IMPROVED ENHANCED OIL RECOVERY SURFACTANT FORMULATION AND METHOD OF
MAKING THE SAME This application claims priority from U.S. Provisional Application No.
60/983,759 Zffled QRLaipber 30, 2007, the entire contents of which are ineqrpQratedsierein by

reference. The present invention is directed to the recovery of oil from subterranean petroleum

reservoirs, and more par %gﬁh L regav, @ggﬁ r mn 10 and a method
of making the same. ThefigﬂgéwnY mventloﬁkﬂs}%%%%lkrféég&e mtgtﬁo og‘g#u ing the recovery of
oil from a subterranean FESEYBHEEIMMANBMRTHYD OF dhhKING BHESAME surfactant
formulation of the present invention. BACKGROUND OF THE INVENTION 15 Crude oil production
from oil in subtefranean.reservoirs may involve use of various flooding methods as the natural forces,
which are usedeﬁ“ﬁ\%vp%ﬁ?ﬁ‘é?ﬂﬁ@%%ﬂ?“&(g%@é,j BeluisioedricativndiopeiR$3 3f e crude oil
may have tb befdeien Outodtt3® fotortiendinireeenrdarnyt AhidRHRMcsRIANRYHREeRESpes. In addition,
some 20 reservrc%‘ilresr rgg%/ not have sufficient natural forces for oil production even by primary recovery
processes. The proguc ion of crude oil using such flooding methods is one example of enhanced oil
recovery process. Currently, the petroleum industry is re-evaluating technologies that will improve the
2sability 1o recovgy sRIMANAGANGh WIkRORE R e SRGITARSALIRRENANS, RCling a displacing
fluid or gas may begin early, long before the comp‘ete pletion of t ek?leﬁrcf?)y pﬁmary r’@covery
processes. MetfSE it SRaFyrarsisiiedn Entetmidirnsey ol sweegnesticierioy foayatiosed at the very

beginning10f thesfirstinigekiau efaidispkasing fluiskoraas rARIhAL NS890 AR tertiary
recovery 30conglitions. WO 2009/058889PCT/US2008/081616 The easiest method of flooding a
subterranean r gléFé}}Wd?% CHFSAUTSH B dromier SHALBIPRRR &R VA iTighiF brathes into the well to
force the oil to theduyfabe ciitateedloddingvisrthanfoshwicielyised diuisk HowsMarwaigr does not
readily displace oil because of the high interfacial tension between the two liquids which result in high

5capillary pressure that trap in porous media.
BACKGROUND OF THE INVENTION

15
Crude oil production from oil in subterranean reservoirs may involve use of various
flooding methods as the natural forces, which are used in the “primary recovery”
process, become depleted. A large portion of the crude oil may have to be driven out
of the formation in “secondary” or “tertiary” recovery processes. In addition, some
20 reservoirs may not have sufficient natural forces for oil production even by primary
recovery processes. The production of crude oil using such flooding methods is one

example of enhanced oil recovery process.

Currently, the petroleumn industry is re-evaluating technologies that will improve the

25  ability to recover remaining and untapped oil from the subterrancan reservoirs.
Injecting a displacing fluid or gas may begin early, long before the complete depletion
of the field by primary recovery processes. Methods for improving displacement
efficiency or sweep efficiency may be used at the very beginning of the first injection
of a displacing fluid or gas, rather than under secondary and tertiary recovery

30  conditions.



The addition of chemicals to modify the properties of the flooding liquid is well known in the art of
improved/enhanced oil recovery. Surfactants are one class of chemical compounds that have been

used in aquggyspedigdpr enhanced oil recovery. 10Surfactants have b%’ﬁgﬂqsﬁsﬂﬁ%c'ﬂvely lower
ol

the interfacial tension between oil and water and enable mobilization of trappe rough the

reservoir. Alkylary sulfonates.haye .used as surfactants for enhanced oil recovery. They have
been used in surfactant flooding, a oné%ﬁ%ﬁa E%r%eurﬁc fon Wlsﬁ{vcodfgﬂrréﬁt%%%%{hﬂ%%ﬁcrificial

agents. AllcylaryPB Bl iissting ylife doramedntotherniglbes furse thayilareiabierfackweaike interfacial
tension betweenfibding Waie mbuULARKAREAURRIVIRAUSED IRCO '%n%ggpeg%@}i%%? e
pendi

other salts, such as, sodium chloride they exhibit desirable phase behavior. 8H the

molecular weighPERESHSI s uevaigHpdr isptianhebrasm Hingraninpaintbicitrashiniemi gf the aryl

20group to the athylingupsssaticviamnirspiopaias saaiqe tailored to preferentially reside in the aqueous
or oleic phases at different electrolyte concentrations, i.e., salinities. At low salinities the alkylayrl
sulfonates reside in water and at high salinities they partition into the oil. In either case, the swollen

micellar solution¥hthadditinteid chefmotalats, oildificeatepantetasmpel MBiReMRIONSAit optimal salinity
an equal 25volugmg.of ol B0dWAEL S, ilized in the microgmulsion. For well tailored and matched
alkylary! sulfonates, the high volumgér o?(gﬁ%gn C\?\/ga glrrg%ﬂﬁlrﬁz(?J“f%afﬁ@%%%)é‘ﬁﬂlﬁ%ﬂfresuIt in
ultra-low interfacBRtdrRlispraRAERdS dichaysoheeniasdd ihigheits eoalie fpfrnestovoisso2aF he salinity

of the wateiOin SERRFRARAANYSHALATARMNSLIRYRIEH TRVLY Y iﬂtgrri%@ltafil%%lsignof;e JR0PIG: the Minas oil

field in Indonesia has ttotal gissolyed salts of between 0.2 and 0.3 weight percent.w(sffﬂer‘ reservoirs
may have salinifies X8 GREL BRIl 4ran 910 Bered afldBerush Svarisevaind over 0.5 percent

calcium chloride and magnesium chloride. It is desirable to optimize the alkylaryl sulfonates for

surfactant ﬂOOdiﬂﬂcgﬁ’ pQ%nce il recovery for a pagticular reservoir by evaluating tailored versions of
the alkylaryl sulfon té{g? wit %%at%/ée)hﬁgggbr?/e&r%?%n% A IS B 68 LB APRBYSRY rd$&¥oir conditions

via phase behaWidtedigserissdntssurfastiutibrotingelphase bebmyioceaperimestsaiepnisterfacial
tension megsurgmagts.arginsedadto X%E':'Il’é ;pﬁ; ke interfacial tensions are acceptably low. In addition
to testing the surfactants with n%%ve reservoir brlzé%égéf |ti%é€axﬁlé}’1§é%?t I?Pﬁeeé‘féog €6itifons are needed
as in some instANEAEHL I |BLPaver Rt fairelrionsivp e heatreoibahwitcbring slso because

when used in conjunction with varying amounts of other salts, such as, sodium
chloride they exhibit desirable phase behavior. Depending on the molecular weight
and molecular weight distribution, branching and point of attachment of the ary)

20 group to the alkyl groups, alkylary! sulfonates can be tailored to preferentially reside
in the aqueous or oleic phases at different electrolyte concentrations, i.¢., salinities.
At low salinities the alkylayr! sulfonates reside in water and at high salinities they
partition inio the oil. In cither case, the swollen micellar solutions that contain
sufactants, oil and water are termed microemulsions. At optimal salinity an equal

25 volume of oil and water are solubilized in the microemulsion. For well tailored and
matched alkylaryl sulfonates, the high volumes of oil and water solubilized in the
microemulsion result in ultra-low interfacial tensions that provide potentiél for high

oil recovery from reservoirs.

30  The salinity of the water in subterranean hydrocarbon reservoirs may vary a great
deal. For example, the Minas oil field in Indonesia has total dissolved salis of

between 0.2 and 0.3 weight percent. Other reservoirs may have salinities as high as or



10 Generally, pure alkylaryl sulfonates, that is, those having a narrow range of molecular weights, are
useful for recovery of light crude oils. Such alkylaryl sulfonates have exhibited poor phase behavior,
i.e., poor po%%tg%(l}tposrses%gver oils, containing high wax content. Oils with tgejrcall {)Hi Ql\évax content
generally have high équivalent average 15 carbon numbers (EACN's), The'e GRaient alkane carbon

number (EACN) js a representation of an average carbon chain length of a hydrocarbon mixture. As
an illustration, puRSh ,aﬁgéﬂﬁr%%sr? cél(‘f&\‘;% Eﬁfﬁgﬁgrcgg%eﬁcﬁﬁrﬁ%%}%mo%@,Oré(%r?& respectively.
However a mixtargeahiairidgridendid sodgpeatéanie apdhone thraltkpibhd salienateslfdrivaviecganEACN of 5.5.

Field crude ois qrs gomplex iuIcs UL when 20 iSRSNI SUlacianis, figychenave as a single

component flui Wit At 1S a Mole fraction average of its constituent ylaryl sulfonates

having a broad sgreisranf 8feoskybmyd sulferemmgthitirmateciRsarypiUpiarepdareeadiralh st use to
recover waxy cryde QilS QESUABR IR RG22 8oHIvRIe Bk AYEHRER. CAI RANBARDBISHRACN'S). In

addition to optimizing the molecular weight and/or molecular weight distribution of an alkylaryl

sulfonate to maRivAYRTESRSRHBENE GBI INHEGH LRI BRI SarsUISrdRd tRY Y Bigbther

components in eaMRRALg witkldheadkdanyisifopateinsaliditig idasganialasisiROsRIvemts, polymeric
materials and co-surfactants rgaé im%jove %’—lage behavior, 'ﬁghe} 30 gerformafp%e of an enhanced ol
recovery formulBHSFF RSEST AL BRSHERANPEY K7 ha B A IBHi S AHE R B ATaMEtSr, WATLIT the volume of ol
dissolved per unitsisakendofgeutaciante Thd fttksol floihzation isserveisbhingroportional to the interfacial
tensions. WO 2009/058889PCT/1JS2008/081616 In addition the performance is also measure by the
ability of the formulation to achieve stable microemulsions and low interfacial tensions rapidly, i.e., in

less than one d&ensriily|aberatisriarsiswipnrey. diavitchesahey Putd MeEBpEags A malssWcussed
methods for enhaneed qllreeauery: Yalbdcspestantireding. nadditionjoshanaesohserfactants, there

are a number of patent and patent applications discussing the use of cié)-surfactantiia d sacrificial

agents for enhafeaBItsH RACHPERTE DERISIPEL &1 RIS PESREAT IS BT P BR S MBI L8R Hikbroved
concentrated susfactantdormiatiopiailig higceas tonthe gesavwtipyhal cebighaldivdfremasabigrranean

petroleum ygservoirs, and mor icularly an im oveql(alkali urfactant flood; RrQcess which
results in u{l ra-1§ 'tfﬁ?elﬁlé?:%éﬁ ns?g{r?g 'et\q%/égéaﬂlﬂéffrrﬁte% S en%?%?ﬁa?%%%%%%?gegs@ua oil, wherein the
concentrated sudpetantdormofatioisgeppihed ehaandensbnifativrirrsabovaniztusy, BeRW its critical

micelle concentegtion, lsChAMIdIRg LS AUaHIOR-0t SHifAEe A6UY Mmaietial ornad from the

reaction of naturally occurring organic acidic components with the injected alkali material which serves
to increase the EFARFSHESI BT HiPHEXETAMIIBSRFARINEI D08 O RSHEMSPBRRA PR HCation No.
2005/0199395Adisclosrsdam@ilan EACN of 5.5. Field crude oils are complex mixtures but when

20 interacting with surfactants, they behave as a single component fluid with an EACN

that is a mole fraction average of its constituents,

Alkylaryl sulfonates having a broad spectrum of carbon chain lengths in the alkyl
group are more desirable for use to recover waxy crude oils or crude oils with high

25  equivalent average carbon numbers (EACN’s). In addition to optimizing the
molecular weight and/or molecular weight distribution of an alkylaryl sulfonate to
maximize the amount of oil in the aforementioned micro-emulsion, the use of other
components in combination with the alkylarylsulfonate, such as inorganic salts, co-
solvents, polymeric materials and co-surfactants may improve phase behavior. The

30  performance of an enhanced oil recovery formulation may also be measured by the oil
solubilization parameter, which the volume of oil dissolved per unit volume of

surfactant. The oil solubilization is inversely proportiona! to the interfacial tensions.



recovery process and a particular class of alkylaryl sulfonate surfactants. The surfactants are derived
from an alpha-olefin stream having a broad distribution of even carbon number ranging from 12 to 28

or more. 25 A g6 g%r atise on enhanced oil recovery is Basic Concepts, | hanced Oil Recovery
Processes edi(?eélbé Y .%aviere (published for SCI by Elsevier Applied Sg%lﬁc%??;%ﬁ) onand New

York, 1991). SUMMARY The present disclpsure is directed ta.an ephanced oil.recovery surfactant
foul illation con%oaé’}gg%? PeR é%ﬁ%& R A yegtobgsﬁtﬁf%c'tlfn ?%ngg%%%'i’vtgnt, a passivator
and a polymer. &hepresbht disclesulsiimaiad Hirestedida toetloos fmidphancindeshéhracovery of oil
from a subterra%éa@ageﬁ%\éng\g{gitgpymethod employs said formulation of the present disclosure. A first

aspect provides an ehhanced olil recovery formulation comprising (a) a primary surfactant comprising

an alkylaromatic moiety having the general formula: wherein Rl is hydrogen or an alkyl group

containing §omahembd: ¥ F6AIRANPHRIMBS PR ishyel asendcasatikaieuirdirvnamdeamipbout 1 to 3
carbon atoms; R3 is an alkyl group hagioré%_from about 8 to about 60.carpbon atoms and M is a

mono-valent caffSRY{H) Y58 HAAPEB oSG gt AU AHBJER QISP BRSH3X wherein RA is
an aliphatic hydiosdeb e halpag:Happibatiini 2ikowsbiogitid saditn-atofasaanddiaving from about

20 to 98 weight pergent branching, and ¢ nt?ining one or more olefin or alcohol moieties or mixtures
sacrificial agenis 10 O%IIC(:e Ol FECOVe

thereof; and X is'a mono-valent ca aso ventr;y(d) a passivator; and (e) a polymer. A second
aspect provides a method of making an enhanced oil recovery formulation comprising mixing (a) a

primary sygactaph, GamPHs NS AR AN E YRS BRIGH ARG SRR AeaG @ Hes R fRctant

formulation and process for the recovery of residual oil from subterranean petroleum
reservoirs, and more particularly an improved alkali surfactant flooding process which
results in ultra-low interfacial tensions between the injected material and the residual
oil, wherein the concentrated surfactant formulation is supplied at a concentration

16  above, at, or, below its eritical micelle concentration, also providing in situ formation
of surface active material formed from the reaction of naturally occurring organic
acidic components with the injected alkali material which serves to increase the

efficiency of oil recovery.

20  Bergeretal, U.S. Published Patent Application No. 2005/0199395A1 discloses an oil
recovery process and a particular class of alkylaryl sulfonate surfactants. The
surfactants are derived from an alpha-olefin stream having a broad distribution of

even carbon number ranging from 12 to 28 or more.

25 A general treatise on enhanced oil recovery is Basic Concepts in Enhanced Oil

Recovery Processes edited by M. Baviere (published for SCI by Elsevier Applied
Science, London and New York, 1991).




MSO03 R3 wherein 12.1 is hydrogen or an alkyl group containing from about 1 to 3 carbon atoms; R2 is
hydrogen or an alkyl group having from about 1 to about 3 carbon atoms; R3 is an alkyl group having
from about 8 to about 60 carbon atoms, and 1\4 issg;m@pRvglent cation; (b) a secondary co-surfactant
having the general formula: 1?-1-S03X wherein R4 IS an aliphatic hydrocarbyl group having from about
12 to about 40 carbon atoms, and having from about 20 to 98 weight percent branching, and

containing one mor%%s%ﬁ%”sgfoé\hcg'lg'&ﬂ%@éﬁo%m@ﬂﬁaﬁ%é@%ﬁqfc&%& 8 AMAROMARAILGEHON;

(O)a solvent; (d) a'passivator; and (e) a polymer. In one embodiment, the present disclosure is

directed to an entameed off mwmbm@@m%mg%)ﬁqﬁw B RO AR e GhIPRERIEN
alkylaromatic ma%!StX h Vln%lj[ heﬂ% E:% ?r@wl%qﬁle ifRdso directed to a method for enhancing the

recovery of oil from a subterranean reservoir which method employs said formuiation of

the present disclosure.

A first aspect provides an enhanced oil recovery formulation comprising

(a) a primary surfactant comprising an alkylaromatic moiety having the

general formula:

Ry

, 7

MSO; ~—H

N

wherein R is hydrogen or an alkyl group containing from about 1 to 3
carbon atoms; Ry is hydrogen or an alkyl group having from about 1 to
3 carbon atoms; R is an alkyl group having from about 8 to about

60 carbon atoms and M is a mono-valent cation;
()  asecondary co-surfactant having the general formula;
R4-S03X

wherein Ry is an aliphatic hydrocarbyl group having from sbout 12 1o
about 40 carbon atoms, and having from about 20 to 98 weight percent
branching, and containing one or more olefin or aleohol moieties or

mixtures thereof, and X is a mono-valent calion.
() a solvent;
(d) a passtvator; and

(e) a polymer.



wherein Rl is hydrogen or an alkyl group containing from about 1 to 3 carbon atoms; R2 is hydrogen or

an alkyl group having from about | to, 3 carbon atams; R3 is an alky] group having fro .
about 60 carborﬁaﬁ?ﬁ%‘%ﬁéﬂ%ﬁ%%%-@%ﬁ%%tén?‘%@%eacnoﬁé%%}%c@gﬁfé%%‘ﬁ?ﬁa%%%ﬁt}ﬁ%&
general formulacgﬁ@ggggiﬁm:ﬁ{gin RA is an aliphatic hydrocarbyl group having from about 12 to about
40 carbon atoms, and having from about 20 to 98 weight percent branching, and containing one or
more olefin or alcohol {Hoietie SBmpK e i RBPPESP XS AsHBoRIRtE B2ish: having &% solvent: (d)
a passivator; and (e) a pelumeroimene embodiment, the present disclosure is directed to a
method of making an enhanced oil recovery foimulation comprisihg mixing (a)a primary surfactant
comprising an alkylaromatic moiety having the general formula: 11 Wherein Rl is hydrogen or an alkyl
group containing from about | to 3 carbon atoms; R2 is hydr en@gw alkyl group having | carbon
atom; R3 is an alkyl group having from about 8 to ab 50 arbon at ms, and N4 is a mono-valent
cation; 20(b)a secondary co-surfactant having the generaﬁ fW S03X

-

Ra
wherein Ry is hydrogen or an alkyi- group containing from about 1 to 3
carbon atoms; Ry is hydrogen or an alkyl group having from about 1 to
about 3 carbon atoms; Ry is an alky! group having from about 8 to

about 60 carbon aloms, and M is a mono-valent cation;

(b)  asecondary co-surfactant having the general formula:
R4-SO3X
wherein Rj is an aliphatic hydrocarbyl group having from about 12 to
about 40 carbon atoms, and having from about 20 to 98 weight percent
branching, and containing one or more olefin or alcohol moieties or -
mixtures thereof’ and X is a mono-valent cation;

(c) a solvent;

(d} = apassivator; and

{e) a polymer.

S5a



wherein R4 is an aliphatic hydrocarbyl group having from about 12 to 25about 40 carbon atoms, and
having from about 20 to 98 weight percent WO 2009/058889PCT/US2008/081616 branching, and
containing one or more olefin or alcohol moieties or mixtures thereof; and X is a mono-valent cation;
(c) asolvent; 5, one $BARASSIVAIRE BRfent discl@uacP@lyHigst20DE BAIlERRES ORI PEIONIOF
THE INVENTION Definitions  As used herein, the following terms have the following meanings
unless expresdMBsHREHCIABSEhtrary: The term "primary surfactant” as used herein refers to the
anionic aromatic surfactant that is present in the formulation. 20The term "co-surfactant” as used
herein refers to the apipnic nanAaMalicTRGIARLUAL isRIRSEAL N e fornulation. (hbe terms
"active” or "actives" as'used Rerein refers to the concentration of the sodium salts of each surfactant
species (i.e., primary surfactantrol Gemsifactant). The term "alkylate" as used herein refers to the
alkylaromatic compound used to prepare the alkylaromatic sulfonates of the present invention. The
alkylaromatic compound was prepared using an aromatic compourd and linear alpha olefin or
isomerized olefin. The term "isomerized alpha olefin (IA0)" as used herein refers to an alpha olefin that
has been subjected to isomerization conditions which results in anialtgration of the WO
2009/058889PCT/U52008/081616 distribution of the olefin sprec%s ent and/or the introduction of

branching along
i
\%\/

Ra

hr”SO&

wherein R is hydrogen or an alkyl group containing from about 1 10 3
carbon atoms; Ry is hydrogen or an alkyl group having from about 1 to
3 carbon atoms; R is an alkyl group having from about 8 1o about

50 carbon atoms and M is a mono-valent cation;

(b)  asecondary co-surfactant having the general formula:

R4-503X

wherein R, is an aliphatic hydrocarbyl group having from about 12 to

about 40 carbon atoms, and having from about 20 to 98 weight percent

ob



the alkyl chain. The isomerized olefin product may be obtained by isomerizing a linear alpha olefin

* containing from about 12 to about 40 carbon atoms, and more preferably from about ?%t (gbout 28
carbon atomsY8 & Hf* alkali metal" as used herein refers to Group 1A MetAIS B the t?}eriodic
Table. The term "co-solvent" as used herein refers to alcohols, ethers and/or a range of 10nonionic
materials. Generally these nonfSHIE RS HAHELLE BHISH LT hiFeP f’dléﬁ%ﬁ’rﬁﬂé%‘&iﬁf\ﬂlent ions,
are water-soluble and may alsempraiidaiaredustioXin visaosityeaf tagmsiyrfactant formulation.  The
term "passivator" as used herein refers to alkali metal carbonate, bicarbonate or 15hydroxide salts.
The terms "enhanced oil recovery" or "FOR" as used herein refer to processes for enhancing the
recovery of hydrocarbongfromasultentanean reservoirs. 20 The terms "Gas Chromatography" or "GC"
as used herein refer to Gas Liquid Phase Chromatography. The term oil solubilization parameter
"SPo" refers to the volume of oil dissolved per  unit volume of surfactant. Typically, oil solubilization
parameter is measure vi@25 phasssbhekavigidexperiments. The terms "interfacial tension" or "IFT" as
used herein refer to the surface tension between test oil and water of different salinities containing a
surfactant formulation at different concentrations. Typically, interfacial tensions are measured using a
spinning 30drop tensionéter of E4lT&ted from phase behavior experiments. WO
20091058889PCIMS2008/08%G16 The jesmaniMideiesReasaireteds da thetinidrof emkisipanforhredddy
combining tggt oil and the reservoir brine containing the surfactant formulation during phase behavior
testing. 5ThE terril' PeaRir B orpREIN FORBFRTESTEEHATent of the alkyl group on the aromatic ring
wherein the longest alkyl chain is attached to the aromatic ring at the 2-position on the alkyl chain.
Unless otherwise specified, all percen i j e re.ls i
10atmospheres. The pre%gnt ir?féﬁrﬁgﬁg?gﬁﬁgﬁ%& %‘gﬁlﬂérr%wg%%?é%%&ﬁ%%%@é%ﬁ%rmulation
comprising a primary surfactargseetd-surfadtant, a solvent, a polymer and a passivator and a method
of making the enhanced oil recovery surfactant formulation.

15 wherein R, is hydrogen or an alkyl group containing from about 110 3
carbon atoms; Rs is hydrogen or an alky] group having 1 carbon atom;
R3 is an alkyl group having from about 8 to about 60 carbon atoms,

and M is a mono-valent cation;
20 (b) a secondary co-surfactant having the general formula:
R4-SO:X

wherein R, is an aliphatic hydrocarby! group having from about i2 to

25 about 40 carbon atoms, and having from about 20 to 98 weight percent



15 The Primary Surfactant The primary surfactant of he present invention has the general formula, R2
IviISO3 ."\C, R3 20wherein R1 is hydrogen or an alkyl group containing from about Ito 3 carbon atoms;
R2is hydrog}% ol TA ggl group having from alpout Ito 3 carbon ato_ms; %ﬁ@ag%%lgggup haying
from about 8 to about 60 carbon atoms, and M is a mono-valent cation. In one embodiment, M is an
alkali metal, ammonium, or s%gﬁiém%i %ramo%rtlaiilflim 25 Exlam Ieslo subs ituﬁe ammonium include
arrunoniurn independently substituted wit from apbut 1 16 BB6LT S RiphAee"s Iéﬁr‘Bﬁtﬂﬁﬁé’rhydrocarbyl
groups having from about Ito Eb¥UteEshesttloangiFnisa suatvaslatitdatany], alkaryl and aralkyl, and
optionally having one or more heteroatoms, such as nitrogen, oxygen or sulfur, which may be present
in aliphatic or aromatic? terocyclic rings. Examples of suitable heterocyclic ring substituents include
pyrrole, pyrrolidine, pyr ﬂfne, ?ﬂ'ﬁ’le, pyrazole, imidazole and quinoline. The heterocyclic ring
substituent fnay be 5Ssubstituted on the ammonium moiety through a carbon atom in the heterocyclic
ring, such asin a C-pyfitﬁyl-s%bsgjstl{%r%gorammonium, or, alternatively, the quaternary ammonium
nitrogen itself may be a itroge% Atom in the heterocyclic ring, such as in a pyridinium ion. 10In one
embodiment, Ri and R2 are methyl and the alkylaromatic moiety is alkylxylene. More preferably, the
alkylxylene moiety is a@l-ortggﬁy}gg}g. In another embodiment the alkylaromatic moiety is
alkyl-meta-xylene. 15The primary surfactant employed in the present invention is an alkylaromatic

10 DETAILED DESCRIPTION OF THE INVENTION

Definitions

As used herein, the following terms have the following meanings unless expressly

15 stated to the contrary:

The term “primary surfactant” as used herein refers to the anionic aromatic surfactant

that is present in the formulation.

20 The term “co-surfactant” as used herein refers to the anionic non-aromatic surfactant

that is present in the formulation.

The terms “active” or “actives” as used herein refers to the concentration of the
sodium salts of each surfactant species (i.c., primary surfactant or co-surfactant).

25
The term “alkylate” as used hercin refers to the alkylaromatic compound used to
prepare the alkylaromatic sulfonates of the present invention. The alkylaromatic
compound was prepared using an aromatic compound and linear alpha olefin or
isomerized olefin,

30
The term “isomerized alpha olefin (IAQ)” as used herein refers to an alpha olefin that

has been subjected to isomerization conditions which results in an alteration of the



sulfonate salt obtained by the alkylation of an aromatic compound. Preferably, the aromatic compound
is benzene, toluene, xylene, mixtures thereof or the like. More preferred, aromatic compound is

toluene, xyl%pg,za)rgmj%%ges thereof. If xylene is employed, the xylene cowﬂ%ﬁ%g&mprise ortho-,
meta-, or para- Xylene, or 20 mixtures thereof Typically, the aromatic compound Is alkylated with a

mixture of normal abﬁga oleéi sé O';? containing fr 8- 6? carbon atoms, preferably C10-050
carbon atoms, Q??H‘ St 'f?é? %%‘Pos eﬁiﬂﬁ’é%%ae{lr%}gﬁ a o"r%%éo 8‘%,?8f’d°ar$%’r%1r’ﬁh i%?% late. The
25alkylate is sulfiontitgtctaitor Thansatigtzndmbin puibreicea bewlichngdthe iseretizifizged with caustic
thereby producig g sedli.AlkARIMANCAMIRRIE Somanido EhRdRaRtRLcRIRRAlkylate Is made
by the alkylation ofaf)rtﬁo-xy ene which produces an alkylate containing several isomers , but in which
at least 90 wt.oprsfarablslfpriabiaud toabauidg @rbRMHERE-structure, having 40 to 60 wt% 2-alkyl
attachmentgto the 30 aromatic ring (i.e., wherein the longest alkyl chain is attached to the aromatic
ring at the 2-position on the alkyl chain), preferably 45-55 wt% 2-alkyl att nt and more preferred
about 50 wi% 2 BB AkRHSRERY PUSTORFERR FESASIEPEB IV R taiﬁlgilclt er(2{;vﬁ\:/ﬂf%6cntain from 1 to 20
wt% dialkylate gpeties and more preferably less than 10 wt% dialkylate species. Preferably, at least
about 95 wt% and most preferred 98 wt% of the alkylate contains the 1, 3, 4-ring attachment structure.

Upon sulfonation of the alkylate, a mixture of alkylaromatic sulfonic acid isomers are 5formed and the
preferred isoméFtis tren2catioplvems distestl hiseimzstressalrberbasigiseniafiptisFengsemount of this

sulfonic agigl isqmar isAreseisPGiaERRly RN AMA LA RO bIR-ARLA YR %, more
preferably in an amount of from about 10 to about 80 wt% and most pref%Fagl% '|n amount of at least

about 70 wt%. 1B MiELBRISBURBSAT foRaRERRIUbs RS @RS A BIY Y& f aromatic

compounds maygg%ggge@ttgé therallanatienuraeton in the present invention. Preferably the at least one
aromatic compound or the aromatic compound mixture comprises at least one of monocyclic

15aromatics, such as benzene, toluene, xylene, cumene or mixtures thereof. More preferably, the at
least one aromatie: camppassivatoaiamatid bompotfad mixkek isctallerboiatiudisrgbandtomers (i.e., meta
-, ortho- aqg pa(g%dand mixiures thereof. Most preferably, the at least one aromatic compound is

roxide salis . . i
ortho-xylené. 20 Sources of Aromatic Compound The at least one aromatic compound or the mixture
of aromatic compounds employed in the present invention is commercially available or may be

prepared by mefhads thataugael knowpvarihe:amaE Qlefiss Hheplefinsamplayedito make the

primary surfactant of the present inve?ai]on ma,)() be .
enhancing the recovery of hydrocarbons from subterranean reservoirs.

20  The terms “Gas Chromatography” or “GC” as used herein refer to Gas Liquid Phase
Chromatography.

The term oil solubilization parameter “SPo” refers to the volume of oil dissolved per
unit volume of surfactant. Typically, oil solubilization parameter is measure via

25  phase behavior experiments.

The terms “interfacial tension” or “IFT™ as used herein refer to the surface tension
between test oil and water of different salinities containing a surfactant formulation at
different concentrations. Typically, interfacial tensions are measured using a spinning

30  drop tensiometer or calculated from phase behavior experiments.



derived from a variety of sources. Such sources include the normal alpha olefins, 30linear alpha

olefins, isom&;&z&c&i}gﬁ%@pha olefins, dimerized and oligomerized olefins, @dQlafiRg @esived from
olefin metathesis. Another source from which the olefins may be derived is through cracking of

petroleu or Fisgierclignsshen,Je WG 2009I0R889RC T 20081081616 icher Tyopsch wax
may be hydrotreated prior to cracking. Other commercial sources include olefing dervad ffom paraffin
dehydrogenationzafdheligersiibionconainiie ks andasiaal bieivksimedhdng blosolbfipiacesses
(methanol crackeg}@and the like. 5 In one embodiment, the aromatic compound may be alkylated with a
mixture of normal alpha olefins (NAQO's) containing from C8-C60 carbon atoms, preferably from
C10-050 carbon atoms and more preferred from C12-C40 carbon atoms to yield the primary surfactant
alkylate. 10 Sourtiasteffiefiityl dhememnraldlphe alefinermpiDyedne, make thepsimany:sdrfactant in
the present inverriition are commercially gvailable or ;%% be prepared % metho?)is hat are well
15known in the arteThe oleting ermployedin this INVEntion may ba Nnear, 188Men &PINESP branched
or partially branchedis Blierbféfimmay be a single carbon number olefin, or it may be a mixture of linear
olefins, a mixture of isomerized linear olefins, a mixture of branched 20olefins, a mixture of partially
branched olefins, or a mixture of any of the foregoing. The olefins may selected from olefins with
carbon numbersYalsgiy iebmisatsper Besario eiorE o SUP 6 B ppspratIth S1emiefsrably, ithe olefins
are selectedyfron,glafims,with carbon numbers ranging from about 10 to about 50 carbon atoms, more
25preferred from about 12 to about 40 carbon atoms. In another embodiment, the olefin or the mixture
of olefins is selected from linear alpha olefins or isomerized olefins containing from about 8 to about 60
carbon atoms. Miseppeetatabiypthe midienecof olefinthissedadiadcirosrylinefacalpioraletnsor
30isomerized olefins containi?igngorg ﬁpoyt iLQi to abhqut 50.carb Jeferabb/, the mixture

n atoms, Most
o C e} - q%ciant a : ?.IP
of olefins is selected HonTlinear aﬂﬂha Glefing drisomerized ofetine ¢d 3%%05 fon 8560Ut"MZ to about

40 carbon atomegnd a method of making the enhanced oil recovery surfactant formulation.
15

The Primary Surfactant

The primary surfactant of the present invention has the general formula;

Ry

Ry

| ‘\/j
MSCH—
|

\%’\QKR

3

20  wherein R; is hydrogen or an alkyl group containing from about I to 3 carbon atoms;
R; is hydrogen or an alkyl group having from about 1 o 3 carbon atoms; R3 is an
alkyl group having from about 8 to about 60 carbon atoms, and M is a mono-valent
cation. In one embodiment, M is an alkali metal, ammonium, or substituted
ammoniun.

25
Examples of substituted ammonium include ammoniuwm independently substituted
with from about 1 to about 4 aliphatic or aromatic hydrocarbyl groups having from

about 1 to about 15 carbon atoms, such as alkyl, aryl, alkaryl and aralkyl, and



The mixture of branched olefins is preferably selected from polyolefins which may be derived from C3
or higher monoolefins (i.e., propylene oligomers, butylenes oligomers, or co-oligomers etc.).

Preferably, the, TdlEgsef branched olefins is either Spropylene oligomers,rhliyiangsgligomers or

mixtures thereof. Preferably, the linear olefins that may be used for the alkylation reaction may be one

or a mixture of neunal RN lefns selseRd oMl N g tam-aboul 6 QaRoyif carbon
atoms per mole le" More pregferab y, the normal a pha o efin Is selected from olefins having from
about 10 to abousBbegarsen ieHrhpia ehatewmalic howrsychrsfsashixamplaophaiakina olefin is

selected from Oi%(@ééqyéﬂmfggﬁbﬁﬁ%ﬂtél%wﬁ@ﬁy?&ﬂ@, tROTHAOPerideidiRiaRIgadN One
alpha

embodiment of the present invention, the norma olefins are 1Isomerized using a solid or a liquid

S,
acid catalyst. ARSBREPEEENAIZ5!E A ARINOHES ke R BREXRRe Ar JEUSHETSH erage pore size of
less than 5% angstiamed Mote prefenabiy, e solitoagiadysirisa smolceitley Isievecydtie aing,
one-dimensional pore system, such as SM-3, MAPQO-11, SAPO-1 SZ:32. ZSM-23, MAPO-39,
SAPO-39, ZSM: %’)an ﬁﬁréﬁ‘é‘%%‘é‘gﬁ earerfcrzrila%us%ﬁ%rtg%g yg ls;.vﬁgé%ﬂf fbhrgltg{)nr%xgrization include
ZSM-35, SUZ-4rhitb@8iNiiirégeaitdetfanaabon sintgetietferrieftediciiiessmalogidaetsieves are well 20
known in the arta%;g ALs.dissyssed in Rosemarie Szostak's Handbook of Molecular Sieves (New York,
Van Nostrand Reihhold, 1992) which is herein incorporated by reference for all purposes. A liquid type
of isomerization catalyst that can be used is iron pentacarbonyl (Fe(C0)5). 25The process for

isomerizatign ofingrakalpa el s, he satiglautin bra-omeaoiMiaysmode. The process
temperatures may range frq abou£ 5%? to abqut 250C. In.thebagjgh mlptge, a %@ical method used is a
stirred autoclavéI%YlﬁY e MRS R AR e BS TR LT AT ERRHSR ¥ Berature. A

continuous process is most efficiently carried out in a fixed bed process. Space rates in a fixed bed

process 30can fange, 197041540 ATRLEWEIGNE hayuly anacn Yeloelly;fp.a fixed bed process, the

isomerization catalyst Is charged to the reactor and activated or dried at'a temperature of at least 125C
under vacuum or flowing inert, dry gas. After activation, the temperature of the isomerization catalyst is

adjusted tedhe dgsirechieactionismpsiatve angafiaunmeliealslin i intipdusasiinto the reactor.
5The reactor effluent containing the partia{lj%{branched, isomerized olefini i?) geglleg ed, The resulting
 (LE7,

partially-branch&tf 78t sHL e EnsArY dnln 8 gmrat aR ALIEI A PR GHB “5BHa Bfefin, beta
olefin; internal olefinatid-cihstiuted blafimandudanylidéne atefinyantdeanchihgldentdhtrthan that of the

unisomerized ol a0 <oNdIieNS A8 SRISFISHIALISRLLR SHIANINS HeRiad Rgfadggibution and

employed, the xylene compound may comprise ortho-, meta-, or para- xylene, or

20  mixtures thereof.

Typically, the aromatic compound is alkylated with a mixture of normal alpha olefins
(NAQ’s) containing from Cg — Cgp carbon atoms, preferably Cyy-Csq carbon atoms,
and most preferred from Cy»-Cyp carbon atoms to yield an aromatic alkylate. The

25  alkylate is sulfonated to fomﬁ an alkylaromatic sulfonic acid which is then neutralized
with caustic thereby producing a sodium alkylaromatic sulfonate compound. The
most preferred alkylate is made by the alkylation of ortho-xylene which produces an
alkylate containing several isomers , but in which at least 90 wt.% of the alkylate is
the 1, 3, 4-ring attachment structure, having 40 to 60 wt% 2-alkyl attachment to the

30  aromatic ring (i.c., wherein the longest alky] chain is attached to the aromatic ring at
the 2-position on the alkyl chain), preferably 45-55 wt% 2-alkyl attachment and more
preferred about 50 wi% 2-alkyl attachment to the aromatic ring. Freferably, the

10



Acid Catalyst  Typically, the alkylated aromatic compound may be prepared using a Bronsted acid
15catalyst, a Lewis acid catalyst, or solid acidic catalysts. The Bronsted acid catalyst may be selected

from a grou%%owﬂ%wghydrochloric acid, hydrofluoric acid, hydrobromi%qﬁe}gﬁ&d%gé%cid, perchloric

acid, trifluoromethane sulfonic acid, fluorosulfonic acid, and nitric acid and referably, the
Bronsted acid catalyst is hydrofluoric acid. The Lewis acid catalyst may be selected from the group of
Ceis acids contHET SUATAEHR TR a0 At ARG b ehTas A RS ATF SO boron
trifluoride, borortheioidmitté ddkointzimpdides.afd: firetikeat Praferbinly Sthetlewid moml pafalyst is
25aluminum tricgpg'!g/e. }?la% i @ec' ' gqp/ ts g 10 acted. from a aray Somprising zeolites,
acid clays, and/or sﬂm?alum?né.q aAn%%ﬁg sgslid c’atgfygt%s%la.catﬂ)n exc _ar']geBrOesin in its acid form,
for example crosgligkedostfchicbioiliCatanistumil alktdiyeis sseoanigEeidlieetiem gi8ve. Eligible

molecular sgevesaneSilic@rRdRineRNsHAE: eleclar sisvgn anmetal siicaralmingphosphate
molecular sieves, in which the metal mag be, for exam‘%e, iron, cobalt or nickel, Other suitable

examples of soliS° RS ARAIPLHI RLLSSIUITIG 2 BSAIT NS P IYPEES RBidR 7 herein
incorporated by saierencéirdihatBiarsiedbaatd Cataly st opaybirdde neiatedmfieoithecanas

deactivated (i.., 16 2ERIPNRLBRSIG 3 AfsomeARIRn. af b salaly gty Methods that are
well known in the art may be used to régenerate the acid catalyst, tor example, hydrofluoric acid.
Process for Preparing the Alkvlated Aromatic Compound 10The alkylation technologies used to

produce thegprimarysutfeciant aligylate will include Bronsted and/or Lewis acids as well as solid acid

catalysts utilized in"a batch, semi-batch or continuous process operating at between from about O to
about 300 degrees Celsius. 15 The acid catalyst may be recycled when used in a continuous process.

The acid catalyshmaysthasesyelas @bragrnaratadivnes sEadrxe: RalspoRrIsess Yeak@inuous
process. . . . . .
the alkylation reaction in the present invention. Preferably the at least one aromatic
compound or the aromatic compound mixture comprises at least one of monocyclic
15  aromatics, such as benzene, toluene, xylene, cumene or mixtures thereof. More
preferably, the at least one aromatic compound or aromatic compound mixture is
xylene, including all isomers (i.e., meta -, ortho- and para-), and mixtures thereof.

Most preferably, the at least one aromatic compound is ortho-xylene.
20 Sources of Aromatic Compound

The at least one aromatic compound or the mixture of aromatic compounds employed
in the present invention is commercially available or may be prepared by methods that
are well known in the art.

25

Olefins

The olefins employed to make the primary surfactant of the present invention may be
derived from a variety of sources. Such sources include the normal alpha olefins,

30 linear alpha olefins, isomerized linear alpha olefins, dimerized and oligomerized
olefins, and olefins derived from olefin metathesis. Another source from which the

olefins may be derived is through cracking of petroleum or Fischer-Tropsch wax. The

11



In one embodiment of the present invention, the alkylation process is carried out by 20reacting a first
amount of at least one aromatic compound or a mixture of aromatic compounds with a first amount of

a mixture oflefip,seLpEuUnds in the presence of a Bronsted acid catalyshspeR.agyegirfluoric acid, in
a first reactor in which agitation is maintained, thereby producing a first reaction mixture. The resulting

irst reaction gt S HSIG i\ 15 AUIFP0 AR MRS BHEIABKUURIR IO tme 25sufficint

to convert the oletin to aromatic alkylate (I’e., a first reaction product). After a desired time, the first

reaction produéeisacsrinsieds plsfnsicrned Strsm prspdin Ashrdrograatiap sid PNERIFHHENRM the first

reaction producljisiigacieiomith Aeradditianal ampsetiehasdeast nedmsshaticieeyapaund or a mixture
of aromatic compounds and an additional amount of acid catalyst and, optionally, with an 30additional

amount of a miktre of olefin compounds wherein agitation is maintained. A second reaction mixture
results andis held in a second alkylation zone under alkylation conditions for a time sufficient to

convert the olefin to aromatic alkylate (i.e,. a secon re tf;%"él dugtl:fheseeapdfeaction product is
fedto a quuid-ll%u(f es%%ggr%a or lt% gﬁfoav{/ol&&a lr%g%'r gﬁl??.e?%rgan%? prodljcts to separate from the acid
catalyst. The ackiwatalybt viafitsd ¥Neeberrainiediutotsfn eptIesstPBbPEfeieb iy ioKydrocarbon

product is further treateddg eV aRXGeRSHERsasashargalicRsamBarngs,and deptionally, olefinic
compounds from the desired alkylate product. The excess aromatic compounds may also be recycled

to the reactor(syrifR%hSHEF BB iBent of the present invention, the reaction takes place in more
than two rgactors which are located in series. Instead of feeding the second reaction 10product to a

liquid-liquid separator, tg%ﬁ%gond reaction product is fed to a third reactor wherein the second reaction
product is reac Yt ional amount of at least one aromatic compound or a mixture of
aromatic compounds and an additional amount of acid catalyst and, optionally, with an additional

amount of & migiy(e f pleff oAU S!S ANURNOR: miBaaRes f i sheaagiion mixture

results 15and is held in a t alkylation'’zone under alkylation conditions for a time sufficient to
convert the olefiveERteBRTARERIRGTISIEIY &vallphie o KRS PERIGRILDY PREPLsHBALHRY place in as
many reagtors ageeesaanN;{o obtain the desired alkylated aromatic reaction product. 20The total
charge mole ratio of Bronsted acid catalyst to the olefin compounds is about

The olefins employed in this invention may be linear, isomerized linear, branched or

partially branched. The olefin may be a single carbon number olefin, or it may be a

mixture of linear olefins, a mixture of isomerized linear olefins, a mixture of branched

20  olefins, a mixture of partially branched olefins, or a mixture of any of the foregoing.

The olefins may selected from olefins with carbon numbers ranging from about 8
carbon atoms to about 60 carbon atoms. Preferably, the olefins are selected from
olefins with carbon numbers ranging from about 10 to about 50 carbon atoms, more

25  preferred from about 12 to about 40 carbon atoms.

In another embodiment, the olefin or the mixture of olefins is selected from linear
alpha olefins or isomerized olefins containing from about 8 to about 60 carbon atoms.
More preferably, the mixture of olefins is selected from linear alpha olefins or

30  isomerized olefins containing from about 10 to about 50 carbon atoms, Most
preferably, the mixture of olefins is selected from linear alpha olefins or isomerized

olefins containing from about 12 to about 40 carbon atoms.

12



1.0 to 1 for the combined reactors. Preferably, the charge mole ratio of Bronsted acid catalyst to the
olefin compounds is no more than about 0.7 to 1 in the first reactor and no less than about 0.3 to 1 in

the second e total charge mole ratio of the aromatic compo in. compounds
Rﬁé‘*‘z@g}"w 4 /%f%E b5 0856 1%

is about 7.5 to | for the combined reactors. Preferably, the charge mole ratio of the aromatic compound
to the olefin compounds is no less than about 1.4 to 1 in the first reactor and is no more than about 6.1
to 1 in the second reactor. 30Many types of reactor configurations may be used for the reactor zone.

These include, bihcaraxtgelirhheadedeidinairdrdermbotriestiddtprank veddiossy hiskownyrbser
configurations, %ﬂ%@g&@@;@gﬁ}gﬁgr %ﬁ&@@ﬁﬁﬁﬁ&ﬁ%&ﬁﬁ%@&%@%ﬁ:}&%&?ﬁ%@” known in the art.

Many such reactors are known to those skilled in the art and are suitable for the alkylation reaction.

Agitation is critici#8Pge aEpahisrestHsa- dsefahinehsBuides Bl onrdag AsPanésithath or without
baffles, statg miyeisylkikellanbsR G BuisRIfs UL O mbitaiemheryices that are well known in the

art. 5 The alkylafio cess may be carried out at temperatures from about.0C to about 100C. The
process is carrieaz% eoﬁ]{%é?"fdéres{g %rlé)rﬁ bq%t gﬁ%%%ff gsgﬁggﬁﬁ '%ﬁ(ﬁg}f%hr%?cttﬁoenf@é’?ﬁ %?r‘nlﬁonents

remain in the ligaick phasee Wp@xz&iw,aa)mm@mg snofe(_dtmi ﬁ@ﬁlpﬁ@lﬁ hat_is@ﬁmwhwna_iu_xain feed and
products in the ligd ghaseLAThE. 1SRG Amada. edeagionis e atsisxffigent to converta

substantial portion of the olefin to alkylate product. The time required out 30 seconds to
about 30 minute¥!g¢igsorerprelefies hainedranirheuntyipa pbarbYteRsResKifiEgUls the art using

batch stirreg tankiesasiors Ao naasidentharkinasierfthecalkyiatieniresessyitg The atdgast one
aromatic compoxggpogmix @rgﬂ f aromatic corg(%%ggds and the olefin compounds may be injected

separately into the Fe2&tbn Br AL BE ffior to injection. Both single and multiple reaction
zones may be used with the injection of the aromatic compounds and the olefin compounds into one,

several, or all reacfion gzongs ThaieRelon zonsancat 1ekks mal'angd alihe same process
conditions. The hydrocarbon feed for the alkylation précess may comprise a mixture ol aromatic

compounds anduiggis i poaitsih aridichtthestnibkalidgidabiarpheribly druipo berds aoeatstals is from
about 0.5:340 aboul50d. Armeuge DS LASENDAIS 1S MOLAGLIIA Q2 FBRatiGIFOmPQAdS to olefin is

> 1.0to 1, there is an excess amount of aromatic 25 compounds present. Preferably an excess of
aromatic compofFi¥TsRa&PlE vt elsse Wi BRerA ISP IS pro B et b8 ANt. When excess
aromatic componneCald UGEBOth ¢, 880RSs, tiskeasted aroniatis Artha yeastarefiuerycan be

separated, e.0. Ry HlaR A SRFE AR SR AT Y SRRl AL AR S Y (opgte
NU-23, NU-87 and natural or synthetic ferrierites. These molecular sieves are well
20 known in the art and are discussed in Rosemarie Szostak’s Handbook of Molecular
Sieves (New York, Van Nostrand Reinhold, 1992) which is herein incorporated by
reference for all purposes. A liquid type of isomerization catalyst that can be used is

iron pentacarbonyl (Fe(CO);s).

25  The process for isomerization of normal alpha olefins may be carried out in batch or
continuous mode. The process temperatures may range from about 50°C to about
250°C. In the batch mode, a typical method used is a stirred autoclave or glass flask,
which may be heated to the desired reaction temperature. A continuous process is
most efficiently carried out in a fixed bed process. Space rates in a fixed bed process

30  canrange from 0.1 to 10 or more weight hourly space velocity.



The alkylaromatic product prepared by the process described herein is further reacted to form an
alkylaromatic sulfonic acid and then the corresponding sulfonate. 5 Sulfonation Sulfonation of the

alkylaromatig,goippeRusg nay be performed by any method known to onegfopdipaiyskilkin the art.
The sulfonation reaction is typically carried out in a 10continuous falling film tubular reactor maintained

at about 45C to TeUEACe it Al MBI FAMROUDNF Dlagein e saglor glgn with sulfr

trioxide diluted with air thereb roducing an alkylaryl suffonic acid. Other su onation reagents, such
as sulfuric acid, eptivasdiffotiicdald SR A @dsrdy 23S6 Bedehvsroyer oPferentbiyethe

alkylaromatic comﬁ%umxiﬁestaﬁeoﬁsﬂ withestiifiitio sidadidaiachwithhA sainy The &hatge mole ratio of

sulfur trioxide to late is maintained at about 0.8 to 1. utralization of Alkylaromatic Sulfonic

1N
Acid 20NeutraliZZSIF O E GROMISPRERBH 2 din s/ éhEé’rlﬁga Bietedreshirofrsectich process
by any method Kiiexwaaaoa @ieison chitteciip thepartitt proshutedlisptacyl2dltetiess dolpically, an
alkylaryl sulfonic.acid.is neutralized with a source of alkali or alkaline e metgl or ammonia, thereby
producing an alky acrgﬁssutf%%afé?%ﬁ(ﬁé%%/ﬁt S@%%%%Eé(%{seglﬁbzﬁﬂ% 'hata eléf’sng;& rﬁ%lrle preferably, the
source is an alkalisgBmtoal (vydrarldelsimhets bigtinointenia dlefisddiavhstipdrdodior gudtassium

hydroxide. The GartilacaphiH%ERBANERY AlfaRAY BN I RualanRLNG pragseMdnvention also

contains a seconda gy co-surfactant. The secondary co-surfactant has the general formula: R.4-S03X

5 wherein R4 is 8?f‘rl%ﬂ%ﬁﬁﬁﬁ’@?b%ﬁ%@%fﬁ%ﬁﬁﬁfﬁ% R4t b8t ms, and

having from@bout B@dendEweight percent branching, and containing one or more olefin or alcohol
moieties or mixtures thereof; and X is a mono-valent cation. In one embodiment, X is an alkali metal,
ammonium or substituted ammonium.

Acid Catalyst

Typically, the alkylated aromatic compound may be prepared using a Bronsted acid

15 catalyst, a Lewis acid catalyst, or solid acidic catalysts.

The Bronsted acid catalyst may be selected from a group comprising hydrochloric
acid, hydrofluoric acid, hydrobromic acid, sutfuric acid, perchloric acid,
trifluoromethane sulfonic acid, fluorosulfonic acid, and nitric acid and the like.

20  Preferably, the Bronsted acid catalyst is hydrofluoric acid.

The Lewis acid catalyst may be selected from the group of Lewis acids comprising
aluminum trichloride, aluminum tribromide, aluminum triiodide, boron trifluoride,
boron tribromide, boron triiodide and the like. Preferably, the Lewis acid catalyst is

25  aluminum trichloride.

The solid acidic catalysts may be selected from a group comprising zeolites, acid
clays, and/or silica-alumina. An eligible solid catalyst is a cation exchange resin in its
acid form, for example crosslinked sulfonic acid catalyst. The catalyst may be a

30  molecular sieve. Eligible molecular sieves are silica-aluminophosphate molecular

sieves or metal silica-aluminophosphate molecular sieves, in which the metal may be,



10 Examples of substituted ammonium include ammonium independently substituted with from about
1 to about 4 aliphatic or aromatic hydrocarbyl groups having from about Ito about 15 carbon atoms,
sgch as alkxlw?%hg I I anq aralkyl, and optionglly having one or mo.reé}gtxt%&%%(r&sﬁych as
nitrogen, oxygen or sulfur, which may be present in aliphatic or aromatic héterocyclic rings. Examples
of suitable 15heterocyclic, ring substituents inclu rrol rrolidine idine, pyrimidine, pyrazole,
midazole and qU ST e Moty SR < e A& e SR e o
moiety through asatsolestbim ihIhBatwta¥ocydR3 458, whith ashierarGrpyrinyitsdbstittitecheenmonium,
or, alternatively, the quaternary ammonium nitrogen itself may be a nitrogen atom in the heterocyclic
ring, such as in 20a pyridinium ion. The secondary co-surfactant employed in the present invention is

an isomerized ol&hf diarsisd e fosiasidaa P eresurGirtiohcoitdssemsiclizedvalphé e1dha (1A0) in

which the 1A is madetnaihesistnoeszatioobid2ne dianarnahaiphaalens thid Qe senreferably
C20-C28 normak(%l ha,oll%fins moséé)ref rtred CZO-CZC%ﬁnormal a&%l};ﬁoleﬁns. IF one embodiment, R.4
IR ETA A LI EBIR AhiAY hARMGLCABRT BI&fin content. 30The

is derived from ap ‘F‘ﬁla]ﬂly
1A0 comprises fhyrhabouick2itb about 40 carbon atoms, more preferred from about 20 to about 28

carbon atoms aq;}m,gtf&r@i%@glgg{p gll?&}gt gig i?oﬂﬁ‘f’ig't?o% %gmﬁn atoms. The TAO is composed of
between from about 20 t0 about 9 ® branching, prefera rom about 45 to about 80 wt%

branching and most preferred from about 60 to about 70 wt% branching and between from about 0.1

to about 30iwt% TesilkakBairRaralatipicpraierabirdatvarnpiiam-abow Oad ia18hautQ wt% residual

alpha olefin and most preferably between from about Q.5 to about 10 wt% residual alpha olefin
species. In one &RBIEiRTERTIGH ANKEF iLedsAsitet siclar s AT co oSSR APRESt 10about
9% residual alphamaldfinciand:baing fspraboupattinabbeid4catioataiams ka@anatier embodiment,
the IAQ is compocf,ed gf eg Iselgsst about 65% branching, at least about 0.2-0.5% residual alpha olefin and
having from about20 to algout' 24 carbon atoms. 15In one embodiment, when the percent branching in
the partially isomerized alpha olefin is less than or equal to 25 weight percent, then the residual alpha

olefin conteat in sHehRactiallyssamasized,2leha AR SrealekitAN A Ea1al FaB.Wgight percent.

catalyst may be recycled or regenerated when used in a batch process or a continuous

process.

In one embodiment of the present invention, the alkylation process is carried out by

20 reacting a first amount of at least one aromatic compound or a mixture of aromatic
compounds with a first amount of a mixture of olefin compounds in the presence of a
Bronsted acid catalyst, such as hydrofluoric acid, in a first reactor in which agitation
is maintained, thereby producing a first reaction mixture. The resulting first reaction
mixture is held in a first alkylation zone under alkylation conditions for a time

25  sufficient to convert the olefin to aromatic alkylate (i.e., a first reaction product).
After a desired time, the first reaction product is removed from the alkylation zone
and fed to a second reactor wherein the first reaction product is reacted with an
additional amount of at least one aromatic compound or a mixture of aromatic
compounds and an additional amount of acid catalyst and, optionally, with an

30 additional amount of a mixture of olefin compounds wherein agitation is maintained.
A second reaction mixture resuits and is held in a second alkylation zone under

alkylation conditions for a time sufficient to convert the olefin to aromatic alkytate



In one embodiment, when the percent branching in the partially isomerized alpha 20o0lefin is greater
than or equal to 15 weight percent, then the residual alpha olefin content in such partially isomerized

alpha olefin {segg.ihaRser equal to 15 weight percent and when the percgpthrenghingdn the partially
isomerized alpha olefin is less than or equal to 15 weight percent, then the residual alpha olefin

content in such Ragiall iAMRIzadARARIC R SARAlRRAAN Aaaal A Yridhi Retse. 25

Typically, the normal alpha olefins are isomerized as described hereinabove. Sulfonation

30Sulfonation of FRSTAARY HiAY B Balientrd BycaryeanthBEPRHONMS fsreracof rtihangidkill in the art to

produce an IAO suifopic arichindernediainyTheayiRRatonRAGIAR)SIDPDItabI tespedeputina
continuous falling film tubular reactor maintajned at apout 30C to about 75C%he charge mole ratio of
sulfur trioxide to USRS HFRFRARIGES! SHOUPE BRI FerBHR EFSTRAEETRAABERRE such as sulfuric

acid, chlorosulfonien@oichdy mulfaptioradiy, bludyiatembeuedsfloyetheRkaiarablyythe nsaivnarized alpha
olefin is sulfonat ' I tripxi i ith air., . .Th t the sulfonation process
?ﬂg’ﬁ%%y H#bxﬁofgg %2”%%%%‘% (})9{%\{ NG be rec E‘Qﬁﬁﬁe JEQ&%@G

may then be therm Igeste eutralization o someri Alpha Olefin Sulfonic
Acid Neutralization of the IAO sulfonic acid may be carried out in a continuous or batch process by any

method known toraspeieeRmkilamhinthemstiekredieaibe, IS edRitaiespRGsliani-acid is

neutralized with a source of alkali metal, 15ammonium, or substituted ammonium. Preferably, the

source is an alkdW TSI BASIRRSYE [rsrBigetine Wttt et Mraiieiraaihifdrsiofe, such as but
not limited 16, sopiwndnysladiqdeldiguidassisntyhscxidad Aadibie grabosds sdfenationt of the TAO may
be followed by ﬂ'}ggc cgirl v(xjfi%?esz'%izqgeasggotrbde reaction product is reacted with an additional amount of at

least one aromatié compound or a mixture of aromatic compounds and an additional

amount of acid catalyst and, optionally, with an additional amount of a mixture of

olefin compounds wherein agitation is maintained. A third reaction mixture results

15 and is held in a third alkylation zone under alkylation conditions for a time sufficient
to convert the olefin to aromatic alkylate (i.e., a third reaction product). The reactions
take place in as many reactors as necessary to obtain the desired alkylated aromatic

reaction product.

20 The total charge mole ratio of Bronsted acid catalyst to the olefin compounds is about
1.0 to 1 for the combined reactors. Preferably, the charge mole ratio of Bronsted acid
catalyst to the olefin compounds is no more than about 0.7 to 1 in the first reactor and

no less than about 0.3 o 1 in the second reactor.

25 The total charge mole ratio of the aromatic compound to the olefin compounds is
about 7.5 to 1 for the combined reactors. Preferably, the charge mole ratio of the
aromatic compound to the olefin compounds is no less than about 1.4 to 1 in the first

reactor and is no more than about 6.1 to 1 in the second reactor.

30 Many types of reactor configurations may be used for the reactor zone. These include,
but are not limited to, batch and continuous stirred tank reactors, reactor riser

configurations, ebulating bed reactors, and other reactor configurations that are well



20resulting product is then neutralized with caustic, and optionally followed by hydrolysis with caustic.
The resulting sodium isomerized olefin sulfonate (105) is composed of between from about | to about
70 wt% alcqbal ium.sulfonate. In one embodiment, 10S is composed p &%Q’i{ om about 5 to
about 35 W%/Do8 %% cﬂgé%%dium sulfonate species with the remainder of thepéo ium s!u onate species

being the 25 sodjum olefin sulfgnate species..In another emb gim Nk tée I%%i 0 sed of between
from about 35 tgcg%%ﬁtl%ﬁm%qg%n %‘F%o%crtr? "é&ﬁ%%‘égté"%g%gfeéewnh% énremgiin%qegrn_o? the sodium
sulfonate speciesHseififohthsathulatiolefiidigfoiaitatipetiesitical lipiohe dinbuitintenttitvardutralized

isomerized alpha qlgfinsuiinale J&&Hﬁ%}ﬁgg{l}ygr&wsﬂ‘w{ﬁa&%ﬁ@& Wit regerd igMsdn the primary

surfactant and X in the co-surfactant, are independently mono-valent cations, and preferably

are independentfi¥ER BEHFHRF ARaNhseaaitiARsYIGH BRbrEtBE SRS BARHHSATm. 5 The Solvent
Suitable solgentgiemplopaddniba fraseridoxerigiaaalfRfes hemaboWETcry Bigsmchain alcohols

like | | al |, n-propyl alcohol, n-butyl alcohol, sec-butyl alcohal, n-amyl alcohol,
co-amy aeonol UL R AHHDI SERE SR ATLANIoT TESTRS, kAo SRR PO Bkyione

alcohol ethers, pﬁlyfzd_lfytdrwrgt;mm,sWMIMWST}@M@(W%M)@MI;S@IMB or any
other common Oé?%qgc%&gyt%&rtg%gmﬁﬁp%a 9111035%5\’1" Qh %grquﬁpilt\é%gg% The Passivator Typically,
pfoyed In sa

the passivator e e present invention Is an alkall meta . Preterably, the alkali metal salt
is a base, such as an alkali metal hydroxide, carbonate or bicarbonate, including, but not limited to,

sodium caripnatehSREigiRcR ISR RNA BT MV e, RPtRSSID flxidabithiym hydroxide and
the like. The Polymer PH(}ngmers such Es those comnﬁ)nly emplayed, for enhanced oil recovery, may be

included to contRSTHHE OB OP it KRR ASBRtoRT SHERTIBIA L LhRIARR BHES2RYE not limited
to, xanthan gumygpesial B0 hyidito bz ecnpety preikantid dentlel BéAkhan deodpotyrinedshefihose
2-acrylamido-2-methylpropane sulfonic acid and/or sodium salt and pglyacrylami PAM) commonly
referred to as A@B@%ﬁ%ﬁirﬁﬁs éigﬁ;?g#lvrﬁ%?gﬁ?sk fRﬁSvS)rgft?hrgeg?)ﬁg%%{s%%%}gcé ?go%ﬁﬁ(' about 10,000
daltons to about@yBOOIOPO®atons. Polymers are used in the range of about 500 to about 2500 ppm
30 concentygtion, preferably from about 1000 to 2000 ppm in order to match or exceed the reservoir oll

viscosity under the reservoir conditions of temperature and pressure. Enhanced Oil Recavery
%R}Aeast one aromatic compound or mixture of aromatic compounds and the olefin

Surfactant Formu
compounds may be injected separately into the reaction zone or may be mixed prior to
injection. Both single and multiple reaction zones may be used with the injection of
the aromatic compounds and the olefin compounds into one, several, or all reaction

20 zones. The reaction zones need not be maintained at the same process conditions.
The hydrocarbon feed for the alkylation process may comprise a mixture of aromatic
compounds and olefin compounds in which the molar ratio of aromatic compounds 1o
olefins is from about 0.5:1 to about 50:1 or more. In the case where the molar ratio of
aromatic compounds 1o olefin is > 1.0 to 1, there is an excess amount of aromatic

25  compounds present. Preferably an excess of aromatic compounds is used to increase
reaction rate and improve product selectivity. When excess aromatic compounds are

used, the excess un-reacted aromatic in the reactor effluent can be separated, e.g. by

distillation, and recycled to the reactor,

17



The enhanced oil recovery surfactant formulation used in the recovery of oil in reservoirs, by the use of
surfactant flooding techniques, comprises a primary 5surfactant, a secondary co-surfactant, a solvent,
a passivator ﬂ? %%ger in an aqueous solution. Typically, the aqueo pgi rises from
about 500 to a %ﬁ?% ,000 ppm total dissolved solids. Preferably, the forurfl?ﬁﬁllg |ot%18§/§§{ey OR

104.0 weight percent actives of the primary surfactant,

surfactant comp@ses fr9m ap%g q.5 ﬁosaﬁout
from about 0.1 to%%gv%?&h({’pwcye%cﬁﬁg%? the secondary co-surfactant, from about 0.5 to about

6.0 weight percent of the solvent, from about 0.3 to about 1.0 weight percent of the passivator and

from about 500 t%%@%&psnn%éfgﬁomurpﬁf)a?éwmfﬂm@éBe@&@ga@,@mlﬁﬁ%&@m@ing from
about 500 to about 10,000 ppm total dissolved solids. 15 More preferred, the formulation of the EOR

surfactant comp?&é@“ﬂ@ﬁw%&ﬁ??ﬁ‘&sﬁ%ﬁfﬁfﬂw BeR VRS SR PHiRasPYaraEtant, from about 0.3
to about 2.08v% actives of the secondary surfactant, from about 1.0 to about 4.0 wt% of the solvent,
from about 0.5 t%u@g#attgh% wt% of the passivator and from about 1000 to about 203000 ppm of the
polymer, all of an aqueous solution containing from about 1000 to about 10,000 ppm total
dissolved solids. Most preferred, the formulation of the EOR surfactant comprises about 1.5 wt%

actives of the prigiapysHERGIAL AW ARHYRS.HBE gﬁﬂ%ﬁ%@g&ﬁé@w@%%wt 3

wt% of a solvent, about 0.85 wt% of a passivator and about 1500 ppm of a polymer, all of which are in

an aqueous solutfceShRIMEPSH K86 ET0EhCE HBBRHAID SRS B SIS SSTFEP YOS Process
of Making the EnhatiseshOfhiRegcavanufusactanmoandlatien: 38.lhesenhaness o§wecpmery surfactant

formulation of the present invention is, prepared by a process of mixing. WO, =

2009/058589P COES 0B TET I pHACER "SI ACISIY HISRg e i v e
with air thereby producing an alkylary! sulfonic acid. Other sulfonation reagents,
such as sulfuric acid, chlorosulfonic acid or sulfamic acid may also be employed.
Preferably, the alkylaromatic compound is sulfonated with sulfur trioxide diluted with

15 air. The charge mole ratio of sulfur trioxide to alkylate is maintained at about 0.8 to
1.1: 1.

Neutralization of Alkylaromatic Sulfonic Acid

20 Neuitralization of the alkylaryl sulfonic acid may be carried out in a continuous or
batch process by any method known to a person skilled in the art to produce alkylaryl
sulfonates. Typically, an alkylaryl sulfonic acid is neutralized with a source of alkali
or alkaline earth metal or ammonia, thereby producing an alkylaryl sulfonate,
Preferably, the source is an alkali metal base; more preferably, the source is an alkali

25  metal hydroxide, such as but not limited to, sodium hydroxide or potassium

hydroxide.

The Co-Surfactant

30 The enhanced oii recovery formulation of the present invention also contains a

secondary co-surfactant.



RI R2 R3 wherein R1 is hydrogen or an alkyl group containing from about 1 to 3 5carbon atoms; R_2
Is hydrogen or an alkyl group having from about | to about 3 carbon atoms; R3 is an alkyl group having

from about &g ahowihscarbon atoms, and M is a mono-valent cation; pcrustRdsdhsgseNdary
co-surfactant having the general formula: 10 RA-S03X wherein RA is an aliphatic hydrocarbyl group

having from abo%%é@gﬂﬁ’&%%%&%@&ﬂ{%%’ﬁ% &ragrgﬁ%ilqgquqm about 20 to 98 weight percent

15branching, and containing’one or more olefin or alcohol moieties or mixtures thereof; and X is a _
mono-valent cation; (c) a solvent; 20(d)a passivator; and (e)a polymer. Other embodiments will
be obvious to thgsgsskilked in the art. 25

5  wherein R4 is an aliphatic hydrocarbyl group having from about 12 to about 40 carbon
atoms, and having from about 20 to 98 weight percent branching, and containing one
or more olefin or alcohol moieties or mixtures thereof; and X is a mono-valent cation.

In one embodiment, X is an alkali metal, ammonium or substituted ammonium.

10 Examples of substituted ammonium include ammonium independently substituted
with from about 1 to about 4 aliphatic or aromatic hydrocarbyl groups having from
about | to about 15 carbon atoms, such as alkyl, aryl, alkaryl and aralkyl, and
optionally having one or more heteroatoms, such as nitrogen, oxygen or sulfur, which
may be present in aliphatic or aromatic heterocyclic rings. Examples of suitable

15 heterocyclic ring substituents include pyrrole, pyrrolidine, pyridine, pyrimidine,
pyrazole, imidazole and quinoline. The heterocyclic ring substituent may be
substituted on the ammonium moiety through a carbon atom in the heterocyclic ring,
such as in a C-pyridyl-substituted ammonium, or, alternatively, the quaternary
ammonium nitrogen itself may be a nitrogen atom in the heterocyclic ring, such as in

20 apyridinium ion.

The secondary co-surfactant employed in the present invention is an isomerized olefin
sulfonate {I0S) made by the sulfonation of an isomerized alpha olefin (IAQ) in which
the JAQO is made by the isomerization of C3-Cqp normal alpha olefins (NAO),

25  preferably Cy9-Cyg normal alpha olefins, most preferred Cap-Cas normal aipha olefins.

In one embodiment, R4 is derived from a partially isomerized alpha olefin containing

a residual alpha olefin content.

30 The IAO comprises from about 12 to about 40 carbon atoms, more preferred from
about 20 to about 28 carbon atoms and most preferred from about 20 to about 24

carbon atoms.



The following examples are presented to illustrate specific embodiments of this invention and are not
to be construed in any way as limiting the scope of the invention. 5 Example 1 Blend of Primary

Surfactant, rfactant and Ethyleneglycol Mono n-Butyl Ether. aker fitted
%?9@ Akess! pE%sg%@%_

with a mechanical stirrer and a thermocouple connected to a 10hot plate was added 85.0 grams of the
primary surfactant from Example 4 followed by 31.3 grams of the secondary surfactant from Example

7 with stirring (500 rpm) at 40 C. To this stirring solution was then added 133.7 grams of
ethyleneglycol mbol ABLS fatResqé BEdipae iR abawalP Chepie 2B Ay Mngl the resulting

mixture was maiq@%@i&%@%%@&ﬂ Fykeshas 3boveforA0mitesREbAGRIRd 1PoiRQBbut
15temperature. This mixture had the foIIuowjfré%acomposition an%}g)& erties: 26.8 wt % active primary

surfactant, 8.9 wR090 4RaVE’Sc¥hlERFAng ARt P AT ST AP ineheu RSt BEgR ono ether;
Viscosity = 23.6 giph4408tih, bieTe Dy 60 &derf ol 002 @ 2bpacit eviranityd (hbApwt §19fm = 0.97,
Density = 0.95 gm/ml at 40 sity = 8.1 Ibs/gall t 15 C, Water,conten roximately 4-5 wt. %,
o 2001 1t % i LR R T i 5t Sttt ST AGT I Do,
PMCC ). Exampkpi25Preparation of Alkyl ortho-Xylene Alkylate To a 4 liter, glass reactor fitted with a
mechanical stirrer, thermocouple, solids addition funnel, 1 liter addition funnel and an ice water cooling
bath was added 1000 grams (9.4 moles) of ortho-xylene. To the reactor was then added 56.0 grams

(0.42 30moles) SRSHiFRRAAIMERH tichidrideeronerted Hpti Ao th B ombredyies.déishized water
while maint@iningib& reacteidiempsiatileeatab ol ind Gon a5h B gams{20R0¥INatelys2.09 moles)

of a normal alpha-olefin (NA ixture c n?inin the fqllowi ercent of NAO fractions obtained
from Chevron Pt?ﬂll%lso %grﬁ%}géé?mﬁi%‘ﬁ% S %\?8,"95 (% OF ISt 250t 6% branc ing, al teast
about 0.2-0.5% residual alpha olefin and having from about 20 to about 24 carbon

atoms.

16 In one embodiment, when the percent branching in the partially isomerized alpha-
olefin is less than or equal to 25 weight percent, then the residual alpha olefin content

in such partially isomerized alpha olefin is greater than or equal to 8 weight percent,

In one embodiment, when the percent branching in the partially isomerized alpha

20  olefin is greater than or equal to 15 weight percent, then the residual aipha olefin
content in such partially isomerized alpha olefin is less than or equal to 15 weight
percent and when the percent branching in the partially isomerized alpha olefin is less
than or equal to 15 weight percent, then the residual aipha olefin content in such
partially isomerized alpha olefin is greater than or equal to 15 weight percent.

25

Typically, the normal alpha olefins are isomerized as described hereinabove.
Suifonation

30 Sulfonation of the IAO may be performed by any method known to one of ordinary
skill in the art to produce an IAQ sulfonic acid intermediate. The sulfonation reaction

is typically carried out in a continuous falling film tubular reactor maintained at about

20



dh, C12 4.4 Cl4 25.6 C16 19.4 C18 14.3 C20-24 22.5 C24-28 8.7 C30+ 5.1 This NAO b_Ien_d _
contained the following carbon number distribution calculated from the carbon number distribution

present in egeh. of She NAO fractions: PCT/US2008/081616

30°C to about 75°C. The charge mole ratio of sulfur trioxide to olefin is maintained

atabout 0.3 t0 1.1: 1.

Other sulfonation reagents, such as sulfuric acid, chlerosulfonic acid or sulfamic acid
S  may also be employed. Preferably, the isomerized alpha olefin is sulfonated with

sulfur trioxide diluted with air.

The product from the sulfonation process may then be thermally digested by heating.

10 Neutralization of the Isomerized Alpha Olefin Sulfonic Acid

Neutralization of the IAO sulfonic acid may be carried out in a continuous or batch
process by any method known to a person skilled in the art to produce the 108,
Typically, an IAO sulfonic acid is neutralized with a source of alkali metal,

15 ammonium, or substituted ammonium. Preferably, the source is an alkali metal base;
more preferably, the source is an alkali metal hydroxide, such as but not limited to,

sodium hydroxide or potassium hydroxide.

As noted above, sulfonation of the IAO may be followed by thermal digestion and the
20  resulting product is then neutralized with caustic, and optionally followed by
hydrolysis with caustic. The resulting sodium isomerized olefin sulfonate (I0S) is
composed of between from about 1 to about 70 w1% alcohol sodium sulfonate. In one
embodiment, [0S is composed of between from about 5 to about 35 wt% alcohol
sodium sulfonate species with the remainder of the sodium sulfonate species being the
25  sodium olefin sulfonate species. In another embodiment the [0S is composed of
between from about 35 to about 60 wt% alcohol sodium sulfonate species with the

remainder of the sodium sulfonate species being the sodium olefin sulfonate species.

In one embodiment, the neutralized isomerized alpha olefin sulfonate is further

30  hydrolyzed with caustic.

21



Carbon Number C12 C14 C16 C18 C20 C22 C24 C26 C28 C30+ Weight Percent 4.5 25.5 19.5 14.5
9.08.06.53.53.06.0 To approximately half of this warm (65 C) NAO blend was added approximately

60 grams ofyepmyiamrgsature (25 C) ortho-xylene . This NAO/ortho-xylepgrigigRiazWwas charged
to the addition funnel and then added to the reactor dropwise with stirring (approximately 250 rpm)

over 57 minutes Wik JBAIIBINING theFaastotIRTRSAIMISORINERD- ARPIOXIMAEI LR H8C with the ice

cooling bath. To the remaining warm warm {65 C) NAO blend was added approximately 60 grams of

room temperatu @?%@B%H‘?&ﬁe%eﬁhﬁ%%j’@ﬂ iR b ditfodertmdeatiy westeddiheh added to

the reactor dropwige!iovefaBQiminuesvdridiesubainiaio iigribai@actor temperature between approximately
15 -18C with the ice cooling bath. The reaction was held between approximately 15 -18C for 1 hour

with the ice cooling bath and
5  The Solvent

Suitable solvents employed in the present invention are alcohols, such as lower
carbon chain alcohols like isopropyl alcohol, ethanol, n-propy! alcohol, n-butyl
alcohol, sec-butyl alcohol, n-amyl alcohol, sec-amyl alcohol, n-hexyl alcohol, sec-
10 hexyl alcohol and the like; alcohol ethers, polyalkylene alcohol ethers, polyalkylene
glycols, poly(oxyalkylene)glycols, poly(oxyalkylene)glycols ethers or any other

common organic solvent or combinations of any two or more solvents.

The Passivator

15
Typically, the passivator employed in the present invention is an alkali metal salt.
Preferably, the alkali metal salt is a base, such as an alkali metal hydroxide, carbonate
or bicarbonate, including, but not limited to, sodium carbonate, sodium bicarbonate,
sodium hydroxide, potassium hydroxide, lithium hydroxide and the like.

20

The Polymer

Polymers, such as those commonly employed for enhanced oil recovery, may be
included to control the mobility of the injection solution. Such polymers include, but

25  are not limited to, xanthan gum, partially hydrolyzed polyacrylamides (HPAM) and
copolymers of 2-acrylamido-2-methylpropane sulfonic acid and/or sodium salt and
polyacrylamide (PAM) commonly referred to as AMPS copolymer, Molecular
weights (M) of the polymers range from about 10,000 daltons to about 20,000,000
daltons. Polymers arc used in the range of about 500 to about 2500 ppm

30  concentration, preferably from about 1000 to 2000 ppm in order to match or exceed

the reservoir oil viscosity under the reservoir conditions of temperature and pressure.

22



then quenched by pouring the reactor contents into approximately 500 grams of ice in a 4 liter beaker.
The contents of the beaker were stirred manually with a stirring rod and then approximately 150 grams
of 50 wt. % gay'eausseejum hydroxide was added to the beaker with mapyalstifiggs Mhen a white

color persisted in the beaker, the 5 contents of the beaker were transferred to a separatory funnel and

the water layer Wﬁﬁh%ﬁf?&f@ﬁ%e-gﬁ%g[%w&@{teﬁ oﬁ?ﬁiéﬂ%ﬂ washed with water until the washings were
neutral and then organic Tayer was dried over annydrous MgSO4, gravity filtered and the excess
ortho-xylene removed by distillation (1-10 mm Hg vacuum and at approximately 85 C ) to afford 617.2

grams of alkyl-xyiee.ahtaie ol sdeastiankwasrenaatad.tbaas moreteasorbict afforded 638.8,

665.8 and 654.5 grams_each of alkyl-xylepe alkylate, The four alkyl-xylene alkylates were combined
and found to havgefﬁg?gﬁbgyﬁ?&eﬁso%ﬁr%@%ﬁﬁﬁ? ’%@ﬁﬂf’ﬂgﬁﬁ’f?ﬂfzw&mt =51.6 %,

Di-Alkylate =57.2 Sdrfantiiya sécarethrspectiofeapy, OsuivdnL, 4 dsssulistiudinpelythe aramatic ring. 15
Example 3 Sulfonation, of ﬁl!@él- yl§ %ﬁl&( ate The all |-xylene alkylate from le 2 was
sulfonated in a glaasHs, water jaclﬁfag (#I,} 20 éﬁ?ﬁﬁl’%"%’&ﬁﬁ g)écr)géfg{gp r(‘Seg fZ%anl ngﬁtm%a%r}ggtctors in
series, Rl = 30 crid:fY pprogaiah digepRad=sotglsm) using SO3/Air and the following conditions: 1A0 Feed
Temperature = 50 C Reactor Temperature = 55 C 25 Air Flow = 192 liters/hr SO2 Flow -= 16 liters/hr

SO2 to 803 convgrs'on = 87 % _ Alky|ate Feed Rate = 3.8 g/minutes Charge Molar Ratio of SO3/Alkylate
= 1.00 30 In two SEPSAE SARSHERGARMS! the Fe&MHEHHRY FEmRESKS EAe abiulc erbtained had
the followingQoropgertiesp et 88:0%0B B3 brith4f AR @99 ASOduresnediyelyighhe resulting

ortho-xylene sulfgaic AFId VRS SAR°Ie 549 N R MRRIRMHE 1O BR0HS 23 MRUE% R FpkamPe 4

percent of the solvent, from about 0.3 to about 1,0 weight percent of the passivator
and from about 500 to 4000 ppm of the polymer, all of which are in an aqueous
solution containing from about 500 to about 10,000 ppm total dissolved solids.

15
More preferred, the formulation of the EOR surfactant comprises from about 1.0 to
about 3.0 wt% actives of the primary surfactant, from about 0.3 to about 2.0 wt%
actives of the secondary surfactant, from about 1.0 to about 4.0 wt% of the solvent,
from about 0.5 to about 0.85 wt% of the passivator and from about 1000 to about

20 3000 ppm of the polymer, all of which are in an aqueous solution containing from

about 1000 to about 10,000 ppm total disselved solids.

Most preferred, the formulation of the EOR surfactant comprises about 1.5 wt%
actives of the primary surfactant, about 0.5 wit% actives of the secondary co-

25 surfactant, about 3 wi% of a solvent, about 0.85 wi% of a passivator and about 1500
ppm of a polymer, all of which are in an aqueous solution containing from about 1000

to about 10,000 ppm total dissolved solids.

Process of Making the Enhanced Qil Recovery Surfactant Formulation

30

The enhanced oil recovery surfactant formulation of the present invention is prepared

by a process of mixing

23



Neutralization of Alkyl-Xylene Sulfonic Acid The alkyl ortho-xylene sulfonic acids produced in Example
3 were neutr@@;ﬁ%%&r{e separate batches (929, 530 and 589 grams ofalky|Qptarmsyigne sulfonic
acid each) in a 4 liter beaker by adding 50 wt. % aqueous sodium hydroxide to the alkyl ortho-xylene
sulfonic acid (162.1, 103 and 114.9 grams, respectively) while maintaining the temperature of the
reaction between 40 C and 66 C with vigourous mechanical stirring (approximately 1500 rpm). The
amount of aqueous soditim 1GhydkeidsuadsBathas aitheiesnes! deriste the neutralization. The
resulting sodium alkyl ortho-xylene sulfonates were combined to afford the primary surfactant with the
following properties: Activity (Hyamine titration) = 75.9%; MolecularWeight (weight average
determined by electrospray ionization' mass spectrometry) = 444; pH = 9,7 (measured on an
approximately 1 wt % aqueous solution of the sodium alkyl 150rth e sulfonate with a calibrated
pH electrode). Example 5 Isomerization of C20-24 Normal Al 20 The primary olefinic
species in Normal Alpha Olefins (NAQO's).is normally a}p@gg fin. The isomerization of NAO's over the
solid acid extrudate catalyst ICR 502 (purchased from Chevrgh Lun nnus Global) isomerizes the
alpha-olefin to other olefinic species, such as beta-olefins, internal Ins and even tri-substituted
olefins. The isomerization of NAO's over ICR 502 catalyst also inducesgkeletal 25 isomerization in
which methyl groups are introduced along the hydrocarbon chain of the isomerized alpha olefin (IA0)
which is referred to as branchi tht -olefi I I IAQ'S | nviently
monitored by Infrared spectroﬁg(tﬁr?/%;i:{ei l%ﬁg%%e‘z%n% %@%ﬁt@%@%&@%ﬁxﬁ%@%? cm-1
and the methyl -CH3 stretch befePks eappRdniREYB 78RN By FOBIRIBNEL 30(ATR)
infrared spectrometry. A calibrafign turysowasdeVRIORed Bieiween theiiparethabsergtion value at 907
cm-1 and the percent alpha-olefin d l(jer ined .b}/ quagtﬁ\tive carbon NMR to allow the quantitative
determination of the amount o%r%‘éti(g a4 Arepredetim e A Eh A by ATR infrared
spectrometry. Similarly, a calibration curve was developed between the infrared absorption value at
1378 cm-1 and the percent br ' termi ' rresponding
hydrogenated IAQ samgﬁfs (hggr%ggg\% o(hgggﬁi\%g?%{tf%&%%g %un%%ﬁ{%méﬁlgirafﬁn's in which the
normal pardffin has the longest retention time for a give carbon number) to allow the quantitative
determination of the amount of jigtiyt Sbranching present in an IAO sample by AIR infrared
spectrometry. The isomerization of C20-24 NAO (obtained from Chevron Phillips Company) was
achieved in an up-flow, steel fixed bed reactor (10/1 length to diameter ratio) fitted with a support grid
and screen at the bottom and fikectixifty approniphataly kwnariofl group having from about 12 to

about 40 carbon atoms, and having from about 20 to 98 weight percent

15 branching, and containing one or more olefin or alcohol moieties or

mixtures thereof;, and X is a mono-va}ent cation;
{c) a solvent;
20 (&) a passivator; and
(e} a polymer.

Other embodiments will be obvious to those skilled in the art.

25
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10inert balls (3 mm in diameter) on the bottom of the reactor followed by approximately 235 kg of ICR
502 and then approximately 20 cm of a mixture of inert balls (3 mm and 10 mm in diameter). The

C20-24 NAQ,Vf@gg“gy@s%éggated through a heat exchanger such that at the %@@%&wgﬂ;ﬁ or, the feed
temperature was between 203-206C at a flow rate averaging approximately iters / hr (a Weight

Hourly Space Vei%@%i?%%@é%&%ﬁ@é%% QLA &?8%53 Q REAAGE, 8308, U6HS, L A0 with the

following properties: 67. ra 0.4 % residual alpha-olefin by ATR Infrared spectroscopy;

Alpha-olefin = 0 %YERn arskengblode peasvard o voy o5, iadipstheteapslefithe 35 9% by
guantitative carbgR MNHR; Viscosity = 2.2 ¢St (100 C), 6.36 ¢St (40 C); Density = 0.7831 (50 C); Pour
Point = - 8 C; Flash Point = 80.2 C 20 (ASTM PMCC); Water = 32.4 ppm; C18 and lower = 1.1%, C20
= 38.3%, C22 32.7%, C24 = 19.9, greater than and equal to C26 = 8.0% by GLPC and SFC. Example
6 Sulfonatioh of EA@mpid Neutralization of IAO Sulfonic Acid 25 The Isomerized C20-24 alpha-olefin
(IA0) from Exampliersi whBrsudfyntethdms, ertioalafaBindgfitanreat foh fivatehjadkeled stdinigss steel ,
0.6 inch ID, 5 fedttlstg) using concurrent SO3/Air clown flow, a cyclone separator where a portion of
the acid is cooled acid and recycled to the bottom of the falling film reactor. The crude acid 30 is

optionally digestdd By paBdibepksrdiiigH wihstengslxuen! shirgen ans vabsenegumpls sprneriedr@ized by the

addition of 50 Wtnhi geueiiadir@s borarans ektaenalotdolawed ynpasalngitternekalized acid
through a high slé(ier mixer %t 85-90 C . The oIIowigr% sulfonatjon, d'%?stjo_n and neutralization

conditions were dsede 2R} P 5B TN FRYAHac s TR Xaaals LR AlireeE 98 mEd el
Temperature, C 30.803 thisAtirGonadntiations Weh%aided 133.7 grams of ethyleneglycol mono n-

butyl-ether {obtained from Eastman Chemical company) and the resulting mixture
was maintained at 40 °C and stirred as above for 30 minutes and cooled to room

15 temperature. This mixture had the following composition and properties: 26.8 wt %
active primary surfactant, 8.9 wt. % active secondary surfactant and 53.5 wt. %
ethylene glycol n-butyl-mono ether; Viscosity = 23.6 ¢St (40°C), 12.7 ¢St (60 °C),
4.04 ¢St (100 °C), Specific gravity (15 °C or 59 °F) = 0.97, Density = 0.95 gm/ml at
40 °C, Density = 8.1 Ibs/gallon at 15 °C, Water content approximately 4-5 wt. %, pH

20 (1 wi. % in water at room temperature ) approximately 9.0, Flashpoint = 73 °C
{ASTM D93, PMCC).

Example 2
25 Preparation of Alkyl ortho-Xylene Alkylate
To a4 liter, glass reactor fitted with a mechanical stirrer, thermocouple, solids
addition funnel, 1 liter addition funnel and an ice water cooling bath was added 1000
grams (9.4 moles) of ortho-xylene. To the reactor was then added 56.0 grams (0.42
30 moles) of solid aluminium trichloride followed by 7 grams (0.39 moles) of deionized
water while maintaining the reactor temperature at about 24°C . To 550.6 grams
(approximately 2.09 moles) of a normal alpha-olefin (NAO) mixture containing the

following percentages of NAO fractions obtained from Chevron Phillips Company:
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2.5 503 Reactor Loading, kg/hr-cm 0.777 MR S03/ IAO 1.0 Digestion Time (minutes) none
FLOWRATES 503 kg/hr 3.72 IAO Feed kg/hr

WO 2009/058889 POTAIS2008/081616

10

15

20

25

30

NAQ Fraction | Weight
Y

C12 4.4

Ci4 25.6

C16 19.4
Ci8 14.3
C20-24 22,5
C24-28 8.7
C30+ 5.1

This NAO blend contained the following carbon number distribution calculated from

the carbon number distribution present in each of the NAO fractions:

Weight

Carbon Number Percent
12 4.5
C14 25.5
C16 19.5
Ci8 4.5
C20 9.0
Cc22 8.0
C24 6.5
C26 3.8
C28 3.0
C30+ 6.0

To approximately half of this warm (65 °C) NAO blend was added approximately 60
grams of room temperature (25 °C) ortho-xylene . This NAO/ortho-xylene mixture of
was charged to the addition funnel and then added to the reactor dropwise with

stirring (approximately 250 rpm) over 57 minutes while maintaining the reactor

temperature between approximately 15 -18°C with the ice cooling bath. To the

remaining warm warm (65 °C) NAO blend was added approximately 60 grams of
room temperature (25 °C) ortho-xylene and charged to the addition funnel and then
then added to the reactor dropwise over 30 minues while maintaining the reactor
temperature between approximately 15 -18°C with the ice cooling bath. The reaction

was held between approximately 15 -18°C for 1 hour with the ice cooling bath and
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13.978 5The following properties of the intermediate isomerized alpha olefin sulfonic acid (TAO
Sulfonic Acid) and the corresponding sodium salt (I0S Sodium Salt) following neutralization were

obtained: IAQ SulioRigAsId Properties Acid Number RSO3HH2504(mg KgH (;esmsadivm 10S
Properties HyamineHydroxy ActivitySulfonate Free Base (%) (%) of Sample (%) (%) pH (%)

then quenched by pouring the reactor contents into approximately 500 grams of ice in
a 4 liter beaker. The contents of the beaker were stirred manually with a stirring rod
and then approximately 150 grams of 50 wt. % aqueous sodium hydroxide was added
to the beaker with manual stirring. When a white color persisted in the beaker, the
5  contents of the beaker were transferred to a separatory funnel and the water layer was

separated. The organic layer was then washed with water until the washings were
neutral and then organic layer was dried over anhydrous MgSO04, gravity filtered and
the excess ortho-xylene removed by distillation (1-10 mm Hg vacuum and at
approximately 85 °C ) to afford 617.2 grams of alkyl-xylene alkylate. This reaction

10 was repeated three more times which afforded 638.8, 665.8 and 654.5 grams each of
alkyl-xylene alkylate. The four alkyl-xylene alkylates were combined and found to
have the following properties: Bromine Index = 233; 2-Alkyl Attachment = 51,6 %,
Di-Alkylate = 7.2 % and by Infrared spectroscopy, only 1,2 4-tri-substitution on the
aromatic ring.

156

Example 3
Sulfonation of Alkyl-Xylene Alkylate

The alkyl-xylene alkylate from example 2 was sulfonated in a glass, water jacketed,
20 falling film tubular reactor (0.6 cm 1D and three reactors in series, R1 =30 cm, R2 =

30 cm and R3 = 70 cm) using SO3/Air and the following conditions:

IAQ Feed Temperature = 50 °C

Reactor Temperature = 55 °C
25  Air Flow = 192 liters/hr

S02 Flow = 16 liters/hr

SO2 to SO3 conversion = §7 %

Alkylate Feed Rate = 3.8 g/minutes

Charge Molar Ratio of SO3/Alkylate = 1.00
30

In two separate sulfonation runs, the resulting atky! ortho-xylene sulfonic acid
obtained had the following properties: 95.7 and 88.0 % SO3H; 1.46 and 0.9 %
H2804, respectively. The resulting ortho-xylene sulfonic acid was digested at room

temperature for about 24 hours.
35
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(1) (2) (3) 60.92.1113.570.425.79.70.77 (1) Calculated using the weight average molecular
weight determined by electrol0spray ionization mass spectrometry (ESI-MS). (2) Determined by
electro-spray jonigatiga.mass spectrometry (ESI-MS). (3) Determined on appixinaiely; 2 1_Wt. %
sodium IOS in water using a calibrated (pH 7 and 10) pH electrode. 15 Example 7 Hydrolysis of
Neutralized Sod@g&,@&m@rized Olefin Sulfonate 20The sodium 10S obtained following neutralization

was then subjected IR Rale: of Alkyl-Xylene Sulfonic Acid

The alkyl ortho-xylene sulfonic acids produced in Example 3 were neutralized in
9  three separate batches (929, 530 and 589 grams of alkyl ertho-xylene sulfonic acid

each) in a 4 liter beaker by adding 50 wt. % aqueous sodium hydroxide to the alkyl
ortho-xylene sulfonic acid (162.1, 103 and 114.9 grams, respectively) while
maintaining the temperature of the reaction between 40 °C and 66 °C with vigourous
mechanical stirring (approximately 1500 rpm). The amount of aqueous sodium

10 hydroxide added was sufficient to complete the neutralization. The resulting sodium
alkyl ortho-xylene sulfonates were combined to afford the primary surfactant with the
following properties: Activity (Hyamine titration) = 75.9 %; Molecular Weight
(weight average determined by electrospray jonization mass spectrometry) = 444; pH
= 9.7 (measured on an approximately 1 wt % aqueous solution of the sodium alkyl

15 ortho-xylene sulfonate with a calibrated pH electrode).

Example 5
Isomerization of C20-24 Normal Alpha Olefin

20 The primary olefinic species in Normal Alpha Olefins (NAQ’s) is normally alpha-
olefin, The isomerization of NAO’s over the solid acid extrudate catalyst. ICR 502
(purchased from Chevron Lummnus Global) isomerizes the alpha-olefin to other
olefinic species, such as beta-olefins, internal olefins and even tri-substituted olefins.
The isomerization of NAO’s over ICR 502 catalyst also induces skeletal

25 isomerization in which methyl groups are introduced along the hydrocarbon chain of
the tsomerized alpha olefin (IAO) which is referred to as branching. Both the alpha-
olefin and branching content of IAQ’s is conviently monitored by Infrared
spectrometry (the alpha olefin C-H stretch band is at approximately 907 cm-1 and the
methyl -CHj stretch band is at approximately 1378 cm-1) by attenuated reflectance

30 (ATR) infrared spectrometry. A calibration curve was developed between the
infrared absorption value at 907 ¢cm-1 and the percent alpha-olefin determined by
quantitative carbon NMR to allow the quantitative determination of the amount of
residual alpha olefin present in an IAQ sample by ATR infrared spectrometry,

Similarly, a calibration curve was developed between the infrared absorption value at
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hydrolysis. In a typical experiment, 668.2 grams of sodium 10S was transferred to a steel pressure
reactor (Parr Model 4540 - 600 ml capacity equipped with a Parr Model 4843 temperature controller)

followed by g2, 3,853R3%59f 50 wt. % aqueous sodium hydroxide. The reacjerwas,seasg and the
reactor temperature was set t0120 C and agitation begun. The temperature of the reactor typically

was around apPARAMAIED:A £ Uk AEIRSRSS P ARAN A ¢ GUFLIRRIRKIARY 45 minutes to 1

hour. The reaction was stirred at typically 118 Cfor 30 minutés and the reactor was cooled to

approximately 900 awoling sitngseei sk Orismplaadiidrras nAborePRy ¢He bahEsistiere, the reactor

top was removeehaieihg paatants afilereasianyarparemavas méthhibesaidafia spatyiptq afford 677
grains of the secqndary surfactant, This hydrolysis_ reaction was repeated 7 more times to afford 5.3 kg
e i

of the secondanPSiFALSRPWRRTRES DA LAS SOSTRUBILP IS 38 RUBIEHY bhverage
determined by eleatkdispnaydanizatio aampraciraiitintakdtipdytromitd % 10(Hyamine titration),
Hydroxy Sulfonate Content = 27.7 A) (by electro-spray mass spectrometry; pH = 10.5; Free Base =
1.44% (by HCI titration). Example 8 Core Flood Testing 15 The primary surfactant of Example 4 in
combination with Hieesearsiratiny shifatamndut B ebinnedriiparéhested FoHEps& fiowapeMermance

according to the foilevéneh raferenes (drekaBs AedrdackrRetimeniah atudinafithe.Bengfits of Sodium

Carbonate on Surfactants for Enhanced Oil Recovery,” M.S, Thesis, The University of Texas at
20Austin, DecentiEr BB8CTHR RIS g heiiamanst High-wihrpmares e risiaktants, D.B.
Levitt, SPEL,0A. Cindackabn(3 S iGliflened mnSiEoan biNhSBrtany lloivEésasgirbtigiine!y. Malik and

Jsing the folloniZs S de AT Ry & e B R R it Sty
Component Souteé Bonoeimhgoater). The C20-24 NAO feed was heated through a heat exchanger
such that at the inlet of the reactor, the feed temperature was between 203-206°C at a
flow rate averaging approximately 178 liters / hr (a Weight Hourly Space Velocity of
15  approximately 0.6) over 36 hours to produce 6308 liters of IAO with the following
properties: 67.7 % Branching and 0.4 % residual alpha-olefin by ATR Infrared
spectroscopy; Alpha-olefin = 0 %, Beta-olefin = 39 %, Internal-olefin = 25 %, Tri-
Substituted-olefin = 35 % by quantitative carbon NMR,; viscosity = 2.2 ¢St (100 °C),
6.36 ¢St (40 °C); Density = 0.7831 (50 °C); Pour Point = - 8 °C; Flash Point = 80.2 °C
20 (ASTM  PMCC); Water = 32.4 ppm; C18 and lower = 1.1%, C20=38.3 %, C22 =
32.7 %, C24 = 19.9, greater than and equal to C26 = 8.0 % by GLPC and SFC.

Example 6
Sulfonation of IAO and Neutralization of IAO Sulfonic Acid
25

The Isomerized C20-24 alpha-olefin (IAQ) from Example 5 was sulfonated in a
vertical, falling film reactor (water jacketed stainless steel , 0.6 inch 1D, 5 feet long)
using concurrent SO3/Air down flow, a cyclone separator where a portion of the acid
is cooled acid and recycled to the bottom of the falling film reactor. The crude acid
30 isoptionally digested by passing through a water jacked, plug flow vessel at 40 °C
and neutralized by the addition of 50 wt. % aqueous NaOH by means of tee inlet
followed by passing the neutralized acid through a high sheer mixer at 85-90 °C .

The following sulfonation, digestion and neutralization conditions were used:
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Primary Surfactant Example 4 1.5 wt. % Active Secondary Surfactant Example 7 0.5 wt. % Active
Co-Solvent Ethylene Glycol n- Butyl Mono Ether 3.0 wt. % Passivator Na2CO3 0.85 wt. % Polymer AN
125 1500 pRig, 3(6)20Q9/058889PCT/US20081081616 Drive 1 Compongpt: is2008/081616

Air / 803 Temperature, °C 38

IAO Feed Temperature, °C 25
Reactor Temperature, °C 30

S0 in Air Concentration, Vol % 2.5

SO; Reactor Loading, kg/hr-em  0.777

MR Digestion FLOWRATES
SOs/ Time
. S0; IAO Feed
IAO {(minutes) kg/hr ke/hr
1.0 none 372 13,978

5  The following properties of the intermediate isomerized alpha olefin sulfonic acid
(IAO Sulfonic Acid) and the corresponding sodium salt (108 Sodium Salt) following

neutralization were obtained:

IAO Sulfonic Acid Properties Sodium I10S Properties

Acid Number  Hyamine  Hydroxy Free

RSO3H H2804 (mgKOH/gm  Activity  Sulfonate Base

(%) (%) of Sample (%) (%) pH (%)

() @ O

60.9 2.1 113.5 70.4 25.7 9.7 0.77

(1) Calculated using the weight average molecular weight determined by electro-
10 spray ionization mass spectrometry (ESI-MS).

(2) Determined by electro-spray ionization mass spectrometry (ESI-MS).
(3) Determined on approximately a 1 wt. % sodium I0S in water using a
calibrated (pH 7 and 10} pH electrode.

15
Exampie 7

Hydrolysis of Neutralized Sodium Isomerized Olefin Sulfonate

20 The sodium IOS obtained following neutralization was then subjected to batch
hydrolysis. In a typical experiment, 668.2 grams of sodiumn I0S was trapsferred toa
steel pressure reactor (Parr Model 4540 — 600 ml capacity equipped with a Parr Model
4843 temperature controller) followed by 22.3 grams of 50 wt. % aqueous sodium

hydroxide. The reactor was sealed and the reactor temperature was set to129 °C and
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Source Concentration Co-Solvent Ethylene Glycol n- Butyl Mono Ether 1.5 wt. % Active Passivator
Na2CO3 0.5 wt. % Active Polymer AN 125 2000 ppm Drive 2 Component Source Concentration

Polyrmer ANJ25, 6089

10

15

20

25

PCT/US2008/081616

agitation begun . The temperature of the reactor typically was around approximately
20 °C and increased to about 118 °C over approximately 45 minutes to 1 hour. The
reaction was stirred at typically 118 °C for 30 minutes and the reactor was cooled to
approximately 90 °C to 95 °C with an ice bath. The reactor was vented to the
atmosphere, the reactor top was removed and the contents of the reactor were
removed with the aid of a spatula to afford 677 grams of the secondary surfactant,
This hydrolysis reaction was repeated 7 more times to afford 5.3 kg of the secondary
surfactant with the following properties: Molecular Weight = 409 (weight average
determined by electro-spray ionization mass spectrometry); Activity = 71.9 %
{Hyamine titration), Hydroxy Sulfonate Content = 27.7 % (by eleciro-spray mass
spectrometry; pH = 10.5; Free Base = 1.44 % (by HC] titration),

Example 8

Core Flood Testing

The primary surfactant of Example 4 in combination with the secondary surfactant of
Example 7 were tested for core flood performance according to the following
reference (Jackson, A. C.: "Experimental Study of the Benefits of Sodium Carbonate
on Surfactants for Enhanced Oil Recovery,” M.S. Thesis, The University of Texas at
Austin, December 2006; Identification and Evaluation of High-Performance EOR
Surfactants, D.B. Levitt, SPE, A.C. Jackson, SPE, C. Heinson, SPE, and L.N. Britton,
U. of Texas at Austin; T. Malik and Y, Dwarakanath, SPE, Intera Inc.; and G.A. Pope,
SPE, U. of Texas at Austin, SPE 100089, 2006) using the following sequence of

materials: Surfactant Slug, Drive 1 and Drive 2:

Sarfactant Slug
Component Source Concentration
Primary Surfactant | Example 4 1.5 wt. % Active
Secondary Example 7 0.5 wt. % Active
Surfactant
Co-Solvent Ethylene Glyeol n- 3.0 wt. %
Butyl Mono Ether
Passivator Na,CO; 0.85 wt. %
Polymer AN 125 1500 ppm
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The composition of the synthetic brine water used to make up the remainder of the 5mass in the
Surfactant Slug, Drive 1 and Drive 2 was as follows: Synthetic Brine Composition: Sodium900 mg/L
Calcium20 rw%%z { § mg/L Potassium15 mg/L Chloride800 mg/L Sulfz%%]mszm'%j AcarbonatellOO
mg/L 15 Total Dissolved Solids: 2858 mg/L The Synthetic Brine recipe: C|um c orlde dihydrate
(CaC12-2H20) Magnesium Chlorlde hexahydrate (MgClZ 61420) Sodlum Chlorlde NaC1l Sodium
Sulfate, Na2S04 SodiumBic e issolved Solids:

73mg/L 42 mg/L 1,214 ingft Component Source Concentration
Co-Solvent Ethylene Glycoln- | 1.5 wt. % Active
Butyl Mono Ether

Passivator NaCO4 0.5 wt. % Active

Polymer AN 125 2000 ppm

Drive 2

Component Source Concentration

Polymer AN 125 1600 ppm

The composition of the synthetic brine water used to make up the remainder of the

5 mass in the Surfactant Slug, Drive 1 and Drive 2 was as follows:

Synthetic Brine Composition:
Sodium 900 mg/L
Calcium 20 mg/L

10 Iron 0 mg/L
Potassium 15 mg/L
Chloride 800 mg/L
Sulfate. 18 mg/L
Bicarbonate 1100 mg/L

15
Total Dissolved Solids: 2858 mg/L

The Synthetic Brine recipe;
20 Calcium chloride, dihydrate (CaCl-2H,0) 73mg/L
Magnesium Chloride, hexahydrate (MgCl,-6H,0) 42 mg/l.
Sodivum Chloride, NaCl 1,214 mg/L.
Sodium Sulfate, Na,SOqy 27 mg/L.
Sodium Bicarbonate, NaHCO; 1,515 mg/L
25 Potassium Chloride, KCl 29 mg/lL

Total Dissolved Solids: 2858 mg/L

The salts used to make up the solutions need to be dry. Dilution is with deionized
30  water, Before adding the calcium salt, adjust the pH to about 7.35 by bubbling CO2

through the solution. Keep container closed.

The AN 125 polymer used is a commercially available 2-acrylamido-2methyl propane
sulfonate. AN 125 may be purchased from SNF Floerger (Andrézieux-Boutheon,
35  France).
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27 mg/L 1,515 mg/L 29 mg/L 2858 mg/L  The salts used to make up the solutions need to be dry.
Dilution is with deionized 30water, Before adding the calcium salt, adjust the pH to about 7.35 by

bubbling CQ2hresigdadhe solution. Keep container closed. The AN 125,polymerdisgehis a

commercially available 2-acrylamido-2methyl propane sulfonate. AN 125 may be purchased from SNF
Floerger (Andrezieux-Boutheon, 35France). The core material was Briar Hill, square, | length mounted

horizontal placed in plastic mold and held together with duct tape and clamps to prevent leakage. The
oil used was cri@é sfebeatediryas Reamiiil fawsn théergdhaerdeinheriansl | RFSAELk. The core

was oil flooded gadithanwaienfiapdadHsing synibelsHREABIbOD fudhen olbivas. ProdusEd before
the Surfactant Slug (30.98 néls) nd Dr,ivﬁzef!s é and 2 r\g(gre usfequall a¥h85'%6%h% mu agi\{g oil
recovery from tHERoPEWAR 85 AR BRI ARSI T (3FAT At al Y3808 mT oF Surfactant Slug
followed bysDrivedbianih.Drite 2pwesaspoiinfecitdrand e wore. 1@ dadOising synthetic brine

e e i R AOEEAP A YNALIR kMR I An S Sabehierae B oL o on

comprising 5(a)a primary surfactant comprising an aromatic moiety having the general formula: RI
and 2 were used (all at 85 °C). The cumulative oil recovery from the core was 85%

after 1.4 core volumes of total material (30.98 ml of Surfactant Slug followed by

Drive I and Drive 2) were pumped through the core.
10
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wherein Ri is hydrogen or an alkyl group containing from about 1 to 3 carbon atoms; R2 is hydrogen or

an alkyl groug,Havipgfsesm about 1 to 103 carbon atoms; R3 is an alkyl gropprhaing dam about 8 to
about 60 carbon atoms and M is a mono-valent cation; (b) a secondary co-surfactant having the

general formulav}é;&%,z}ﬁg%l\f\\;ﬂ%&)jg: R4 is an aliphatic hydrocarbyl group having from about 12 to
about 40 carbon atoms, and having from about 20 to 98 weight percent branching, and containing one

or more olefin or alcohol moieties or 20mixtures thereof; and X is a mono-valent cation. (c) a solvent;

(d) a pass vator; and (e)feRRINNEN o WO HAERBAARCT HhISRBRB/081616 2. The enhanced oil
recovery formulation of claim I, wherein Rl and R2 are methyl and the alkylaromatic moiety is

alkylxylene. 3. The enhanced oil recovery formulation of claim 2, wherein the alkylxylene 5moiety is -
alkyl-ortho-gylene. 4. Tlag enhaptedipibueboverydoprsioton skTirivmalismseln Raedbeived from a

partially isomerizgd alpha qlean%Qrft?ggmgaa residual alpha olefin content. 10 5.The enhanced oil
recovery formulation of Claim™4, wherein when the percent

Ry

R,
A

MSO;, I .
NPT

Ra

wherein R, is hydrogen or an alkyl group containing from about 1 to 3
carbon atoms; R, is hydrogen or an alkyl group having from about 1 to
10 3 carbon atoms; Ry is an alkyl group having from about 8 to about

60 carbon atoms and M is 2 mono-valent cation;
(b)  asecondary co-surfactant having the general formula:
15 R4-SO3X

wherein Ry is an aliphatic hydrocarbyl group having from about 12 to
about 40 carbon atoms, and having {from about 20 to 98 weight percent
branching, and containing one or more olefin or alcohol moieties or

20 mixtures thereof; and X is a mono-valent cation.
{c) a soivent;
(d) a passivator; and

(e) a polymer.
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* branching in the partially isomerized alpha olefin is less than or equal to 25 weight percent, then the
residual alpha olefin content in such partially isomerized alpha olefin is greater than or equal to 8

weight perceng, shabsihgsenhanced oil recovery formulation of claim 1, wheseindhgsmaresvalent cation
in the primary surfactant is an alkali metal, ammonium or substituted ammonium. 7. The enhanced oll

recovery formulation Of"i@pémlﬁnéé’@%fﬂ&Weﬁ%&ﬂﬁaﬁg’na&?c?aQﬁ"I?L%}{L%E‘r?ﬂ‘{hfnﬁ?ﬁg he alkylaromatic

moiety has at least 90 wt% aof a 1, 3, 4- tri-alkyl aromatic ring attachment structure. “he enhanced
oil recovery formulatiol™SHE RS e perammEc moiehaib ARt Fifkg attachment structure is such that
the longest alkyl chain on the 25aromatic ring has 40 to 60 wt% 2-alkyl attachment to the aromatic
ring. 9. The enhgnced ?“ covery.formulation of claim 6, rein the alkali metal is sodium. 3010.The
enhanced oil recovery or%n%'l% |(§‘%{do?ﬂc gf%vﬁ%ﬁ’éfré‘?lr?ﬁﬁ‘ fya%ﬁ’% YrStRrdBRedY f¥lrelefins having
from about $0 to aboutBBataibeikakemis-en2009/058889PCT/US2008/081616 11. The enhanced

oil recovery formulation of claim 9, wherein R3 is an alkyl group derived from olefins having from about

12 to about 40 carbon atoms. 12. The enhanced oil recovery formulation of Claim 1, wherein the
mono-valent 5cation in theBeBriey) rsstrrdimultenaklaine tavheneioRidsdon subtitated

ammonium. 13. The enhmnestthaioreeaveryifomumationahsiai tewhareinihesalyentisan alcohol,
ether alcohol, polyether alcohol, glycol or polyether glycol. 10
10 s, The enhanced oil recovery formulation of Claim 4, wherein when the percent
branching in the partially isomerized alpha olefin is less than or equal to 25
weight percent, then the residual alpha olefin content in such partially

isomerized alpha olefin is greater than or equal to 8 weight percent.

15 6. The enhanced oil recovery formulation of claim 1, wherein the mono-valent
cation in the primary surfactant is an alkali metal, ammonium or substituted

ammonium,

7. The enhanced oil recovery formulation of Claim 1, wherein Ry, Ry, and R, are
20 all alkyl and wherein the alkylaromatic moiety has at least 90 wt% of a 1, 3, 4-

tri-alky! aromatic ring attachment structure.
8. The enhanced oil recovery formulation of Claim 7, wherein the 1,3 4-
aromatic ring attachment structure is such that the longest alky! chain on the

25 aromatic ring has 40 to 60 wt% 2-alkyl attachment to the aromatic ring,.

9. The enhanced oil recovery formulation of claim 6, wherein the alkali metal is

sodium,

30 10 The enhanced oil recovery formulation of claim 1, wherein Rj3 is an alkyl

group derived from olefins having from about 10 to about 50 carbon atoms.
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*." 14. The enhanced oil recovery formulation of claim I, wherein the passivator is a base. 15. The
enhanced oil recovery formulation of claim 13, wherein the base is an 15alkali metal hydroxide, alkali

metal carbogjeasadkalh metal bicarbonate. 16. The enhanced oil recovesy-fargmuation Rf claim 1,
wherein the polymer is PAM, HPAM or AMPS. 2017.The enhanced oil recovery formulation of claim 1,

wherein R4 has from abpuit20.$ecakaLi-e86a homALREBS QPHJ&L’W %ﬁ§, weight percent
e en ance

branching, and contains a m§<ture of olefin and alcohol moieties. 18 recovery

formulation of claim 1, WR&? Gorprhistiasdusing Bammbeeb e éh#hais Abeareen albmst 500 ppm to
about 3000 ppm based on the total weight of the formulation. 19. The enhanced oil recovery

formulation of clgim 1, ﬁg %lgpt‘%% ispmerized ]%] Iefln ta”J legst about 23 wt% branching,
8 to AP

at least about 9% 30re rfen ar% rorlﬁma Gt RBERvalehs. WO
2009/058889PCT/US 2368108 lhéi@?Q@ﬂa‘ﬁYecesm&nmdmdnaﬁmPemfairmiahﬁimmfcelalm |, wherein the

isomerized alpha olefin,gantains 4k lsaghapout 65% branching, at least about 0.2% reS|duaI alpha
olefin and has from about 20 to about 24 carbon atoms. 521.A method of making an enhanced oil

recovery formulation comprising mixing (a)a primary surfactant comprising an alkylaromatic moiety
having the genetal formdaaRaM&d3iR3covery formulation of claim 1, wherein the solvent is an

alcohol, cther alcohol, polyether alcohol, glyco! or polyether glycol.

10
14. The enhanced oil recovery formulation of claim 1, wherein the passivatoris a
base.
15. The enhanced oil recovery formulation of claim 13, wherein the base is an
15 alkali metal hydroxide, alkali metaf carbonate or alkali metal bicarbonate.

16.  The enhanced oil recovery formulation of claim 1, wherein the polymer is
PAM, HPAM or AMPS.

20 17.  The enhanced oil recovery formulation of claim 1, wherein R4 has from about
20 to about 28 carbon atomns and has from about 45 to 80 weight percent

branching, and contains a mixture of olefin and alcohol moieties.

18. The enhanced oil recovery formulation of claim 1, wherein the polymer is
25 ~ present in a concentration of from about 500 ppm to about 3000 ppm based on

the total weight of the formulation.
19, The enhanced oil recovery formulation of ¢laim 1, wherein the isomerized

alpha olefin contains at least about 23 wi% branching, at least about 9%

30 residual alpha olefin, and has from about 20 to about 24 carbon atoms.
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10wherein RI is hydrogen or an alkyl group containing from about | to 3 carbon atoms; R2 is"hydrogen
or an alkyl grggp:fgvisggdsom about 1 to about 3 carbon atoms; R3 is an alkyrgraupshavéng from about
8 to about 60 carbon atoms, and M is a mono-valent cation; 15(b)a secondary co-surfactant having the

general formula: RA-SOBx whierriniR# isanalighaticihydrocaryl grouRbaving ffamahout 12 to

20about 40 carbon atoryg, andl faving from, aboLA0 19 92 weldhi perent branching, and containing
one or more olefin or alcéholI’ moleties or mix ureslfﬁereo ;an 182’ mého-Valth gflon, (c)a solvent;
25(d)a passivator; and {eyalywdlgtpier oW 20007068889R T B8 2008/08 Le1e:22(dihe enhanced oil
recovery formulation of claim 1, wherein if the percent branching in the partially isomerized alpha olefin
is greater than or equal to 15 weight percent, then the residual alpha olefin content in such partially
isomerized glph§61efin‘£|‘sr’f@§§’ﬂ1§1“b?(é’éﬁl%ﬂ fSsRe ht G5avEEn AR PPt BdrésiREbranching
in the 5 partially isomerized alpha olefin is less than or equal to 15 weight percent, then the residual

alpha olefin content in such partially isomerized alpha.alefin is, greater than or equal to 15 weight
pepr cent %% P pgn}gry sur?aciant coglpns(?mg an algyFaromatic moietthaving the g

general formula; Ry

MSO;—
NX
4
R
10 wherein R, is hydrogen or an aikyl‘ 'group containing from about 1 103

carbon atoms; R; is hydrogen or an alky} group having from about 1 to
about 3 carbon atoms; Rj is an alky! group having from about 8 to

about 60 carbon atoms, and M is a mono-valent cation;

15 (b} a sccondary co-surfactant having the general formula:

R4-80;X

wherein Ry is an aliphatic hydrocarbyl group having from about 12 10
20 about 40 carbon atoms, and having from about 20 to 98 weight percent
branching, and containing one or more olefin or alcohol moieties or

mixtures thereof; and X is a mono-valent cation;
{c) a selvent;

25 (d) = apassivator; and

{e) a polymer.

37



WO 2009/058889 PCT/US2008/081616

22, The enhanced oil recovery formulation of claim 1, wherein if the percent
branching in the partially isomerized alpha olefin is greater than or equal to 15 weight
percent, then the residual alpha olefin content in such partially isomerized alpha olefin
is less than or equal to 15 weight percent and wherein if the percent branching in the
5  partially isomerized alpha olefin is less than or equal to 15 weight percent, then the
residual alpha olefin content in such partially isomerized alpha olefin is greater than

or equal to 15 weight percent.
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