditions of 1600 psi, an 1nitial
temperature of 25 °C, a final temperature of 6 °C, and a temperature ramp down time of less
than two hours and a test fluid containing 25% o1l, 72% water, 2.5% gas, and 0.5% sodium

chloride; and achieves a solubility 1n aqueous solution of less than 200 nephelometric

turbidity units (NTU).

Another aspect is a method of inhibiting hydrates in a fluid comprising water,
gas and optionally liquid hydrocarbon comprising treating the fluid with an effective hydrate-
inhibiting amount of an inhibitor composition comprising a polymer prepared by
polymerizing one or more N-alkyl (alkyl)acrylamide monomers in a solvent comprising one

or more glycol ether solvents of formula CH3-(CH,),-(0-CHy-CH,),-OH where m is an
3
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integer of 0—1, and n is an integer from 1 to 4, wherein the solvent modifies at least one end
group of the polymer and wherein said polymer: has a distribution of molecular weights with
about 60-100 percént in the range of 1,000 to 20,000 Dalton and about 0-25 percent in the
range from 20,000 to 6,000,000 Dalton; and achieves a solubility in aqueous solution of less
than 200 nephelometric turbidity units (NTU); and is a copolymer of said one or more N-alkyl
(alkyl)acrylamide monomers and one or more comonomers selected from acrylamide, an alkyl
substituted acrylamide, acrylic acid, an alkyl substituted acrylate, an N,N-dialkylacrylamide,
an N,N-dialkylmethacrylamide, an N,N-dialkylaminoalky]acrylate or an alkyl chloride
quaternary salt thereof, an N,N-dialkylaminoalkylmethacrylate or an alkyl chloride quaternary
salt thereot, an N,N-dialkylaminoalkylacrylamide or an alkyl chloride quaternary salt thereof,
an N,N-dialkylaminoalkylmethacrylamide or an alkyl chloride quaternary salt thereof, a
hydroxyalkylacrylate, a hydroxyalkylmethacrylate, or an acrylamido alkyl sulfonic acid or a

sodium or ammonium salt thereof.

Another aspect 1s a hydrate inhibitor composition comprising one or more N-
alkyl (alkyl)acrylamide polymers polymerized through initiation by redox decomposition of a
peroxide with a redox co-catalyst and in a solvent comprising one or more glycol ether
solvents of formula CH3-(CH3)n-(O-CH,-CH»),-OH where m is an integer of 0—1, and n is an
integer trom 1 to 4, wherein the solvent modifies at least one end group of the polymer and
wherein said polymer: has a distribution of molecular weights with about 60-100 percent in
the range ot 1,000 to 20,000 Dalton and about 0-25 percent in the range from 20,000 to
6,000,000 Dalton; has the property of maintaining a hold time of four hours or greater in a
high pressure rocking cell test using test conditions of 1600 psi, an initial temperature of 25
°C, a final temperature of 6 °C, and a temperature ramp down time of less than two hours and
a test fluid containing 25% oil, 72% water, 2.5% gas, and 0.5% sodium chloride; and achieves

a solubility in aqueous solution of less than 200 nephelometric turbidity units.

Another aspect 1s a hydrate inhibitor composition comprising one or more N-
alkyl (alkyl)acrylamide polymers polymerized through initiation by redox decomposition of a
peroxide with a redox co-catalyst and in a solvent comprising one or more glycol ether
solvents of formula CH;3-(CH;)y,-(0-CH,-CH;),-OH where m is an integer of 0—1, and n is an

integer from 1 to 4, wherein the solvent modifies at least one end group of the polymer and
3a
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wherein said polymer: has a distribution of molecular weights with about 60—100 percent in
the range of 1,000 to 20,000 Dalton and about 0-25 percent in the range from 20,000 to
6,000,000 Dalton, and achieves a solubility in aqueous solution of less than 200
nephelometric turbidity units; and is a copolymer of one or more N-alkyl (alkyl)acrylamide
monomers and one or more comonomers selected from acrylamide, an alkyl substituted
acrylamide, acrylic acid, an alkyl substituted acrylate, an N,N-dialkylacrylamide, an N,N-
dialkylmethacrylamide, an N,N-dialkylaminoalkylacrylate or an alkyl chloride quaternary salt
thereof, an N,N-dialkylaminoalkylmethacrylate or an alkyl chloride quaternary salt thereof, an
N,N-dialkylaminoalkylacrylamide or an alkyl chloride quaternary salt thereof, an N,N-
dialkylaminoalkylmethacrylamide or an alkyl chloride quaternary salt thereof, a
hydroxyalkylacrylate, a hydroxyalkylmethacrylate, or an acrylamido alkyl sulfonic acid or a

sodium or ammonium salt thereof.

The composition and method is effective to control gas hydrate formation and
plugging in hydrocarbon production and transportation systems. This chemical effectively
modities the formation of hydrate crystals so that hydrocarbon fluids can be produced from

the reservoir and transported to the processing facility without the risk of hydrate blockages.
DETAILED DESCRIPTION OF THE INVENTION

As used herein, "inhibiting" includes both inhibiting and preventing the

formation and agglomeration of hydrate crystals.

"Alkyl" means a monovalent group derived from a straight or branched chain
saturated hydrocarbon by the removal of a single hydrogen atom. Representative alkyl groups

include methyl, ethyl, n- and iso-propyl, n-, sec-, iso- and fert-butyl, and the like.

"AA" stands for anti-agglomerate; "AIBN" for azobisisobutyronitrile; "APS"
for ammonium persulfate; "ATBS" for acrylamido tertiary butyl sulfonic acid (2-acrylamido-
2-methylpropane-l-sulfonic acid); "BDG" for butyldiglycol (diethylene glycol monobutyl
ether); "BPO" for benzoyl peroxide; "BuOH" for butanol (butyl alcohol); "2-BuOH" for 2-
butanol; "CTA" for chain-transfer agent; "Cu" for copper; "DMAEA" for dimethylamino

ethylacrylate; "DPGME" for di-propylene glycol monomethyl ether; "DTBP" for di-tert
3b
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butylperoxide; "EDG" for ethyldiglycol (diethylene glycol monoethyl ether); "EGMBE" for
ethylene glycol mono-butyl ether (butyl glycol ether, butoxyethanol); "EE" for

2-ethoxyethanol; "EEA" for ethoxyethanol acetate; "EtOH" for ethanol; "GOM" for Gulf of
Mexico; "H-TBP" for tert-butyl hydroperoxide; "H,O," for hydrogen peroxide; "IPA" for

1sopropanol (i1sopropyl alcohol); "IPMA" for N-isopropylmethacrylamide; "KHI" for kinetic
Hydrate Inhibitor; "LDHI" for low-dosage hydrate inhibitor; "MAPTAC" for

3c
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methacrylamidopropyl trimethylammonium chloride; “MEK” for methyl ethyl ketone; “MecOH” for
methanol; “NaCl” for sodium chloride; “PE” for pentaerythritol; “PG” for propylene glycol; “PrOH”

for 1-propanol; “Ps1” for pounds per square inch; “Psia” for pounds per square inch absolute; “Psig”

for pounds per square inch gauge; “THF” for tetrahydrofuran; “THI” for thermodynamic hydrate

inhibitor; “TBPO” for tert-butyl peroctoate (including t-butylperoxy-2-ethylhexanoate); “TBPP” for
tert-butyl peroxypivalate; and “TMP” for trimethylolpropane.

 The hydrate inhibiting compositions‘ of the mmvention are prepared by polymernzing one or
more N-alkyl (alkyDacrylamide monomers in a solvent comprising one or more glycol ether solvents
as described herein to form a solution of a N-alkyl (alkyl)acnrlarﬁide polymer in the solvents. As
used herem “N-alkyl (alkylyacrylamide polymer” includes N-alkyl (alkyl)acrylamide homopolymers
and copolymers of N-alkyl (alkyl)acrylamide with one or more comonomers.

In an embodiment, the Nwalkyl (alkyl)acrylamide monomer is N—isopropyl methacrylamide.

‘Inan embodiment, the N-alkyl (alkyl)acrylamide monomers are copolymerized with one or
more COmonomers.

In an embodiment, the comonomers are selected from acrylamide, alkyi substitutéd
acrylamides, acrylic acid, alkyl substituted acrylates, N ,N-dialkylacrylamides, N,N-
dialkylmethacrylamides, N N-dlalkylammoalkylacrylates and alkyl chlonde quaternary salts thereof,
N N-d1a1ky1am1noalkylmethacrylates and alkyl chloride quatemary salts thereof N, N— |
dlalkylamlnoalkylacrylamides and alkyl chloride quaternary salts thereof N,N--
dlalkylam1noalky1methacrylam1des and alkyl chloride quaternary salts thereof,
hydroxyalkylacrylates hydroxyalkylmethacrylates acrylamldo alkyl sulfonic acids and sodium or
ammonium salts thereof, a '

In an embodlment the comonomers are selected from methacrylarﬁldopIOPyl
tnmethylammomum chloride, 2- (dlmethylammo)ethyl methacrylate 3-(d1methylammo)propyl
methacrylamlde 2-acrylam1do-2-methy1 propane sulfonic acid, 2- (hydroxyethyl)methacrylate 2-
acrylamﬁo -2-methyl propane sulfonic acid sodium salt, methacryloyloxy(ethyltnmethyl)ammomum
chloride, methacryllc acid and methacrylamlde

In an embodlment, the amphlphlhc polymer ia N-1sopropyvl methacrylamide homopoiymer._

“In an embodiment, the amphiphilic poiymer comprises 70-99 mole pércent N-isopropyl
(meth)acrylamide repeat units and 1-30 mole percent of comonomer repeat units.
In an embodiment, the amphiphilic polymer comprises 85-95 mole percent of N-isopropyl

(meth)acrylamide derived repeat units and 5-15 mole percent of comonomer derived repeat units.
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Glycol ether solvents suitable for use in preparing the inhibitor compositions of the invention
have formula CH;-(CH;)n-(O-CH,-CH,),-OH where m 1s an integer of (-1, and n is an integer

greater than or equal to 1.

In an embodment, the solvent has formula CH3-(CH;)-(O-CH>-CH5),-OH where m is an
integer of (-1, and n is an integer from 1 - 4.

In an embodiment, the giycol ether solvent 1s diethylene glycol monoethyl ether.

In an embodiment, the solvent comprises one or more glycol ether solvents and one or more
low molecular weight alcohols or glycols. Representative low molecular weight glycols and alcohols
include 1so-propanol, 1,1,1-tns(hydroxymethyl) propane, triethylene glycol dimethyl ether,
diethylene glycol dimethyl ether, 2-ethoxyethanol, diethylene glycol monomethyl ether and ethylene
glycol monobutyl ether, and the like.

In an embodiment, the solvent comprises diethylene glycol monoethyl ether and one or more
solvents selected from isopropanol, 2-ethoxyethanol and 1,1,1-tns(hydroxymethyl) propane.

In a typical preparation, the N-alkyl (alkyl)acrylamide monomer(s) and any comonomers and
solvent(s) are charged to a reactor and purged with mtrogen, then one or more iitiators are charged
to the reactor. Alternatively the mitiator(s) may be charged once the reactor 1s heated to reaction
temperature. Additional initiator may also be added near the completion of the polymerization to

reduce residual monomer in the polymer composition. Once the reaction reaches reaction

- temperamre and initiator has been charged, the reaction 1s heated for the requlslte amount of time,

then cooled to drscharge the produet AS most initiators descnbed herein are thermaliy lablle the

, temperature at which they are added has a srgmﬁcant potent1aI to effect the polymer molecular

weight distribution. For example, hlgher process temperatures cause a hlgher rate of mitiator
decomposmon generally re sultrng in lower molecular werght polyrner ehalns In addition, most
solvents described herein are capable of modlfymg the polymer end groups via temperature- '
dependent radical chain transfer reactions. For exarnple if the chain transfer reactxon to solvent has
a hlgher activation energy than the propagatlon reaction to produce the polymer, then hlgher reaction
temperatures will result in a more pronounced effect of the solvent on lowerning the polymer
molecular weight and 1nﬂuenc1ng the polymer end groups.

In an embodiment polymerization is mitiated by thermal decomposition of organic peroxides
such as diacyl peroxides including lauroyl peroxide, succinic acid peroxide, benzoyl peroxide, and
the like; hydrogen peroxide; hyroperoxides such as t-butyl hydroperoxide; dialkylperoxides

including dicumy!l peroxide, di (t-butyl) peroxide, and the like; and peroxiesters including t-



10

15

20

23

30

CA 02740235 2011-04-11
WO 2010/045520 PCT/US2009/060941

butylperoxypivalate, t-butylperoxy-2-ethythexanoate, OO-(t-Butyl) O-isopropyl
monoperoxycarbonate, and the like.

In an embodiment, polymerization 1s imitiated by thermal decomposition of t-
butylperoxypivalate, t-butylperoxy-2-ethylhex anoate or OO0-(t-Butyl) O-1sopropyl
monoperoxycarbonate. . .

In an embodiment, polymerization 1s mitiated by thermal decomposition of t-butylperoxy-2-
ethylhexanoate. ‘

In an alternative embodiment, polymerization 1s mitiated by redox decomposition of
hydrogen peroxide or other similar hydroperoxides with a redox co-catalyst, such as CuSQ4 or
Feg(SQ4)3, and the like.

The composition and method of this invention is effective to control gas hydrate formation
and plugging in hydrocarbon production and transportation systems. To ensure effective inhibition
of hydrates, the inhibitor composition should be mjected prior to substantial formation of hydrates.
A preferred myjection point for petroleum production operations 1s downhole near the near the surface

controlled sub-sea safety valve. This ensures that during a shut-in, the product is able to disperse

- throughout the area where hydrates will occur. Treatment can also occur at other areas in the

ﬂoWline, taking into account the density of the injected fluid. If the injection point is well above the
hydrate formation depth, then the hydrate inhibitor should be formulated with a solvent with a
density high enough that the inhibitor will sink in the flowline to COllectat the water/oil interface.
Moreover, the treatment can also bé used for pipelines or anywhéfe in the system where there 15 a
potential for hydrafe formation.

The composition is introduced into the fluid by any meaﬁsl suitable fdfenéuring dispersal 0f
the inhibitor through the fluid being treated. Typically the inhibitor is injected using mechanical
equipméht such as chemical injection i)umps, piping 'téés,' injeé;tion ﬁ:ttings,' and the like. The
inhibitor mixture can be injected as prepared or formulated in an additional polar or non-polar
solvents as described herein depending upon the application and requirements.

| Representative polar solvents suitable for formulation with the inhibitor composition include
water, brine, seawater, alcohols (including straight chain or branched a-Iiphatic such as methanol,
ethanol, propanol, 1sopropanol, butanol, Z-ethylhexanol, hexanol, octanol, decanol, 2-butoxyethanol,
etc.), glycols and derivatives (ethylene glycol, 1,2-propylene glycol, 1,3-propylene glycol, ethylene
glycol monobutyl ether, etc.), ketones (cyclohexanone, diisobutylketone), N-methylpyrrolidinone
(NMP), N,N-dimethylformamide and the like. |

Representative of non-polar solvents suitable for formulation with the inhibitor composition

include aliphatics such as pentane, hexane, cyclohexane, methylcyclohexane, heptane, decane,
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dodecane, diesel, and the like; aromatics such as toluene, xylene, heavy aromatic naptha, fatty acid
derivatives (acids, esters, amides), and the like.

The particular formulation depends upon the application of the inhibitor composition and any
additional treatments that will be used 1n conjunction with the KHI. For example, if the inhibitor
composition will be injected with a paraifin inhibitor that i1s typically only formulated in non-polar
solvents, solvents such as diesel, heavy aromatic naphtha, fatty acid methyi esters, xylene, toluene,
and the like may be used. The inhibitor composition can also be formulated in a non-polar solvent to
ensure that the risk of incompatibility 1s minimized.

Alternatively, if the mhibitor composition will be injected with a water soluble corrosion
mhibitor or scale mhibitor, a polar solvent such as methanol, ethanol, isopropanol, 2-butoxyethanol,
ethylene glycol, propylene glycol, and the like, can be used.

The amount of mhibitor composition used to treat the fluid is the amount that effectively
inhibits hydrate formation and/or aggregation. The amount of inhibitor added can be determined by
one of skill m the art using known techmques such as, for example, the rocking cell test described
herein. Typical doses of formulated inhibitors range from about 0.05 to about 5.0 volume percent,
based on the amount of tho water bomg produced although n oortam istances the dosage could
exceed 5 volume porcont . |

' The inhibitor composition of this invention may be used alone OT in combination with
thennodynamlc hydrato inhibitors and/or antl-agglomoratos as well as other troatmonts usod in crude
oil produouon and transport including asphaltine mhibitors, parafﬁn 1nh1b1tors cotrosion mhlbitors
scale inhibitors, omulsnﬁors water clarifiers, dispersants, emuilsion breakers and the like.

' Accordingly, in some ombod1monts, this invention further comprlsos troatlng the fluid with
one or more thorrnodynamio hjrdrote inhibitors or one or more anti-ogglomorates or a combination
thereof. The thennodynamlo hydrate 1nh1b1tors and/or antl-agglomeratos may be formulated with the
inhibitor composition or addod to tho fluid separately Individual inhibitors may also be added to the
ﬂuld at separate ports. |

" The effective amount of thonnodynamlc hydrate inhibitor and anti-agglomerate may be
empirically determined based on the characteristics of the fluid being treated, for example using the
rockmg cell test described herein. Typlcally, the ratio of thermodynamm hydrate inhibitor o

mhlbltor 18 at least about 10:1.

In other embodiments, this invention further comprises treating the fluid with one or more

asphaltene inhibitors, parafiin mhibitors, corrosion inhibitors, emulsion breakers or scale inhibitors,

or a combination thereof.
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In another embodiment, this invention comprises treating the fluid with a composition
comprising the mixture of inhibitors and one or more emulsion breakers.
- The foregoing may be better understood by reference to the following Examples, which are

presented for purposes of illustration and are not intended to limit the scope of the invention.

Example 1

A representative synthesis using a lower temperature mitiator addition 1s carried out by
charging 85.7 g of N-1sopropylmethacrylamide (IPMA) (available from Evomk, Darmstadt,
Germany), 255.7 g of 2-ethoxyethanol, and 6.0 g tert-butyl peroctoate (0.028 moles) into a reactor -
capable of holding pressure. The contents of the reactor are then purged with nitrogen to
deoxygenate. Once nifrogen purge 1s complete the reactor is blocked 1 and heated to 90 °C for 4

hours, after which the reaction 1s cooled and the product collected as a yellow/amber solution.

Example 2

A representative synthesis using a higher temperature imitiator addition 1s carried out by
charging 100.66 g of IPMA (Evonik), and 197.8 g of ethyldiglycol into a reactor capable of holding
pressure. The contents of the reaetof'a're warmed to 35 °C and purged with nitrogen to deoxygenate.
A 7.03% solution of 'di-tefthutYI perexide 1n ethyldiglyeol was pfepared. The reactor 1s then
blocked 1n aﬁd heated to 130 °C. At 130 °C, 34.8 o of .perokide solution was added to the reactor
over 1'hour. The reaction was held for 1.5 hours at 130 °C, then an additional 28.3 o peroxide
solution was added over 1 hour, after which the reaction was held at 130 °C for an additional 2.5

hours. Then the reactor was cooled and the product collected as an yellow/amber solution.

' Example 3

A representaﬁve synthesis USiIlg--S\hO'l‘t addition times of initiator is carried out by charging
24.6 ¢ IPMA (Evonik), and 70.6 o ethyldiglycol to a round bottom flask with nitrogen purge line and
eendenser' set up. The mixture was warmed to 40 °C and purged with Iﬁtmgen to deexygenate. The
temperature was then set to 120 °C. When'the temperatufe was increasing past the 97 °C point, 2.7 ¢
tert-butyl peroctoate was charged to ihe reactor and heating eontinued for another 0.5 hour. Then the

temperature was lowered to 95 °C and held for another 0.5 hour. Then at 95 °C, 2.1 g tert-butyl

peroctoate was charged to the reactor, and the temperature was increased to 122 °C. The reaction

was held for 1 hour, and the temperature lowered to 90 °C and held an additional 1.5 hours, after

which 2.0 g tert-butyl peroctoate was charged to the reactor, and the _teniperature was increased to
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124 °C, and held for another 1 hour, then cooled and the product collected as a yellow/amber

solution.

Representative polymers prepared according to the methods descnibed herein and their
properties are shown 1 Table 1. In Table 1, Rocking Cell (RC) data is obtained as described in
Example 4 under Type 2 conditions unless otherwise indicated. Solubility data refers to turbidity
where “Pass” means a turbidity reading of less than 200 NTU.
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Table 1
Representative Polymer Compositions

Polymer Monomer(s) Solvent(s) Initiators | TemM;m | Time | RC Sol.
©C) | ) | Test |Test:
1 |[IPMA | EDG d-TBP >100 | 6 Fail | Pass
2 |IPMA EDG | IPA | d-TBP >100 | 8 | TFail | Pass |
T [ IPMA [PA | ITBP | APS | >100 | O | Dass |Pass
(T1/T2)
4 |IPMA | [PA d-TBP >100 | 24 Fail | Pass
5 | IPMA [PA TBPO >100 | 6 Fail | Pass
6 |IPMA "EDG | TBPO >100 | 4.5 | Pass | Pass

(TUT2) |
T IPMA EDG TBPO | H,Ox/Cu| >100 | 8 | Pass | Pass

(T1/T2)

g |[IPMA EDG H,0,/Cu | TBPO | >100 | 8 | Pass |Pass!
o |PMA| | EDG | H,0x/Cu | | >100]| 6 Fail | Pass
10 | IPMA "EDG | IPA | B,0,Cu | | <100 | 6 | Pass |Pass
11 |[IPMA " TEGMBE | | TBPO <100 | 5 | Pass | Fail
"""" 12 |IPMA EE | TBPO <100 | 4 | Pass | Fail |
13 | IPMA EE TBPO - <100 | 4 | Pass ‘pass§
14 | IPMA EE | TMP | TBPO <100 | 3.5 | Pass Faﬂ
| 15 [PMA ] EE | TBPO . MQTOO 5 Pass Pass%
16 | IPMA Diglyme | TBPO <100 | 6 | Pass | Fail
17  |IPMA EGMBE | TMP | TBPO <100 | 6 | Pass | Fail
18 | IPMA | ATBS | EE TBPO <100 | 5 | Pass Pass§
19 |IPMA | NaATBS | EE TBPO <100 | 5 | Pass | Pass
20 | IPMA | MAPTAC | EE TBPO | <100 | 5 | Pass | Pass.
21 |IPMA T EDG | IPA | TBHP/Cu <100 | 6 | Tail Pass%
22 | IPMA EDG | TBPP >100 8 Pass .Pass
23 | TPMA EDG | IPA | H,0,/Cu | <100 | & | Pass |Pass
— 24 | IPMA EDG | IPA | TB‘P”(S"" H,0,/Cu | <100 | & Pass | Pass |
35 | IPMA | EDG | | TBPO | >100 | 45 | Pass | Fail |

10
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Example 4
Rocking Celi Test

" The tests summarized in the tables below are performed in high pressure rocking cells. The
testing conditions (pressure, temperature, oil, brine, water cut, etc.) are noted i Tables 1-4. Test
5  results are shown in Tables 5-8. |
Representative KHI’s are tested under simulated field conditions. The flmids tested are
shown in Table 2, the compositions of the fluids are shown in Table 3 and 4 and the test conditions

are shown in Table 5. The KHI solution used was charged to the testing fluids as 3% of a 20%

solution.
10
Table 2
Test Fluids
Phase Composition Volume
Onl: 25% Synthetic Condensate
Water: 72% of tqtal liquid volume 12 mL total liquid
Brine: 0.5% NaCl used volume
Gas: ~ Synthetic gas (Table 3)
15
. "Table 3 |
Synthetic gas composttion — Type 2
[ Component | mol % | Component mol%
Nitrogen - 0.39% 1so-Butane | 0.49% B
Methane . | 87.26% n-Butane 0.79%
Ethane | 7.57% iso-Pentane | 0.20%
. Propane 3.10% n-Pentane | 0.20%
Table 4
Synthetic gas composition — Type 1
~ Component 1 mol%
_Nitogen __037% i
Carbon Dioxide 0.13
| - Methane 99.00%
' Ethane B 0.0.47% |
Propanc_ 0.030%

Table 5

11
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Test Conditions
' Tnitial charge pressure: 1600 psi o
' Final test pressure: 1600 psi - '
Initial start-up temperature: | 25 °C o
| Final test temperature: 6°C -
. Temperature ramp down time: Less then 2 hours o
. Inhibitor concentration: 0-5 vol% based on the amount of water .

The testing is carried out on a rocking cell apparatus as described 1n Dendy, Sloan E,

Clathrate Hydrates of Natural Gases, Second Edition, Revised and Expanded, 1997, and Talley,

Larry D. et al., “Comparison of laboratory results on hydrate induction rates in a THF ng, high-
pressure rocking cell, miniloop, and large flowloop”, Annals of the New York Academy of Sciences,

2000, 314-321 According to the following protocol.

Note that for all tests, a “Pass” test must have a hold time of four hours or greaier. Any test

result below four hours is labeled as a “Fail”.

The significance of these rankings and pass/fail criteria relate to the chemical’s ability to
prevent hydrate plugs from forming in any part of an oil or gas production system. Any ranking
lower than 4 would be perceived as a potential nisk of hydrate plugging.

Example 4A

~ As noted prevlously, the solubility of the IPMA homopolymer has been 1nversely linked to

KHI perfonnance However the polymer solublhty can be improved by 1ncorporat1ng appropriate

' amounts of co-monomers mto the polymer eham but care must be taken to minimize the amount of

comonomer for enhanced solublllty so that performance 1s retamed Wlth respect to the less soluble
homopolymer analogue ‘ ' ' -

Copolymers of IPMA and repfesentatlve cationic and anionic comonomers are prepared
according to the methods described herein. The effect the comonomers on polymer molecular
Weight handiing properties, and KHI performance is shown in Table 6. The solubility of the
polymer in water is tested by mixing 0.6gm of the polymer product solution with 20 ml of water and
then measured on a turbidity meter gwmg a reading in NTU (turbldIty umts)

12
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Table 6
Eftect of Comonomers
Polymer | Comonomer Mw PDI Viscosity | Turbidity | RC Test
cP NTU |

26 1 18,000 3.8 40 >400 Pass
18 ATBS | 26,000 32 110 | 89.9 Pass
19 NaATBS 33000 | 3.4 160 66.13  Pass
20 "MAPTAC 24.000 3.0 40.5 6747 |  Pass

Example 4B

The solubility of the IPMA homopolymer has been inversely linked to KHI performance.

The solubility of the polymer in water can vary significantly and depends on several factors,

including polymer molecular weight, size and hydrophobicity of the end group, and the charge,

polarity, and ratio of any comonomer present.

- Poly IPMA is prepared using various initiator systems according to the methods described '

herein. Table 7 shows several examples of how variations in the choice of initiator can effect

polymer molecular weight, solubility, handling, and performance.

Table A

Effect qf initiators
Polymer Initiator Mw PDI Solubility ) RC Test
, : Pass/Fail  Hold Time

1 d-TBP 9600 | 3.7 Pass Pass 10
§ TBPO e 9300 2.8 Pass Pass 80

21 TBHP 4800 | 2.7 Pass “Fail 0.4
22 TBPP 11000 44 |  Pass Pass 25
- 0. o o E— e

Example 4E

13
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Table 9 shows some examples .of how variations m the solvent can effect the monomer

conversion, molecular weight, handling, and performance of poly IPMA. ‘

" Several solvent comparisons are investigated. A standard glycol ether such as EGMBE or
EDG is used as the polymerization solvent, and similar batches are included in which a low
molecular weight alcohol was added fo function as a chain transfer agent to control molecular
weight, and to add the appropriate hydrophobicity o the polymer chains. As shown in Table 8, KHI
performénce improves with the increasing weight fraction of low molecular weight alcohol.

~ Ethyldiglycol is a preferred solvent for several reasons mcluding its relatively low toxicity o

compared with similar glycol ethers, and its high boiling point and correSponding low vapor

Pressure.
Table 8
Effect of Solvent
- Polymer Solvent | Monomer | Mw | PDI | Solubility | "RC Test |
o~ | | conversiap » | | B .
AT e | @ | 69 | e | W
192 T 29000 49 | Fail | Pass
50 | 18000 | 38 | Fail Pass
945 IR 19005i"f“._""”2::"}'f | Fail Pass |
% | 17000 | 45 '
A S
95 | %300 | 28
99 W 4.6 r

In Table 1, Polymers 12, 14 and 17 are listed as “Pass” for solubility. We need to fix either Table I
or 8 or explain the discrepancy | |

While the present invention is described above in connection with representative or
illustrative embodiments, these embodiments are not intended io be exhanstive or limiting of the
mvention. Rather, the invention is intended fo cover all alternatives, modifications and equivalents

included within its scope, as defined by the appended claims.

14
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CLAIMS:

1. A method of inhibiting hydrates in a fluid comprising water, gas and optionally

liqﬁid hydrocarbon comprising

treating the fluid with an eftective hydrate-inhibiting amount of an inhibitor
composition comprising a polymer prepared by polymerizing one or more N-alkyl
(alkyl)acrylamide monomers in a solvent comprising one or more glycol ether solvents of
formula CH3-(CHj3),-(O-CH,-CH;),-OH where m is an integer of 0—1, and n is an integer

from 1 to 4, wherein the solvent modities at least one end group of the polymer and
wherein said polymer:

has a distribution of molecular weights with about 60—100 percent in the range

of 1,000 to 20,000 Dalton and about 0-25 percent in the range from 20,000 to 6,000,000
Dalton; -

has the property of maintaining a hold time of four hours or greater in a high
pressure rocking cell test using test conditions of 1600 psi, an initial temperature of 25 °C, a
tinal temperature of 6 °C, and a temperature ramp down time of less than two hours and a test

fluid containing 25% oil, 72% water, 2.5% gas, and 0.5% sodium chloride; and

achieves a solubility 1n aqueous solution of less than 200 nephelometric

turbidity units (NTU).

2. A method of inhibiting hydrates in a fluid comprising water, gas and optionally

liquid hydrocarbon comprising

treating the fluid with an effective hydrate-inhibiting amount of an inhibitor
composition comprising a polymer prepared by polymerizing one or more N-alkyl
(alkyl)acrylamide monomers 1n a solvent comprising one or more glycol ether solvents of
formula CH3-(CHy)m-(O-CH;,-CH,),-OH where m is an integer of 0~1, and n is an integer

from 1 to 4, wherein the solvent modifies at least one end group of the polymer and

15
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wherein said polymer:

has a distribution of molecular weights with about 60—100 percent in the range
of 1,000 to 20,000 Dalton and about 025 percent in the range from 20,000 to 6,000,000

Dalton; and

achieves a solubility in aqueous solution of less than 200 nephelometric

turbidity units (N TU); and

is a copolymer of said one or more N-alkyl (alkyl)acrylamide monomers and
one or more comonomers selected from acrylamide, an alkyl substituted acrylamide, acrylic
acid, an alkyl substituted acrylate, an N,N-dialkylacrylamide, an N,N-dialkylmethacrylamide,
an N,N-dialkylaminoalkylacrylate or an alkyl chloride quaternary salt thereof, an N,N-
dialkylaminoalkylmethacrylate or an alkyl chloride quaternary salt thereof, an N,N-
dialkylaminoalkylacrylamide or an alkyl chloride quaternary salt thereof, an N,N-
dialkylaminoalkylmethacrylamide or an alkyl chloride quaternary salt thereof, a
hydroxyalkylacrylate, a hydroxyalkylmethacrylate, or an acrylamido alkyl sulfonic acid or a

sodium or ammonium salt thereof.

3. The method of claim 1 or 2, wherein said N-alkyl (alkyl)acrylamide monomer

1s N-1sopropyl (meth)acrylamide.

4. The method of claim 3, further comprising a free radical forming condition

initiated by thermal decomposition of one or more peroxides.

5. The method of claim 4, wherein said peroxides are selected from diacyl

peroxides, hydrogen peroxide, hydroperoxides, dialkylperoxides and peroxyesters.

6. ' The method of claim 4, wherein said free radical forming conditions are
initiated by redox decomposition of hydrogen peroxide or similar hydroperoxide with the

redox co-catalyst.

16
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7. The method of claim 5, wherein said peroxyesters are selected from t-
butylperoxypivalate, t-butylperoxy-2-ethylhexanoate and OO-(t-butyl) O-isopropyl

monoperoxycarbonate.

8. The method of claim 5, where the peroxyester is t-butyl peroctoate.

9. The method of claim 3, wherein the polymer is N-isopropyl (meth)acrylamide

homopolymer.

10. The method of claim 1, wherein said polymer is a copolymer of N-isopropy!
(meth)acrylamide and one or more comonomers selected from acrylamide, alkyl substituted
acrylamides, acrylic acid, alkyl substituted acrylates, N,N-dialkylacrylamides, N,N-
dialkylmethacrylamides, N,N-dialkylaminoalkylacrylates and alkyl chloride quaternary salts
thereof, N,N-dialkylaminoalkylmethacrylates and alkyl chloride quaternary salts thereof, N,N-
dialkylaminoalkylacrylamides and alkyl chloride quaternary salts thereof, N,N-
dialkylaminoalkylmethacrylamides and alkyl chloride quaternary salts thereof,
hydrdxyalkylacrylates, hydroxyalkylmethacrylates, or acrylam_ido alkyl sulfonic acids and

sodium or ammonium salts thereof.

11. The method of claim 10, wherein the comonomers are selected from
methacrylamidopropyl trimethylammonium chloride, 2-(dimethylamino)-ethyl methacrylate,
3-(dimethylamino)propyl methacrylamide, 2-acrylamido-2-methyl propane sulfonic acid, 2-
(hydroxyethyl)methacrylate, 2-acrylamido-2-methyl propane sulfonic acid sodium salt,

methacryloyloxy(ethyltrimethyl)ammonium chloride, methacrylic acid and methacrylamide.

12. The method of claim 10, wherein said polymer comprises 70-99 mole percent

N-1sopropyl (meth)acrylamide repeat units and 1-30 mole percent of comonomer repeat units.

13. The method of claim 10, wherein said polymer comprises 85-95 mole percent
N-1sopropyl (meth)acrylamide derived repeat units and 5-15 mole percent of comonomer

dertved repeat units.

14 The method of claim 1 or 2, wherein said solvent further comprises one or

more low molecular weight alcohols or glycol ethers.
17
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5. The method of claim 14, wherein said low molecular weight alcohols or glycol
ethers are selected from isopropanol, 1,1,1-tris(hydroxymethyl) propane, triethylene glycol
dimethyl ether, diethylene glycol dimethyl ether, 2-ethoxyethanol, diethylene glycol

monomethyl ether and ethylene glycol monobutyl ether.

16. The method of claim 1 or 2, wherein said glycol ether solvent is diethylene
glycol monoethyl ether.
17. The method of claim 1 or 2, wherein said solvent comprises diethylene glycol

monoethyl ether and one or more solvents selected from 1sopropanol, 2-ethoxyethanol and

1,1, 1-tristhydroxymethyl) propane.

18. The method of claim 17, where diethylene glycol monoethyl ether comprises

50%—-99% of the solvent and additional solvents comprise 1%—50% of the solvent.

19. The method of claim 17 or 18, wherein said solvent comprises diethylene

glycol monoethyl ether and 1sopropanol.

20. The method of claim 1 or 2, wherein said hydrates comprise hydrates of type 1,
type 2, and/or type H.

21. The method of claim 1 or 2, further comprising initiating polymerization of the
one or more N-alkyl (alkyl)acrylamide monomers by redox decomposition of a peroxide with

a redox co-catalyst.

22. The method of claim 21, wherein the redox co-catalyst 1s Fe,(SO4)s.
23. The method of claim 21, wherein the redox co-catalyst is CuSQOs.
24, A hydrate inhibitor composition comprising one or more N-alkyl

(alkyl)acrylamide polymers polymerized through initiation by redox decomposition ot a
peroxide with a redox co-catalyst and in a solvent comprising one or more glycol ether

solvents of formula CH3-(CH3)u,-(O-CH;,-CH;),-OH where m is an integer of O—1, and n is an

18
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integer from 1 to 4, wherein the solvent modifies at least one end group of the polymer and

wherein said polymer:

has a distribution of molecular weights with about 60—100 percent in the range

of 1,000 to 20,000 Dalton and about 0-25 percent in the range from 20,000 to 6,000,000
Dalton;

has the property of maintaining a hold time of four hours or greater in a high
pressure rocking cell test using test conditions of 1600 psi, an initial temperature of 25 °C, a
final temperature of 6 °C, and a temperature ramp down time of less than two hours and a test

fluid containing 25% oil, 72% water, 2.5% gas, and 0.5% sodium chloride; and

achieves a solubility in aqueous solution of less than 200 nephelometric

turbidity units.

25. A hydrate inhibitor composition comprising one or more N-alkyl
(alkyl)acrylamide polymers polymerized through initiation by redox decomposition of a
peroxide with a redox co-catalyst and in a solvent comprising one or more glycol ether
solvents of formula CH3-(CH»)n-(0O-CH,-CH;),-OH where m is an integer of 0—1, and n is an
integér from 1 to 4, wherein the solvent modifies at least one end group of the polymer and

wherein said polymer:

has a distribution of molecular weights with about 60—100 percent in the range

of 1,000 to 20,000 Dalton and about 0-25 percent in the range from 20,000 to 6,000,000
Dalton, and achieves a solubility 1n aqueous solution of less than 200 nephelometric turbidity

units; and

1s a copolymer of one or more N-alkyl (alkyl)acrylamide monomers and one or
more comonomers selected from acrylamide, an alkyl substituted acrylamide, acrylic acid, an
alkyl substituted acrylate, an N,N-dialkylacrylamide, an N,N-dialkylmethacrylamide, an N,N-
dialkylaminoalkylacrylate or an alkyl chloride quaternary salt thereof, an N,N-
dialkylaminoalkylmethacrylate or an alkyl chloride quaternary salt thereof, an N,N-

dialkylaminoalkylacrylamide or an alkyl chloride quaternary salt thereof, an N,N-

19
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diatkylaminoalkylmethacrylamide or an alkyl chloride quaternary salt thereof, a
hydroxyalkylacrylate, a hydroxyalkylmethacrylate, or an acrylamido alkyl sulfonic acid or a

sodium or ammonium salt thereof.

20
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