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[0004] Environmentally conscious and efficient recovery of oil and gas from
hydrocarbon reservoirs is a multidimensional problem that has become one of the world’s

20 toughest energy challenges. Injection of various gasses into such reservoirs is now utilized
for sequestration, pressure maintenance, or enhanced oil recovery operations. In recent years,
injection compressor technology has advanced to the point that development plans for some
oil and gas fields incorporate them to inject acid or sour gas in underground formations for
sequestration or enhanced oil recovery (EOR) operations. The compressor shafts are

25 typically sealed using dry gas seals (DGS) which utilize the principle of sealing between a
stationary face against a rotating face by using a gas fluid film. This “seal gas” provides the
lubrication and cooling properties needed by the seal for long and reliable operation. Seal
gas should be free of particulates, liquids, and heavy components that condense out of the
seal gas when expanded across the seal faces.

30 [0005] Typically, dry seal compressors pressurize injection gas streams (e.g. acid or
sour gas streams) to pressures in excess of about 4,000 pounds per square inch absolute (psia)
with stream flow rates in excess of 100 million standard cubic feet per day (SCFD). To
operate without failure, the seals in the compressors should be lubricated with a gas stream

that will not condense a liquid phase as its pressure drops when it expands across the seal
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[0008] Purifying a slip stream taken from the high pressure discharge of the dry seal

compressor is technically challenging. The fuel gas or gas from-another utility gas source is
then compressed and used as seal gas. Such gas is used to avoid the liquid contamination or
25 liquid drop out encountered by using the process gas. This requires additional process and
separation units to generate the fuel gas and a separate seal gas booster compressor (e.g. a
reciprocating compressor), which can itself be a source of oil and particulate contamination.
A reciprocating compressor is usually used for this service due to the high compression ratios
and low flows. Reciprocating compressors of this type are typically lubricated with cylinder
30 oil that has some miscibility with the gas, especially at high pressures. Thus, it can not be
filtered out at high pressure but condenses or “drops out” of the gas when the pressure is

dropped through the seals or at pressure regulators that control the pressure to the seals. This
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oi | dropK@P@nﬁﬁHKHM$EWE£ﬁm%F“6Fﬂmvépor and has a pressure of at |east about

1, oool(pogggmper S GYAICE, e}r{;gﬁmg&%ﬁmh%@%{:ﬂ@ﬁgg %tilrt*r'&h‘brr&%ségésofo?gxpée %‘&S)&g’ni S

confi gur renove at Ion o vol une "of o1 P dro d a
portion akalsleneedbdime of oil vapor to provide a 20 substantially oil-free
gaseous outlet stream and the at |east one structured adsorbent bed is
regenerated in a kinetic swing adsorY{MdABNocess. [0013]1n anot her
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streamis provided. e nmethod 1'hc es: providing a gaseous feed stream
The system includes: a selective component removal system, comprising a gaseous feed
15 stream inlet configured to pass a gasecous feed stream into a swing adsorption unit having at
least one structured adsorbent bed. In the system, the gaseous feed stream includes a volume
of oil droplets and a volume of oil vapor and has a pressure of at least about 1,000 pounds per
square inch; the at least one structured adsorbent bed is configured to remove at least a
portion of the volume of oil droplets and a portion of the volume of oil vapor to provide a
20 substantially oil-free gaseous outlet stream; and the at least one structured adsorbent bed is
regenerated in a kinetic swing adsorption process.
[0013] In another embodiment of the present invention, a method of treating a
gaseous feed stream is provided. The method includes: providing a gaseous feed stream
having a volume of oil therein; treating the gaseous feed stream using a selective component
25 removal system having at least one swing adsorption process unit to form a utility stream for
use in a utility component, wherein the at least one swing adsorption process unit includes a
structured adsorbent bed configured to remove at least a portion of the volume of oil;
regenerating the swing adsorption process unit in a calcination process; feeding the utility
stream into the utility component, wherein the utility stream is compatible with the utility
30 component; and utilizing the utility stream in the utility component.
[0014] In a third embodiment of the invention, a structured adsorbent contactor is
provided. The contactor includes: an inlet end; an outlet end; and a plurality of open

flow channels extending from the inlet end to the outlet end, wherein a portion of the
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15 [0019] FIG. 4 illustrates an exemplary embodiment of a process schematic of the
SCRS of FIG. 2 operated according to the method of FIG. 3;
[0020] FIGs. 5A-5B illustrate exemplary embodiments of parallel channel contactor
structured adsorbent bed designs for use in the system of FIGs. 2 and 4 and processes of
FIG. 3;
20 [0021] FIG. 6 is an illustration of an exemplary segmented contactor, which may be
used in combination with the adsorbent beds as disclosed in FIGs. 2 and 5A-5B;
[0022] FIG. 7 illustrates an exemplary graph comparing the phase envelopes of a
treated seal gas and an untreated seal gas; and
[0023] FIG. 8 illustrates an exemplary graph of an oil front advancing through an
25 adsorbent channel based on modeling of the Langmuir isotherm.
DETAILED DESCRIPTION
[0024] In the following detailed description and example, the invention will be
described in connection with its preferred embodiments. However, to the extent that the
following description is specific to a particular embodiment or a particular use of the
30 invention, this is intended to be illustrative only. Accordingly, the invention is not limited to
the specific embodiments described below, but rather, the invention includes all alternatives,

modifications, and equivalents falling within the true scope of the appended claims.
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Lerm g  hold adsorbent particles together. This binder may be a polymeric or inorganic material. The
structured adsorbent bed may also contain a material that acts as a thermal mass serving to
limit the temperature rise of the structured adsorbent bed when molecules are selectively
adsorbed.

[0026] The term “selective component removal system (SCRS),” as used herein,
15 means a system or group of components configured to have a selectivity of a first component
greater than a second component (one of the components typically being a gaseous
component), for example, a higher adsorption of oil than of methane. The SCRS may include
any means of selectivity, unless particularly specified and may include compressors, filters,
and other equipment specifically related to the selective removal of the first component from
20  the second component.
[0027] The term “high surface area solid,” as used herein means a volume of solids
consisting essentially of mesoporous solids and microporous solids.
[0028] The term “kinetic swing adsorption process” includes processes such as
pressure swing adsorption (PSA), thermal swing adsorption (TSA), calcination, and partial
25 pressure swing or displacement purge adsorption (PPSA), including combinations of these
processes. These swing adsorption processes can be conducted with rapid cycles, in which
case they are referred to as rapid cycle thermal swing adsorption (RCTSA), rapid cycle
pressure swing adsorption (RCPSA), and rapid cycle partial pressure swing or displacement
purge adsorption (RCPPSA). The term swing adsorption also includes these rapid cycle
30 processes. Some examples of swing adsorption processes and their application to natural gas
separations are provided in U.S. Serial No. 60/930,827, U.S. Serial No. 60/930,826, U.S.
Serial No. 60/931,000, and U.S. Serial No. 60/930,993, and U.S. Serial No. 60/930,998,

which are hereby incorporated by reference.
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arrangement of the seal plates and manifolds, a number of individual compartments or tubes
may pass through the characteristic steps of the complete cycle at any given time. In
contrast, with conventional PSA, the flow and pressure variations, required for the RCPSA
30 sorption/desorption cycle, changes in a number of separate increments on the order of
seconds per cycle, which smoothes out the pressure and flow rate pulsations encountered by
the compression and valving machinery. In this form, the RCPSA module includes valving

elements angularly spaced around the circular path taken by the rotating sorption module so
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principle as PSA processes. Wien the tenperature of the adsorbent is
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tenperature of adsorbent beds, TSA processes can be used to separate gases
in a mxture when used with an adsorbent that selectively picks up one or
nore of the conponents in the gas m xtdre. 100311Rapid cycle pressure sw ng
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value, conditioning, and purification. A few examples of utilities that encompass one or
more classes of applications are generation of fuel gas, seal gas, non-potable water, blanket
15 gas, instrument and control gas, refrigerant, inert gas, and hydrocarbon recovery.
[0034] The present invention relates to swing adsorption units and processes for
removing oil from seal gas to prevent condensation across the seal face and cause premature
failure of standard dry seal compressors. Swing adsorption units contain a structured
adsorbent bed. During the adsorption cycle, an selective adsorbent material in the swing
20 adsorption bed removes entrained oil droplets and vapor from the high pressure seal gas.
Materials that are suitable selective adsorbent material include high surface area solids such
as alumina, mesoporous, or microporous solids. A binder, filler, heat adsorbing material, or
combinations of these may also be incorporated with the selective adsorbent material. To
enhance the efficiency of the adsorption and meet seal gas purity requirements it is preferred
25 that the selective adsorbent material (“adsorbent’) be incorporated as a structured adsorbent
bed. Structured adsorbents useable with the present invention may be formatted as parallel
channel contactors or as a “soot-filter” like monolith or combinations of these. These
structures contain a multitude of substantially parallel flow channels surrounded by selective
adsorbent material . Before an adsorption front breaks through to the end of the structured
30 adsorbent bed a regeneration cycle is initiated. Because the oil is strongly adsorbed (e.g. a
high ratio of selectivity for oil over the carrier fluid, which may be natural gas), preferred
regeneration techniques involve heating the adsorbent, passing a purge material through the

adsorbent that displaces the adsorbed oil, and calcination.
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gram/mole and 2,500 gram/mole.

[0038] Although many types of oil may be utilized in the present invention, it is
30 preferred to use low ash or ash free cylinder oil. Ash content of the oil can be assessed by
burning the oil and weighing the residue, for example by thermo gravimetric analysis (TGA).
A low ash oil is taken to be one which has a residue after full oxidation (or burning) of less

than 0.5 weight percent (wt%) of the formulated cylinder oil and in a preferred embodiment
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[0041] Coalescing filters 108 can only remove the mist and cannot significantly
reduce the vapor saturation of oil in the gas stream. Thus, when the oil saturated gas stream
30 110 passes across the seal face (in the compressor 122, 124, or 126) some amount of liquid
(oil) will drop out. As such, even with a perfect coalescing filter 108 some amount of liquid

will drop out in the seal and the compressor 122, 124, or 126 will not properly operate as a
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envel ope pfhgge envelope is Hysys 2004.1 available from Aspen Technology. This phase envelope can
be displayed as a plot with pressure on the y axis and enthalpy on the x-axis. Expansion
across the seal faces is taken to be similar in behavior to a valve expansion and is a vertical
line on such a plot. The x-axis intercept of the vertical line is the molar enthalpy of the
25 compressed fuel gas at the temperature and pressure it is utilized as a seal gas. As long as the
composition along the vertical line is entirely gasecous and the line does not cross through a
two phase region, then the low pressure stream has a composition suitable for use.
[0044] If the expansion enters a two phase region, then the low pressure stream 102
must be conditioned before it can be used in the process. In this case, an optional
30 conditioning unit 203 is utilized to condition the low pressure process stream 102 to produce
a conditioned gas stream 205 to feed to the compressor 104. This conditioning unit 203

removes condensable components so that a two phase region is not encountered when the gas

expands across the seal faces. In one example, if the low pressure process stream 102 is a
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stream is at least a purified gas stream that is transferred to market by pipeline, or a liquefied

natural gas, or natural gas liquids, or a gas stream that is injected into the subsurface in
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seal gas from a gaseous feed streamusing the systemof FIG 2. As such
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conpressor). The process 300 ends at block 314. [0050]1n_ the adsorption
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process fay be a packe ruc struc or bent
cont act orvobimé@of 011 regenerating 308 the structured adsorbent bed 206 in a calcmatlon process to

produce a utility gas stream 210, feeding 310 the utility gas stream 210 to a utility component
(c.g. compressors 122, 124, or 126), and utilizing 312 the treated gas stream 210 in the utility
20 component (e.g. as a dry seal gas in a dry seal compressor). The process 300 ends at block
314.
[0050] In the adsorption process 306 the gascous feed 102 (or 105) is passed through
a bed of solid adsorbent material 206. Exemplary suitable adsorbent materials for this
process may be a packed bed, structured adsorbent, a structured adsorbent contactor or a
25 contactor containing an adsorbent. Molecules in the feed 102 adsorb on the solid adsorbent
material. Components of the gaseous feed that are more strongly adsorbed are removed from
the stream, or at least their concentration decreases significantly below their initial
concentration in the gaseous feed.
[0051] In the case when fuel gas or sour gas is used as a source of dry seal gas, oil is
30 the most strongly adsorbed component owing to its higher molecular weight and stronger
interactions with solid adsorbent materials as compared to lighter components in the gaseous
feed such as methane, ethane, N,, CO, and H,S. Both oil vapor and entrained droplets are

adsorbed on the solid adsorbent materials. Thus, in the adsorption process, most of the oil is
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t he gaseous feed. [0051]In the case when fuel gas or sour gas is used as a
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25 unit 204. The filter 108 K remove any extraneous particles that could
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the regeneration
valves 402b and 406b may regulate the flow of fluids fed into the SAU 204. The streams
may be connected by tubulars, which may be constructed from corrosion resistant alloys,
carbon steel, or other materials, but preferably the tubulars are capable of handling fluids at
30  high pressure, such as above about 100 bar.
[0054] In one exemplary embodiment of the SCRS 202, the SAU 204 is a thermal
swing adsorption unit, where inlet gas 102 is treated 306 by feeding it into the adsorption bed

206 where contaminants such as the oil are adsorbed onto the bed 206. In the regeneration



WO 2009/ 134543PCT/ US2009/ 037550 - 14 - step 308, the swing adsorption cycle
depressurizes the bed 206 and thermally swings the bed 206 to a tenperature
suf fi ci erwOf2009/138346i nati on (e.g. fromat |east about 250CTius2@08155600C)
with the bed heater 408, and flows a | ow pressure air stream from purge
inlet 406, or sone conbination thereof. After the calcination is conplete,
the bed 206 is cooled and 5 repressur1k%d bef ore another adsorption step
306 is be r t
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sufficiently |ow tenperature that it can be passed through the val ve 416b.
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regul ate the flow of utility or seal gas 114, 116, and 118 to utility
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bar) the | eakage rate fromthe valves can be an inportant safety and
oper at or™¥6. concern. For exanple if the adsorption unit 204 processes H2S
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encl osed in individual
components or dry gas seal compressors 122, 124, and 126.

[0057] The choice of valve technologies depends in part on the pressure, composition,
20 and temperature of the inlet stream 402 or 106, and the temperature of any required heating
or cooling fluids (e.g. 410). In all cases, the valves 402b, 406b, 414b, and 416b have a
sealing surface or packing that prevents leakage of components out of the valve body. The
amount of leakage out of the valve body depends on the differential pressure between the
atmosphere surrounding the valve and the stream or streams controlled by the valve. When
25 the feed stream is fed at high pressures (e.g., greater than 70 bar) the leakage rate from the
valves can be an important safety and operational concern. For example, if the adsorption
unit 204 processes H,S containing sour or acid gas even small amounts of leakage can be a
significant safety and operational concern. In one exemplary embodiment of the present
invention, valve or valve sets 402b, 406b, 414b, and 416b are enclosed in individual
30 housings pressurized to a pressure greater than 10% of the feed stream 402 or 106 pressure

and in a more preferred embodiment the housings are pressurized to a pressure greater than



30 housings pressurized to a pressure greater than 10% of the feed stream
402 or 106 pressure and in a nore preferred enbodi nent the housings are
pressuri 280 2b@/B34Fsessure greater than WO 2009/ 134543 PETHUS2000813¢¥550 -
15 - 90% of the feed stream 402 or 106 pressure. There nmay al so be sensors
to detect any potential release of H2S, which can present a safety hazard.
[0058] I n an exenpl ary enbodi nent, the W ng adsorption unit 204 contains
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and repressurization nmay be about 6 hours. During the adsorption 20 step
306 the q%gmﬂé%YGﬁﬁ@éfFﬁﬁﬁﬁﬁﬁ t he adsorbent bed is between about 0.1 and

about 10 onds, prefe e n:0.5-2. se . fter t hi gh
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then introduced and the structured adsorbent bed 206 is electrically heated
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converting it to grgaseous CO2 stream and in some cases ot her gaseous
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seconds, preferably between 0.5-2 seconds.
[0060] After the high pressure (330 bar) adsorption step 306 the bed 206 is
depressurized to 1-20 atmospheres and preferably 1-2 atmospheres. Air or pressurized air
406 is then introduced and the structured adsorbent bed 206 is clectrically heated to about
25 350°C with the heater 408 wrapped around the outside of the tube. An internal heater could
also be used and it is also possible to preheat the air 406 in preheater 422 before it enters the
bed 206. The hot air 406 will calcine the oil adsorbed on the structured adsorbent, converting
it to a gaseous CO, stream, and in some cases other gaseous products such as CO. The hot
exit gas 416 leaves the adsorbent bed 206, which is cooled by a heat exchanger 412 before
30 reaching the outlet valve 416b. After calcination 308 the bed 206 is cooled and purged with

nitrogen before repressurization with inlet gas 402.
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also thermally stable to tenperatures greater than 500C as wel |
mat er i al sspeafid suﬁmpmemuﬁl@(hﬂéﬂ[)ahz/g afid derparede fsrzannltlaxymngd o$ 0l 1i- l:(hnecsromuch
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hi ghl 30 sidkpedodi® bcempeﬂrmgatlanpmamrasépleh)wrmoubéow’@dven@vﬂeendhe pHes caeasrbms
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r_sieves,
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crack and coke adsorbed 0|I I f the sw ng adsorption unit Is heated during a
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25 layered silicates such as kanemite, carbon replicas of mesoporous materials, and organo-

inorganic mesoporous composites. A description of these types of ordered mesoporous

materials is given in “Studies in Surface Science and Catalysis” Vol. 148 (Elsevier 2004), the

portions of which providing examples of ordered mesoporous materials are hereby
incorporated by reference.

30 [0065] In an exemplary embodiment, the adsorbent bed 206 contains a material

selected from the M41S family of materials (e.g. MCM-41, MCM-48, and MCM-50). These

materials are preferred because they are readily synthesized, are thermally stable to

temperatures greater than 500°C, and contain well defined uniform pore sizes that can be



| ess than about 10 nm (1 00 Angstrom (A)) and all of the materials have
pore sizes greater than about 0.4 nm (4 A). As such, it is preferred to
conduct twWD0B3eRss With a structured adsorbent nateri CTiUsa40090385@ por e
structure in the 0.4 to 10 nmrange. In one preferred enbodi nent, the pore
structure for the adsorbent material is in 0.5 to 100 nmrange and in an 25
even nore preferred enbodi ment the por®structure is in the 0.5 to 90 nm
range. Al]. : ef 18el egl j Vi r 1
wth T eoptiftd SEIRARGH A60k LB RS Ry bl bbb AR G

mor e t hanhé waoaardrakgaidetian of (h0Q4&}ihe davhpg attsoitiph ipastesnihht 2@ bpruséetoabl y
contai ns an adsorbent bed 206 containing either beaded or pelletized
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adsor bent, or co ysi C arc ecture

adsor bentMbes fanily avithag lape 8081 ustad (depabasr tan wheiuthz0: theChamchefstsmd &

i nt er nal I%/ heated or externally heated during the regener,ati on process.
Wt h int dhergmajeridsmay beaasdensigntlde o MCMiHa of ey imangiogal (g MCM-48).
2009/ 13454 3RGT. USROQR 03 (78 Brcndinal 45 fed GirlhnkiNGGARLAGHOS: G 1o gihe
regeneration step directly contacts the adsorbent materiral. As such, the
gas or fladsebeisadd206hddic SBYe nkediaty (caSBAL-05, IdUri gl ¥ @gaiertadrmily padkes
t hrough the sanme macropore vol une that the conpressed gas stream 106 did
during tHe tsaseRprsoareates fhanrRR0°Gaas grells sy MPY, deaieiias vk merpoFQu§eRaicEtle
t he agdsor - Nt 8L GME . 0, . L.,
crosolT o5 FRM L Sficarts ST B kancBey GHARbE SRR nC Rt RN e
during t hec deks girpficirod velicapa hidt emmalrdtyrchedtiedionopitoacdsok sushdve ragahepas dice
set of ch g%gls to carry gasses or fluids used to heat and cool the

cont act or? et n one pref erabl e enbodi nent, the separate set of channels

are seal qfpel that gagsas, "rbg%grcr%(g epﬁgan@ea@, d&gél}lr/iatﬁgﬁtyﬁrg{?: cgfotr&lfs GO0 prih X

with the ol "or reaction p erate regeneration step
308. [ 00GAjttmalasuweh har alpméfae rhigd séich adolb@niir, siths, ads diigldntsilbedu? G@sopordime
swi ng_adsorption unit 204 is fornmed using a parallel] channel (or .parall el
passabe) B¥Rtas sy B vivda Qug obihgriegpony L5 shpina, hig SB&F‘&P‘PIQ‘F“(‘%%‘?%I and

cont act or; L8icEXlsSh ast o & -Iﬁaapsgﬁ i Sstem 204
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cont act orthdtSembtds @l st thatcthey bavealdsoadidint aral haowdedsat actbhidenceind craals and calest er

with a mni numof pressure drop. Efficient mass transfer between the gas
ok oot b

stream arfdSeRed 5ok BRMEWRE QAR yniinfohehet dENE ehd yegeneration “or
Concent idfsyal o8 s “oBroachcs o coneructing paall el passage
1JS2006/ qaeen 42, USI2EHeldbABE4dd that\di200a a4 3458 ribsiD 06 /cond 7Dt Bave pore sizes
V02005/ 071605551‘[ an ggodut 21% 1¥£ 2(?(?05 /A%ggt?ogndf (A)) and all of the materials have pore sizes greater
than about 0.4 nm (4 A). As such, it is preferred to conduct this process with a structured
adsorbent material that has a pore structure in the 0.4 to 10 nm range. In one preferred
embodiment, the pore structure for the adsorbent material is in 0.5 to 100 nm range and in an
25 even more preferred embodiment the pore structure is in the 0.5 to 90 nm range. All of these
adsorbent materials have a selectivity greater than 1 with respect to methane for heavy
hydrocarbons (hydrocarbons containing more than two carbon atoms).
[0068] The swing adsorption unit 204 preferably contains an adsorbent bed 206
containing either beaded or pelletized adsorbent particles, a structured adsorbent formed as a
30 parallel channel contactor, an adsorbent that is formed as a structured flow through
adsorbent, or combinations of these. The physical architecture of the adsorbent bed or
contactor 206 used depends on whether the contactor is internally heated or externally heated

during the regeneration process. With internally heated beds or contactors, the gas or fluid



[ 0070] Non-1imting exanples of geonetric shapes of parallel channel
contactors include various shaped nonoliths having a plurality of

subst ant ivaDI2gogpasaB| el channel s extendi ng from one end eCTiuseooawsBseth to
the other; a plurality of tubular nmenbers, stacked |ayers of adsorbent
sheets with and w t hout spacers between each sheet; nulti-layered spiral 25
roll's, spiral wound adsorbent sheets,-Bndl es of hollow fibers, as well as
bundles qf..$ ‘{QSﬁe%PRhea'chXta&%F "ﬂuhﬁ% tﬁQ'ﬂegeJeHﬁ%hssteJ e %R@Q& t(ﬁ@nacggrb%ﬁtat ed
onto these geonetric shapes or e shapes can, I'n many instances, be Torned
di rect |y rhiteralt has addgritheighs oRflald aded torhcad i bat sr0oEntadtort derimdegeieition
material, a binder, and a material that limts the tenperature change from
t he heat Pepscadiiopph thensanzompgonary Alplune st ercofomprgwednety pecagh AP didoduring
directly or [ i )
conpos  ant Ashilfer 30T TRRYsYB A Eed W EK b0 o ARG ELRHNTES

di rectjy duren, cbentadsardnent owhogahab@ cexdrositiec ) as tispditediiohl thay the Remprovase
froma zeolitel/pol yner conposite. An exanple of a geonetric shape that is
coated \40s 20591 1EMs ligped/duspe by gdyastion steg. - Exfiepnully heeateds eantseatars ihava & hi n
flat steel ] 1.6L.0 , i{.m
such as SRRy SRR bufl BRI REne WHEERRE 00 RS RR AR ' 1T
be it sel fonstprefetableamntbodimentutht isglagatt apteyfshainectshiee sailtrl rthati fakek @vdd to heat
adsorbent materials. Milti-layered adsorbent sheet structures are taught in
Unit ed StaRfeeopiherontagpn de f1of smxpykh itearilodr wagen podssts 1dy1aied d‘mlil&:%‘q s

i ncor rq%%gmnﬁﬁgggp%hsreference. When parallel plates are used to formthe
paral I el channel, "a"spacer nmay be present in the space of the parallel
channel . [Ap6%xanpl dnofind@h&ppetsrrdde smbpainddnt,ethcpadsoaigat Clevat 206 oih is: PHving ded
i n US2004/ 0197596 and an exanple of a parallel passage contactor with a

hi gh densidsgrption ypihaAt isformed ysivgiaspagilicd shanneUky pasyligh popsage) canfaqtopwith phe
par al | el I t i i sop r.m us
B T s S T S R g e
cont ai ns dhetltlsriaoperwdstamhiiygardRor @hc pagilict chagnélr@mpsaiclepdsigse edntactor
particles &adsorbent, bi nder particles, and heat control particles or

mat er 131 gyithy degrugigradopdsprbisat aldnw g ar RTICIGRS AW Bansiy gvith & rBingREE ofr S CIHERWN
in the arg, 1%0 Efﬁ%‘i&‘(%%ﬁen Pt B{t@@é& Ghe CRATRELAT Akt WS addrnt 8 Se%'ﬁ%&ghﬁ
used in el ther a par al I'el channel contactor or Conventi onal packed be

cont act orimpottagrtoremend bw contassationsios bar Agpasabtetol SnstesctinggardlkRE ppsggence
of nesopores and macropores jn conventional packed bed contactors have been

wi del y di%9BIRED8Y. WEBe, Stiugiuresk afpPEPeDtss, hasgy diven Ngssclosed g 1P B20pR0169142, ©
6, 284, 02155) JHRIPUGEIRNL S WHIHEH745ANST eﬁvcﬁib%ﬂh%@id Sti %560%@765‘?8 Preafnce
annel contactors

of mesopores and macropores in parallel c arc’di scussed
i n EPA138@R00IN&24%aching in the field has been that a | arge nunber of

mesopor es _and macrqpores . are needed i.n an adsaorbent partjicle or |ayer of
adsor bentl0flor der Nep-Hanitinerasunples € respmghisr shapey 06 tnaaaéleg&e%p@h&agﬁctpbs

operate asmiiq,A0SORLIANNBHSHRs il sUDRKRRE R INEhGATE QUARE) TRt

transfer characteristics can be atta out a signifi‘cant anmount of
mesopor essxamdingr freraono pod ef thermanditing tha ovhcace pisality of hubuhir edcoghers stacked

100731 HoBudh o MSOREE! NEEBENY SHLBHAE SBOvEY BevCHAT RS Fobs ey
CONSt$4ICT )15 gpiral wound adsorbent sheets, bundles of hollow fibers, as well as bundles of
substantially parallel solid fibers. The adsorbent can be coated onto these geometric shapes
or the shapes can, in many instances, be formed directly from the adsorbent material, or
combinations of the adsorbent material, a binder, and a material that limits the temperature

change from the heat of adsorption.
30 [0071] An example of a geometric shape formed directly from the adsorbent would be
the extrusion of a zeolite/polymer composite into a monolith. Another example of a
geometric shape formed directly from the adsorbent would be extruded or spun hollow fibers

made from a zeolite/polymer composite. An example of a geometric shape that is coated



paral | el channel contactors that have good mass transfer characteristics
along with a | ow vol une of nesopores and nmacropores, as disclosed in the
fol | ow ngwapptysadssons: PCT App. Nos. PCIT/ US2008/ 06071; PPUNSUH200B506076;
PCT/ US2008/ 06068; PCT/ US2008/ 06073; 30 and PCT/ US2008/ 06067, which arc
hereby incorporated by reference. 100741The configuration of the structured
adsorbent bed 206 al so depends on the #ethod used to regenerate the
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nmonol it h 500A contains a plurality of parallel flow channels 504A-504X.
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as all chadmadcsormies infcoavgitven mokddaleddoconkatoes banesicantwiddly Wischaed.alfee, $o1ze
channel gap. Th hannel s_can bhe rme i a variety of .shapes
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As shown the channels 504 occupy about 25% of the volunme of 25 the nonolith
500A 2hd arheisadssed befiP1305345c c Upt ¢sachbguin 5% dd hahdcowlthare bfge hembemaof i t h
500A. The adsor ben(ﬁ 505 can occugg from abqut 50%to %lroyouth(g%/o of the

vol ume of MEREOITDARY MEATOBOA A ARSHF b Bhit" FRYERIERHEIEIRIOC KREE 8T ERRTRerS B VdfYy .
For exanl aydViRS ﬁ%f&%%@ﬂeri%c@r%'bgrenb h 138 d%efa@@%wfr{goms@@%ﬁc Qe t ot about
250 microns it is preferred that the thickness of the adsorbent Tayer 506,
in the casmexpdvardethat adeguentnase trosfeachapactérsstinparc bepttiised widhouoff a sigsificant
adsor bent, be ip a range from about 25 t.a. about 2,500 gicr.ons. Fgl_ru a 50

m cron didTREPT PRSHRGET, andipl MACKINOFGSdYOYIGGe a8y 2445t I0Has SiftgpoteEugito Mhent

l'ayer,506hé gddorm RSt Retitscphatbn QQrdm crons, nore preferred range from
about 50 to about 250 nicrons.

[0073] However, it has recently been discovered that it is possible to construct

parallel channel contactors that have good mass transfer characteristics along with a low

volume of mesopores and macropores, as disclosed in the following applications: PCT App.

Nos. PCT/US2008/06071; PCT/US2008/06076; PCT/US2008/06068; PCT/US2008/06073;
30 and PCT/US2008/06067, which are hereby incorporated by reference.

[0074] The configuration of the structured adsorbent bed 206 also depends on the

method used to regenerate the adsorbent. When the structured adsorbent is regenerated in a

calcination or thermal swing process, heat may be supplied indirectly by a heater 408 or heat



WO 2009/ 134543PCT/ US2009/ 037550 - 22 - [0076] The cross-sectional view 502B
al ong the longitudinal axis show ng feed channel s 504 extending through the
| engt h ofwoheowmswaBi th with the walls of the flow channeCs/usebofosrsaed
entirely from adsorbent 505 plus binder. The cross section view 502C shows
t he adsorbent | ayer 506 conprised of solid adsorbent (e.g. mcroporous or 5
mesoporous) particles 510A-510X (510)-&nd solid particles (thermal mass)
508A- 508 ) ;1 h . .si nks. The .ads@r I 0] f pyst her
"nch ude A Seiinso oAl POIR S tofuf AR 8 e SRR BRI A5,
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adsorbent particles 510 occupy about 60% of the volune of the adsorbent
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about 25% of the volune of the adsorbent |ayer 506 to about 98% of the
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adsor bent r I 0 0 FI 5 s
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cont act orcob@0Br iimtharfoins 0ffe bichibratiedikeaDE@Mle avithwh-imptrmably ORI sepathtiag det ai |
vi ew 502C. The contactor 500B is a structured fl ow through adsorbent
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to that otruatursinadsbiteht bsddésifnsl foerusofii eie sisath off FiGe AdhdAvindverotdsdessot .

Gas 25 enteri ngﬁt he oPpen fl ow channel s 504 flows through the adsorbent
Suplyfd

| ayer 1508716 & Os ¥ SBrigaxle et updaeged withdefctwento EltinAdt 1He35A
[0078] They, St L %C&Hﬁaﬁ?ifc' 1 RMEHY %&ﬁ?{t@ﬁ%o& W LAGERheRO VR P SIYATE S uLEN! ¥
efficient mass transfer but is generally constructed wth greatef pressure
drop thaniavpa2B| il a dbailngedtw G0RCaCTHRN cydidBhcal Hiur®liex 500Xebitaidh fal i@tity ofass
transfer between the gas stream 507 30 and t he adsorbent_ 505 can be

i mpor t antPardlel dhaygihgnusly SAAASMX. | olfice® rftamntgharnchh $04Ax104¥a Ayhich npee sicor
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20 5 to about 1,000 microns, preferably from about 50 to about 250 microns, as long as all
channels 504 of a given contactor have substantially the same size channel gap. The
channels can be formed having a variety of shapes including, but not limited to, round,
square, triangular, and hexagonal. The space between the channels is occupied by the
structured adsorbent 505. As shown the channels 504 occupy about 25% of the volume of

25 the monolith 500A and the adsorbent 505 occupies about 75% of the volume of the monolith
S500A. The adsorbent 505 can occupy from about 50% to about 98% of the volume of the
monolith S00A. Adsorbent layer 506 thickness can also vary. For example, when the
channel diameter is in a range from about 50 to about 250 microns it is preferred that the
thickness of the adsorbent layer 506, in the case wherein the entire contactor is not comprised

30 of the adsorbent, be in a range from about 25 to about 2,500 microns. For a 50 micron
diameter channel, the preferred range of thickness for the adsorbent layer 506 is from about

25 to about 300 microns, more preferred range from about 50 to about 250 microns.



com ng out of the contactor to |l ess than 10 ppm by wei ght and preferable
| ess than 10 ppb by weight. 100791Wen the nonolith 500A or 500B is used in
a gas sepapaviorisasocess that relies on a kinetic separ Cirars2¢oe/08755pr ocess
300) it is advantageous for the m croporous 5 adsorbent particles 510 to be
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[0078] The structured flow through adsorbent contactor 500B provides highly
efficient mass transfer but is generally constructed with greater pressure drop than a parallel
channel contactor S00A. This extremely efficient mass transfer between the gas stream 507
30 and the adsorbent 505 can be important in removing oil down to low concentrations. For

many compressor oils it is possible to drop the oil concentration in the purified stream 208
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across the seal), the tenperature can drop such that sonme of the seal gas
condensegqueous mixture containing effective amounts of a solid binder, zeolite and adsorbent, solid

heat control particles, and polymer. The solid binder can be colloidal sized silica or alumina
20 that is used to bind the zeolite and solid heat control particles together. The effective amount
of solid binder will typically range from about 0.5 to about 50% of the volume of the zeolite
and solid heat control particles used in the mixture. If desired, silica binder materials can be
converted in a post processing step to zeolites using hydrothermal synthesis techniques and,
as such, they are not always present in a finished monolith. A polymer is optionally added to
25 the mixture for rheology control and to give greater extrudate strength. The extruded
monolith 500 is cured by firing it in a kiln where the water evaporates and the polymer burns
away, thereby resulting in a monolith of desired composition. After curing the monolith 500,
the adsorbent layer 506 will have only about 20 to about 40 vol% mesopores and macropores.
A predetermined amount of these pores can be filled with a blocking agent in a subsequent
30 step such as by vacuum impregnation.
[0081] Another method by which a monolith 500 can be formed directly from a
microporous or mesoporous adsorbent 505 is by extruding a polymer and microporous

adsorbent mixture. Preferred microporous adsorbents for use in extrusion processes are



10 [0087]FIG 7 illustrates an exenplary graph conparing the phase

envel opes of a treated seal gas and an untreated seal gas. The graph 700
rel ates pwessaws4382 in bar absol ute (bara) and ent hal ppCT0%2000/037550

kil o-cal ories per kilogramnoles (kcal/kg.nol). A phase envel ope of an
untreated gas 706 is showm along with line 708 indicating an isenthal pic
throttling of the untreated gas 706 ac#bss the seal. The exenplary seal gas
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Propane Orilg‘t?e?sg that can be extruded without an added solvent. When these polymers are used in the
extrusion process, the resulting product will preferably have a low volume fraction of meso
5 and macropores in the adsorbent layer.
[0082] FIG. 6 is an illustration of an exemplary segmented contactor, which may be
used in combination with the adsorbent beds as disclosed in FIGs. 2 and 5A-5B. As such,
FIG. 6 may be best understood with reference to FIGs. 2 and 5A-5B. The segmented
contactor 600 includes a tubular housing 602 for containing multiple adsorbent beds 606A-
10 606D, which are separated by scals 604A-604E. The secals 604A-604E prevent flow from
bypassing the contactors 606A-606D, which may be selected from any combination of the
contactors S00A-500B. For example, contactor 606A may be a parallel channel monolithic
contactor S00A and contactors 606B-606D arc structured flow through adsorbent contactors
500B. In another example, one or all of the contactors 606A-606D may be a flow through
15 adsorbent.
[0083] The segmented contactor arrangement 600 is configured to beneficially
mitigate the effect of variances in the size of flow channels 504 in parallel channel contactors
S00A or 500B. In the segmented contactor 600 gas flowing out of one parallel channel
contactor 606A enters the next contactor 606B. Besides mitigating the effect of variances in
20 channel size, this arrangement allows the use of different adsorbent materials in different
contactors 606A-606D. Utilizing multiple adsorbent materials can be advantageous to ensure
optimum removal of oil by removing species that interfere with oil adsorption as well as
allowing for use of adsorbents with different pore sizes to optimally remove different
molecular weight oil molecules. The seals 604A-604E may be made from a sealing material
25 such as graphite. Such a segmented arrangement also mitigates the effect of stress built-up
from thermal expansion if the swing adsorption unit 204 is regenerated in a thermal swing or
calcination process.
[0084] In a preferred embodiment, the swing adsorption unit contains both segmented
parallel channel contactors and flow through adsorbents. This embodiment offers excellent
30 contacting properties without introducing significantly larger pressure drops (e.g. greater than

200 psi) through the swing adsorption unit 204.
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EXAMPLES
[0085] Example 1: Example of fuel gas composition that will not condense in the
seals.
[0086] Sources of seal gas can include any convenient extraction point in a gas

5 production or treating process, such as at compressor discharge, as long as the discharge
pressure is greater than the suction pressure of the compressor being sealed (i.e., the pressure
needed to form a dry gas scal in a compressor). When the pressure of the gas is lowered
(c.g., throttling across the seal), the temperature can drop such that some of the seal gas
condenses.

10 [0087] FIG. 7 illustrates an exemplary graph comparing the phase envelopes of a
treated seal gas and an untreated seal gas. The graph 700 relates pressure 702 in bar absolute
(bara) and enthalpy 704 in kilo-calories per kilogram moles (kcal’kg-mol). A phase envelope
of an untreated gas 706 is shown along with line 708 indicating an isenthalpic throttling of
the untreated gas 706 across the seal. The exemplary seal gas 706 is taken from compressor

15 discharge at 388 bara and has a composition similar to the following:
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[0089]

Example 2: The shape of the adsorption front that moves through a parallel

channel contactor S00A during the oil adsorption step is modeled. This modeling used a

competitive Langmuir isotherm to predict the loading of oil in the adsorbent 505. For the

targeted adsorbents, the adsorption strength (e.g. selectivity) of the oil is expected to be so

large that a sharp or shock wave like adsorption front moves through the contactor S00A.
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The oil fronts 806, 808, 810, 812 and 814 represent fugacity
simulation, the vapor fugacity of the oil is taken to be 6x10° bar, and the total fugacity of the
fuel gas 106 at the entrance to the channel 504A at the end of the pressurization step is 300
bara. The total time to pressurize the 5 um channel 504A used in the simulation is 1.04
15 seconds. When the pressurization is completed and the channel fugacity drop along channel
S504A recaches 3.2 bar/m, fuel gas is allowed to flow through the channel 504A with a
superficial velocity of 0.091 meters per second (m/s) at 373 Kelvin (K). At this flow rate, the
0.012 centipoise (cP) fuel gas 106 has the same fugacity drop along the channel S04A as that
at the end of the pressurization step of 3.2 bar/m. In the simulation, the adsorbent thickness
20 s taken to be 3 um and the channel length is taken to be 1 m. The model is based on the
actual parallel channel contactor, and is suitably scaled to capture the transport phenomena
occurring in the full system 204.
[0091] The oil adsorption from the flowing gas stream is described with a linear
driving force model (LDF) that employs a competitive Langmuir adsorption isotherm. The
25 product of the Langmuir adsorption coefficient (boi1) and fugacity (P.i1) for oil was taken to be
to be 4, corresponding to adsorption in the non-linear region of the isotherm. The Langmuir
adsorption coefficient (bgs) for the fuel gas (3.89x107 Pa™') was based on representative
values for methane adsorption in mesoporous adsorbents such as the M41S family of
materials. For many oils in several different mesoporous adsorbents the Langmuir adsorption
30 coefficients (“b values”) are expected to be greater than that used in this simulation. A larger
b value will lead to an even sharper adsorption front than those modeled in this example. The
characteristic time scale for adsorption defined by the LDF constant of 0.1 seconds is chosen

to match the physical properties expected for the mesoporous adsorbent layer. As such, the
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repet 1 i VeNg/Pylods od tims endingapastrhs tiresasippadeteshehoye e d iy hehadpr walhserpaip the

sanpl e @la{tq %Bﬂ, C@aﬁ'ﬁalfﬂgaﬁ € gﬂﬁﬁatﬁon%fo%e&%ﬁﬁgathfcﬁ Q(?Va'g It_1t beds

i nt rodu Into t ti num pan ose wel or each
sanpl e, tsluggetsemmeltl&t pmpag/mentolﬁe]m eil apmﬂtmpfrbmt 'tvﬂlebds émer atsti@cdvtrese even

calcination was to be s ied an te of weig | oss .5 recorded. Each
sanpl e we¥nalsr epeian qfifhe Eef ghopaior ﬁu%e RA O RISt 6:6 id anfl YAPeE) ITRTRERNEL and

Lhen t he sl 6/TRG AL LAVHRS, HAGIAARE thi-AoR bl Rhub SRR, ALNLS L Pk ELnfiRaR

550C. At tenperatures as s 30 of the oil burne or cal cined off
in | e3s thradeeds firthat e].on?g'hheschmedabm ghavmainegrgpht B@0. arfounhe afsultd descrilegiitheed

to heat the sanple to the cal cination tenperatur These rapid kine and
conpl et e SFERBVRI b e qdsoERa b ERDRT tew‘gﬁ%wﬁv ecereier ok 18 |pé?f1ﬁe§feo

tenper at y, gy ﬁalgg(g)uaﬁégve }Z&ie fuct o?n:d% ?ggqhaﬁqod(ﬁrrperatures bet ween 225

and 275Ca s t stea ue to cal cination was observed.
To prove [0098] t hi s Evangid 3t Gssesmaslduendmomahmdemaﬁhldn ol h@ulld®e prloinedoh 2nas
repeat ed usi ng ni Wth nitro

| 5ses  visHm TRIS Oh St o MERHodrolite evisndgd Hij doaiige” R
As mi gat ﬂ&?y%?%&ﬁﬂregﬁﬁ oflatieOkolitel AREe bR by contacting the MCM-41 zeolite with
the polyglycol oil in an amount close to incipient wetness. This required approximately 0.24
grams of oil. To further reduce the amount of oil that is not adsorbed in the zeolite the
samples were placed in a vacuum oven and held at 125°C for 12 hours at a pressure of less
than 1 millimeter of mercury (mmHg) — about 0.00133 bar. When the samples were removed
30 from the vacuum oven the amount of oil adsorbed was found to be greater than 10 wt% of the
sample mass. To measure the rate at which this oil can be removed by calcination,

thermogravimetric (TGA) experiments were performed. The batch of oil containing

MCM-41 material was divided into about 2 to about 25 milligram (mg) samples that were



15 increased with increasing tenperature. 100941Exanpl e 4: This exanple
illustrates a contactor that renoves about 2 gram/ mnute of conpressor
oi I fromwbao/3483MVSCFD fuel gas that has been conpregsedsc@I®3BGsbar a.
When the streamis discharged fromthe conpressor it is at a tenperature
bet ween 85 and 115C. The fuel gas has the conposition shown in the table
bel ow. Wen the fuel gas is 20 fed i ¥ dry seals at a tenperature near
t hat at Lch. L4 ] | schar fr rk ' r
phase-regriiaeh; bigl BEAY 960, AT 1OR SAURDERRA v At pho Gn SEREE
appear s asloivke tgast fpacdsthacrioisurt ftel el affed teecm@dudadoimnd e TompoeISor
oil. In this exanple, the conpressor oil is a pol ﬁgl ycol with a nunber
aver age rRbatER) BN W@q)sg:h\yelglpt ‘13}5919@"@(- aAterresrle samphgy the témperature was then stepped
2009/ 134543 U 7 - - : t 9 10006
N2 1. 46 4}%Hg)g% ggrgo%?%gé \gﬁgrS 0%:?‘1(\?&%t]f~|og_{tr)\lévg§ % Ye g‘lﬂ&%&) &l th%/btla?e i 'd?e?ghq 1895
5 recorded. Each sample was held at the calcinaiton temperature for more than 30 minutes and

then thet+ temperature was increased to a final temperature greater than 550°C. At
temperatures as low as 300°C all of the oil burned or calcined off in less than 1 minute. This
was approximately the amount of time required to heat the sample to the calcination
temperature. These rapid kinetics and complete removal of oil were seen in experiments
10 where the calcination temperature was 325, 350, 375, 400 and 450°C. At temperatures
between 225 and 275°C a slower but steady loss of oil due to calcination was observed. To
prove that this weight loss was due to calcination the TGA protocol was repeated using
nitrogen rather than air. With nitrogen, very slow weight losses with time constants in the
hour to several day range were recorded. As might be expected the rate of weight loss
15 increased with increasing temperature.
[0094] Example 4: This example illustrates a contactor that removes about 2 gram /
minute of compressor oil from about a 5 MMSCEFD fuel gas that has been compressed to 330
bara. When the stream is discharged from the compressor it is at a temperature between 85
and 115°C. The fuel gas has the composition shown in the table below. When the fuel gas is
20 fed into dry seals at a temperature near that at which it is discharged from the compressor it
will not enter a 2 phase region as it expands across the seal faces. The only liquid that
appears as the gas expands across the seal faces comes from the compressor oil. In this
example, the compressor oil is a polyglycol with a number average molecular weight of

1,900 gram/mole.



80.5117 Et hane 14.6952 Propane 3.1856 i-Butane (C4) 0.0650 n-Butane (C4)

0. 0691 i-Pentane 0.0040 n-Pentane 0.0020 n- Hexane 0. 0002 n-Heptane 0.0018
[ 0095] Morwmbi2oéwis4gar al | el channel contactors of the typ®@CThusawn9ios7sEe gur es
5A and 5B are used to renove oil fromthe conpressed fuel gas stream In

one exenplary system a

-30 -

Molecular Component Mole %
H20 0.0006

N2 1.4644

H2S 0.0001

CO2 0.0004
Methane 80.5117
Ethane 14.6952
Propane 3.1856
i-Butane (C4) 0.0650
n-Butane (C4) 0.0691
i-Pentane 0.0040
n-Pentane 0.0020
n-Hexane 0.0002
n-Heptane 0.0018

[0095] Monolithic parallel channel contactors of the type shown in Figures 5A and

5B are used to remove oil from the compressed fuel gas stream. In one exemplary system, a

5 total of six about 40 cm long monolithic parallel channel contactors are stacked inside a 2.5

meter long, 3 inch diameter tube. In this example, three of each contactor style are stacked

within the tubes. The contactors are held in place within the tube with either a ceramic

packing material or with pyrolytic graphite gaskets. The monoliths are formed from alumina

bound MCM-41 zeolite and the six monoliths contain a total of 10 kilograms of MCM-41.

10 Size of the individual MCM-41 particles is 1 micron. The amount of zeolite needed in each

tube is sized by measurements at lower pressures of the adsorption capacity for saturated oil

vapor in MCM-41 samples. These measurements show that MCM-41 is capable of adsorbing

about 15 wt% of saturated oil vapor and / or liquid droplets of about 1900 molecular weight

oil at temperatures of about 100°C. At high pressure conditions, similar adsorption capacities

15 are expected and a square oil adsorption isotherm is still predicted (i.e. a very high b value
for a Langmuir Isotherm).

[0096] Flow channels in the monoliths are 500 micron in diameter and occupy 10-

30% of the crossectional area of the monoliths. The 5 MMSCFD fuel gas flow is split

between four 2.5 meter long tubes and the adsorption step is carried out for 12 hours. At the

20 end of a 12 hour adsorption step the oil adsorption front has not broken through to the end of

the tubes. When the adsorption step is completed four other tubes that have finished

regeneration 308 are valved on-line to continue removing oil (i.e. they start the adsorption

step 306). The four tubes that have been undergoing an adsorption step are regenerated 308.

The tubes are regenerated by depressurizing them to 4 atmospheres (about 4 bar) and



5 total of six about 40 cmlong nonolithic parallel channel contactors are
stacked inside a 2.5 neter long, 3 inch dianeter tube. In this exanple,

t hree of weachoxomidact or style are stacked within the tulpes/USTHL/088 act or s
are held in place within the tube with either a ceram c packing material or
with pyrolytic graphite gaskets. The npnoliths are fornmed from al um na
bound MCM 41 zeolite and the six nonolikths contain a total of 10 kil ograns
of MM 4]1:56 Qin t%qloqx]; &ﬂ&ekﬁqla\ﬁl tﬂﬁas%ﬁéat@ﬂotéﬁké Shrlod I%thrytﬁll;e%n él-lnPl%w
amount of zeol It e needed in each tubs I's sized by measur enents- at ‘L ower

pr essur esarfintdach adsatupinkahisphp&coHt the frogensailioh pr@sOisl bevagar 1 hind MUMEM,
sanpl es. These neasurenents show that MCM 41 is capabl e of adsorbing about

15 wt % ofanddbqpefrasuisdlawagdpbr tigdbotwenn 1 preite mapwpt eshish pamsthe figyof the

ol e.Cu! arﬁrwpﬁlggél}tﬂlhlas géat&?-{{? & ﬁ{[e;fo . tﬁét éa‘paﬁé}lat%o%or%acti%tn Iﬁ' Q)QGIP ifiald CHeat .
condi tions, sirmlar adsorption cdpacities are expect ed and a square oi |
adsor pf i ablchsdt fii@n thé salsinklidn praeddic t@dbE iin @ ragpeviesnyt RRQRilbwutad. u€o flioimit she
Langnmuir Isotherm. 100961Fl ow channels in the nonoliths are 500 mcron in
di amet er tARECIAREUHYC #0h30dsiBptioh Ecagtions BECFIdIn MMEaf WAl Pilies HORWIOBEEIC The
5 MVBCFD ; S L ol 5508 . he
adsor pti 6&*"‘2‘%“&%% ghégﬁfraylég%gtﬂte 11‘1@?& lsoegr%g%I b%tz 55t he gs{)loggeg@lg%&gl%? osuetrs'
adsor pt i oFhesdafgindtioe peddessaid compldatahinflegnharh@bBoure ind thekebestane cacdéd foo 4tHoarsend
of the tubegﬂ When. t he adsorption step is conpleted four %t her tubes that
have fi ni%h&avinggsHBS atqmBRCSSE AF O VIIFYAEE2h Nftragsn + 1Braught thathe befar #NPGCToi |
(i.e.;4h rption step 306). The four tubes that have been
undergg)i %S%ﬁg%%%?%t]%gﬁgstep are regenerated 308. The tubes arc

regener at[@9y deprwhadeithezprogent erention hagttnospbwribk: toakoiots hodéicatiemdandND
2009/ 134543PCT/ US2009/ 037550 -31 - beginning to fl ow conpressed air that
has been HEHREYC dormpadhe expanlyl sRkodNpRs diskppsed |aBQVe Je¥e PeFnesiiop %@qay
during thig aha PILHRNRL doAMh SoddSnhig dorPid6lo PR and
t he hot g)il/ a? I'S ?ﬁg\%fecﬁ oerJea’ t?ﬁg%bég weﬁe%;l 1zlsnodJ d48 mﬁér[l\ﬁlt%gl}s%oat IgjV\ﬁ?lc eﬁgg(:lv{not

t he frontbeolimitbe td ithes pamionlat ictiboliasenisediseldsadphdreint hbndped, rthe tpiaentainvention

cal cination reaction has been jinitiated. Heat 5 re|eased . fromthe . .

cal ol hat iioHuiSagt Edfmeresp 1EHPTH B e fail%vo&f iy thergrup spiit ke
tenper at upgnd b1Sfe &hchl& Q&infi nati on reaction proceeds, |ong duration pul ses
of nitrogen are Introduced. The duration of the nitrogen pul ses can be 2-50
times longer than the air pulses. The calcination process is conpleted in

| ess than 6 hours and the tubes arc cooled for 4 hours by flow ng either
conpressed air or pressurized nitrogen through them before another 10
adsorption step is begun. [0097] Wiile the present invention may be
susceptible to various nodifications and alternative forns, the exenplary
enbodi ments di scussed above have been shown only by way of exanple.

However, it should again be understood that the invention is not intended
to



be limted to the particul ar enbodi ments di scl osed herein. indeed, the
present invention 15includes all alternatives, nodifications, and

equi val erwe 20@/13433g within the true spirit and scope of PChaSappasTied
claims. WD 2009/ 134543PCT/ US2009/ 037550 - 32 - CLAIMS What is clained is:
1. Asystemfor treating a gaseous feed stream conprising: a selective
conmponent renoval system conprising:-¥a gaseous feed streaminl et

configured to pass a gaseous feed str (A 0 a swing adsorption unit
having at | east one structured adsorbgﬁr&%@d conprising a high surface area

solid, whwhetiifclaimedis: t he gaseous feed streamincludes a vol une of oil
droplets and a volune of oil vapor and has a pressure of at |east about
1, 000 pounds pbsySnierdrqatipga gajeops fagd sueanm.<QBIIISHE: st r uct ur ed adsor bent

bed is configur . Vi | f the volune of oil
droplets and %%%rctlg%%&gﬁoﬁ%ﬁge\t}lgﬁ%s S%Fpg(lgrltnbr\?g% r to provide a

subst ahti al | y ogdschiiefcgasendsnietcotfigséd enpassangaseous feell Bereah iheas swaipe
structured adsorbent bed is regenerated in a kinetic swi.ng adsorption
process. 2fisorption yai hayigg dinlesst eneastrrcfured gfisorkany bedgompridpg @ high pyface arca
adsor pti QQprogess. i s selected fromthe group consisting of a calcination
process, a tenperature swi ng process, a pressure sw ng process, an inert
purge process, and tafgaseondicndsiredin invbudest valunde dheil gxoplesruaf a eblam of,oil
wherein the systemis configured to repove the volunme of oil droplets and
vapor in a shafpoLdslgrseirssssiEohat gast spere| ePORPURdy RRIGAYATE N8t herm 4. The

systefgof claim3, ROGr flalt SResilcnd Bt RPE HelUS bR RELBETO AN Aefladis:

portion of the volume of oil droplets and a portion of the volume of oil vapor to
provide a substantially oil-free gaseous outlet stream; and
the at least one structured adsorbent bed is regenerated in a kinetic swing
adsorption process.
15
2. The system of claim 1, wherein the kinetic swing adsorption process is selected from
the group consisting of a calcination process, a temperature swing process, a pressure swing

process, an inert purge process, and any combination thereof.

20 3. The system of claim 2, wherein the system is configured to remove the volume of oil

droplets and vapor in a sharp adsorption front as modeled by a Langmuir isotherm.

4. The system of claim 3, wherein the at least one structured adsorbent bed is

regenerated by raising the temperature of the structured adsorbent bed to at least about 250°C.
25

5. The system of claim 2, wherein the structured adsorbent bed is regenerated by a

thermal wave process.

6. The system of claim 2, wherein the structured adsorbent bed is regenerated by a gas
30 or fluid flowed co-currently, counter-currently, or orthogonally (e.g. crossflow) to a flow

direction of the gaseous feed stream.



regenerated by raising the tenperature of the structured adsorbent bed to
at | east about 250C. 25 5. The systemof claim2, wherein the structured
adsor bentwbedoys434@gencrat cd by a thermal wave process. PCT/US2009/08758¢ st em of
claim2, wherein the structured adsorbent bed is regenerated by a gas 30 or
fluid flowed co-currently, counter-currently, or orthogonally (e.qg.
crossflow) to a flow direction of the }aseous feed stream WO

2009/ 134543P 0,- - . The t | aj

conpri si ﬁé acﬁhtljé ﬁ&gtggn{)g‘%t%grb}’emﬁgars?or%p ns%‘&% gﬁf‘% %mej% %%rléraléiﬂnsé}%ggu%% Q&'{sﬂ i ng

adsor pti aurgtihding the swlng ddiersipatu@m of claim 7, wherein the fluid
i nper neabl e housing is operable at up to 5 about 10,000 pounds per square
inch. 9. The systemof claim2, wherein the structured adsorbent bed is

sel ected ¢ rom+he ISt ing.: rall a C r
structur e% fl oj\t/vﬂét r{gﬁgﬁf g@{s}%r7béx)r}lltg&ggﬁ%eg%@grl,ﬁlpg%?a%v% ?ﬂggﬁgﬁ %gg?g%baetn . tOand
any cofrbiabati 0Aheuads perkquard@chThe system of claim 9, further conprising

a segnented contactor configured to house at | east two structured adsorbent
beds, wherein each pair of structured adsorbent beds is separated by a

seal . 15 4l1. Thg,.s f..clad i i J ; '
aohfree Bii. 15 SASTLoE el el Sk Rhooplche Bpd o SHELL Bon e
conposed gbum coasistary obpolpyrael ehaeichydoatetodX hdenendedritpy | teragbxidderbe20
13. The system of claim 12, wherein the random copol yrrer of ethyl ene oxi de
and pr opyBREE:G e HyeughadioBIealy 8 et Patigs; tB#EClyr eat er t han about
1,200 ;@gram nol e and | ess than or equal to about 2,500 graninole. 14.
The system of claim1, further conprising a cooling jacket operatively
engagi ng lithe afhcXystemasticlamed, St tcompdsiadaorepanntet edntactdbeonfigarcslyts thenscof
claim2, fyrther conprisin heater sel ected fromthe group, consisting of
an i ndi r éEHcat Sep IECHERT nbgﬁ‘%hé?%heé?l{l AChpRE WUSEFe] 800K BeRt Mbed
heater, g.gdihRE%Hy%asaheating fluid, and any conbination thereof 30

15 11.  The system of claim 1, wherein the oil is a substantially ash-free oil.

12. The system of claim 1, wherein the oil is a synthetic composed of a random

copolymer of ethylene oxide and propylene oxide.

20 13.  The system of claim 12, wherein the random copolymer of ecthylene oxide and
propylene oxide has an average molecular weight greater than about 1,200 gram/mole and

less than or equal to about 2,500 gram/mole.

14.  The system of claim 1, further comprising a cooling jacket operatively engaging the at

25 least one structured adsorbent bed.

15.  The system of claim 2, further comprising a heater selected from the group consisting
of an indirect electric adsorbent bed heater, a direct electric adsorbent bed heater, a direct gas
heating fluid, and any combination thereof.

30
16.  The system of claim 1, further comprising a heat exchanger configured to utilize

cooling fluid to cool the substantially oil-free gaseous outlet stream.



W0O2009/ 134543PCT/ US2009/ 037550 - 34 - 17. The systemof claim1, further
conprising an accunul ator configured to hold the substantially oil-free
gaseous owODI2e19/s83486amM 18. The system of claim 1, wreTaiseoo0ina7shé gh
surface area solid is selected fromthe group 5 consisting of: alum na,
mesopor ous solids, and mcroporous solids. 19. The system of claim 18,
wherein the high surface area solid is3elected fromthe group consisting
of : al ummnas, r i-yat e .char. cao i.oni |t i gh
oiiica zeorii ol AR oF S CLoRhE! B ST MBI MO gRER 1Ry up
mat er i al subfhiRAllywilefiéagScdld dufitcdt@par ous and nmesoporous material s

cont ai ni ng predom nantly al um num phosphorous and oxygen), SAPO naterials
(m croporous and nmesoporous materials containing predom nantly silicon

al um num ghos r and - - ical s 1. G110 r ous
mat eri al sl%Conppﬂ;}%ssggt% ofa 1%@%5’%?8%%@%3%%&%%02@ 13?{:18%%% g??latlrﬁgsgg)

(m cr oporeusistaipdofirelaaio, enSopmrdey dodils and miciopeduofolaol i tic i m dazol atc
frameworks). 15 20. The system of claim 18, wherein the high surface area
solid has a surface area greater than about 10 square neters per gram
(nm2/ gm. . . ' : I I r %?ﬁ

per cent o]fg't heﬂ%ei SIyg-ﬁlelgl d:%%%@ewc?o %Sg#e%ﬁe?lﬁﬁeh\,\%g%g%%se gfs @Z%gss t lﬁeg%ﬁqﬁ%%&%% &
syst em ofcoatigting &8, alwharei carbbs, httifatslcdrace araemal adatidnilc SzealitkR- Ridhr dikigr
zeolite with a Si_to Ad ratio of nore than about 50:1. 25 23.The system of
cl ai m 18,2cQlgs-ighly rdligspyh oudsradapmesoppenys dupteials-ssoh gebmgisrial mddshsratiels

mat er j &l : f ang f I f - [.SlNg a
condi 17 or gl 33 BEbldhous frul Py ok aog pEhahiBud, Wk, RSNl
conpri si ngd pxeydéndj NYAROgaseatms f @eidrapora@amahdyv inegorvgd unmetendils oiconthingreei n;

treating a portion of the gaseous feed stream usin sel ectjve conponent
r enoval %Cf m{& ﬁéC%ﬁ ajuBHRYM JHeSRARIOHS %%}@F%%@Fo@é@galﬁni(ml%pqr%lfsm a

uti ity shieaRdpBloudSRatelaR cofpR Yrls 4rdAPEbaMS2RARERGLP 2 d- ZHP materials

(microporous and mesoporous materials comprised of zeolitic imidazolate frameworks).

15
20.  The system of claim 18, wherein the high surface area solid has a surface area greater

than about 10 square meters per gram (m*/gm).

21.  The system of claim 3, wherein greater than 99.99999 percent of the oil is removed

20 from the gaseous feed stream.

22.  The system of claim 18, wherein the high surface area solid is a 12-14 ring zeolite

with a Si to Al ratio of more than about 50:1.

25 23.  The system of claim 18, wherein the high surface area solid is an ordered mesoporous

material of the M41S family.

24.  The system of claim 1, further comprising a conditioning unit.

30 25. A method of treating a gaseous feed stream, comprising:
providing a gaseous feed stream having a volume of oil therein;
treating a portion of the gasecous feed stream using a selective component removal

system having at least one swing adsorption process unit to form a utility stream for use in a



utility conmponent, wherein the at |east one swi ng adsorption process unit

i ncludes a structured adsorbent bed conprising a high surface arca solid
and confiwyonred/B3¢s48enove at | east a portion of the vol ureTafS2a0lo37550
regenerating the swing adsorption process unit in a calcination process;
5feeding the utility streaminto the utility conponent, wherein the utility
streamis conpatible with the utlllty'%%nponent and utilizing the utility
stream i r‘[ltﬁl'?}? Y pob&% W&?eﬂﬂg at eat I/hf %ggit:'g%on()f r§ef ani?tSincmag% &n

t he gaseous ream cont ai ns a ?eas Sone rocarbon conponent.

27. The rmhbmebdoidssfbahnb&ﬁcom@@i@g B Higtesgéreaus {otidcanslt dodfiduicd ta reMopRs essor
di scharge stream 15 28. The nethod of claim25, wherein the gaseous feed
strean1|éaﬁthP@WOBﬁﬁﬁﬁﬁW%mﬁ?BE%%s stream 29.The method of any one of

cl ai ns 25-28, r e above the
critical point\é\g‘g1 ]gggggeouggggﬁg %ﬁg8§%$ﬁ§%h1§85&?% H@?ﬁo% of cl aim 28,
wher ei h t he gabeabing tﬁeeetihtgt S’tﬁaam ingo aic atiftyessupodenf wWheesin ahe uefigt stedaauis 100
bar to at | east about 31. The nmethod of claim28, wherein the

gaseous ﬁ@éﬂmg?kéﬁﬂﬂﬁ§uﬁhwémﬁﬁ€@§@r@“bf fron1at 25 | east about 200 bar to

at | east about §%?1QHéuﬂn§%ne£H%1HB one of clainms 25-31, wherein
at |east one of & af st one uti ty Co onent is selected fromthe

group consisting of a conpressor, a conpressor string, a turbo-expander

conpressor, a turbo-expander enerator punp, a fired steamboiler, a
fired 30 %rocek methodrof glagnsdeyickan’ tae rgéﬁ%lﬁ.%%d Slfearn AoBHIN; flelepstaens e

el ect Clﬂ@kﬁ: i nery equi pped with magnetic bearings, and a gas
turblﬁz %lﬁgﬁ%gﬁg%%ECT/U82009/037550 - 36 - 33.The nmet hod of claim 32,
wherein the first utility streamis utilized as a dry seal gas for

27.  The method of claim 25, wherein the gaseous feed stream is a compressor discharge

stream.

15 28.  The method of claim 25, wherein the gaseous feed stream is a high pressure process

stream.

29.  The method of any one of claims 25-28, wherein the gascous feed stream is at a
pressure above the critical point of the gaseous feed stream.

20
30.  The method of claim 28, wherein the gaseous feed stream is at a pressure of from at

least about 100 bar to at least about 500 bar.

31.  The method of claim 28, wherein the gaseous feed stream is at a pressure of from at

25 least about 200 bar to at least about 320 bar.

32.  The method of any one of claims 25-31, wherein at least one of the at least one utility
component is selected from the group consisting of a compressor, a compressor string, a
turbo-expander compressor, a turbo-expander generator, a pump, a fired steam boiler, a fired
30 process heater, a gas engine, a hermetically sealed direct-drive electric motor,

turbomachinery equipped with magnetic bearings, and a gas turbine.



at | east one of a dry gas seal, a |labyrinth seal, and a nechanical seal in
the at least one utility conponent. 5 34. The nethod of claim33, wherein
the at | ewet20ovB43wi Ng adsor ption process unit is sel ecred/USeandiostsso gr oup
of units consisting of a pressure sw ng adsorption (PSA) unit, a thernal

swi ng adsorption (TSA) unit, a partial (ﬁr essure swi ng or displacenent purge
adsorption (PPSA) unit, a rapid cycle Y¥hermal swing adsorption (RCTSA)

uni t, a rapid gyl &,p 8?&&%35% i RUSOF RE LA %@%ﬁ)mﬁf}b& 2 %@%%%gaw&‘ €
partial préssure sw ng or di spl acenment purge adsorption % unit, a
conpact RSfaseoreatRedl ¢hSeal.a labyian kedPPHA, a mbchaalyl eahhi thaki Rasttione L tfy.

35. The nethod of claim 34, wherein the selective conponent renoval system
(SCRS) f UOMeRConpri ses at | east one of an absorption unit, a menbrane
separation unit, a nolecular 15 sieve, a distillation tower, and a gl ycol
cont actor. 36. A structured adsorbent contactor, conprising: an inlet
end; ah @4t | etTlene:sthaddf 20dampdrehdréiy thé aopast dlcoywinhaidnabaore pieadh gt fs om
the inlet end to the outlet _end, wherein a portion of the plurality of open
fl ow charlerisdafiemdaa|ssRirapt vhiEs Fonsetingrf aneFstiie sharmphartions (RS9 unit, 2

pluralit I . eal.ed Ehe “%25, | e
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surface of the open flow channels are comprised of a structured adsorbent material having a

selectivity for a first component of a mixture over a second component of the mixture greater

25  than one.

37. The contactor of claim 36, wherein the contactor has less than about 20 volume
percent of its open pore volume in pores with diameters greater than about 20 angstroms and
less than about one micron.

30
38. The structured adsorbent contactor of claim 36, wherein the adsorbent material has a

selectivity for oil over CHy4 greater than about 10.
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39.  The adsorbent contactor of claim 36 wherein the adsorbent material is comprised of a
high surface area solid material selected from the group consisting of alumina, mesorporous

solids, and microporous solids.

40.  The adsorbent contactor of claim 39 wherein the adsorbent material is a structured
microporous adsorbent selected from the group consisting of zeolites, titanosilicates,
ferrosilicates, stannosilicates, aluminophosphates (ALPOs), silicaaluminophosphates
(SAPOs), microporous and mesoporous activated carbons, mesoporous materials, structured

mesoporous materials, and carbon molecular sieves.

41.  The adsorbent contactor of claim 40 wherein the structured microporous adsorbent is

a zeolite selected from the group consisting of MFI, faujasite, and Beta.

42.  The adsorbent contactor of claim 40 wherein the structured microporous adsorbent is
comprised of a molecular sieve selected from the group consisting of carbons, activated
carbons, charcoal, cationic zeolites, high silica zeolites, highly siliceous ordered mesoporous
materials, sol gel materials, aluminophosphates (ALPOs), silicoaluminophosphates (SAPOs),
metal organic framework (MOF) materials, and zeolitic imidazolate framework (ZIF)

materials.

43.  The adsorbent contactor of claim 42, wherein the structured microporous adsorbent is

an 12-14 ring zeolite with a Si to Al ratio of more than about 50:1.





