WD 2006(076160 PCT/ US2005/047101 -1 LOW ENERGY SURFACES FOR REDUCED
CORROSI ON AND FOULI NG FI ELD OF THE | NVENTI ON [ 0001] This invention rel ates
to a method for_reducing fouling and corrosion of nmetal surfaces. Mre
particularly, n‘@?é‘t?w@'{fi‘@aces such as piping and heat exchERGswes/Bhok
transport or contain corrosive and contam nated nmaterials can be protected
by formation of organonetallic coati.ngs that are in the range of nonol ayers
in thickness. BACKGROUND OF THE | NVENTI ON [ 0002] Fouling of netal surfaces
such as the piping, heat exchangers and reactors used in refineries and
chem cal plants result in significant costs;including cleaning and

equi pnment down tines. Such fouling can occur froma nunber of sources such
as crudes, distillates, process feedstocks and the like. In nany i nstances,

costs may al so include energy cg W ANERTI PR s TS extreme operating
condi tions necessitated by the Ghesefes ol foatat as coke and
attendant safety issues. For _lﬁrﬂﬁﬂ?m_m*ﬁhﬂ_\u 3 NG associated with

cl eaning and equi pnent down times can run into annual costs in the hundreds
of mllions of dollar range. 100031 There have been a nunber of approaches
to mtigating fouling, including coatings for nmetal surfaces. One approach
for formng a prIIEED OFETHE INKENTION i S by depositing a |ayer of silica
resulting from oxidative deconposition of an al koxy silane in the vapor
phase on the metal surface. Another approach is to passivate a WD

2006/ 076160 PCT/ [b&}?l(?oy'l%?iﬁ%nﬁon relates to a method for reducing fouling and corrosion of

metal surfaces. More particularly, metal surfaces such as piping and heat
exchangers that transport or contain corrosive and contaminated materials can be
protected by formation of organometallic coatings that are in the range of

monolayers in thickness.

BACKGROUND OF THE INVENTION

[0002) Fouling of metal surfaces such as the piping, heat exchangers and
reactors used in refineries and chemical plants result in significant costs including
cleaning and equipment down times. Such fouling can occur from a number of
sources such as crudes, distillates, process feedstocks and the like. In many
instances, costs may also include energy costs associated with more extreme
operating conditions necessitated by the presence of foulants such as coke and
attendant safety issues. For petroleum refiners, the costs associated with cleaning
and equipment down times can run into annual costs in the hundreds of millions of

dollar range.

[0003] There have been a number of approaches to mitigating fouling, including
coatings for metal surfaces. One approach for forming a protective surface film is
by depositing a layer of silica resulting from oxidative decomposition of an alkoxy

silane in the vapor phase on the metal surface. Another approach is to passivate a



-2 reactor surface subject_to coking by coating the reactor surface with a

| ayer that is fromseveral mcrons to several mllineters thick of a
ceram c material deposited by thermal deconposition of a silicon containing
precursor in th&AA¥Ehase.  Both approaches result in @Csust@veroxi de
with relatively high surface energy that can attract unwanted deposits of
the surface. Wiile these coatings can have sone value in preventing
corrosion, they have proved to be ineffective in reducing fouling. [ [0004]
O her coatings are directed to polynmeric materials such as pol yet hyl ene and
polyvinylfluoride with I ow surface energy uged in biofouling for aqueous
envi ronnent at anbi ent conditions. The polyneric coating cannot w thstand

hi gher tenperature conditions typical of refinery operations and are not

ffective i hyd ben faoul i.ng. .[.0005] Physi cal .cl eapni ng.by .hydrobl| asti
o e eamini oot SRARRR e OMed 0 poling PetortY e Rocsin SERE O iR e S
mtigation can afsm seferaMBlc®MRdo sdverdl nlillPheiadt tick bV Ar¥8R hilerisise

anti-foulants to renmove or mnimze creation of unwanted deposi tg(.%tﬁganpl es
of such anti - f oubnthesmalricromipositior afra siliven cohleinpimpresarsedntixi vapogplesapounds

and phenolic co nds. 006] . The typical.coatings r. yndustrial conduits
are generally i nnﬁg ﬁ]ea%ﬁ{oc?&%‘? IF“JB'IR s oé‘l’der"&ﬂb’ée?%wc[)ﬂ?“gt?{ﬁ € CRPfRY ﬂ?%
usual Iy to ensur gana@étt SHvhaee@ GRS 80Be A& Tace WhiRShile QbhiifssaR hi¥hhleV ©

| ayer of sufficient thickness to be robust during operating conditions.

However, such thvake Bqaevengsg seryodiomitheythase proxedtorkpdneffedtive @vieditingoul d be
desirable to hav&uﬁn effective and i nexpensive coating to mtigate both
corrosion and fo H%‘ in refinery and chem cal process equi pnent

{
[0004]  Other coatings are directed to polymeric materials such as polyethylene
and polyvinylfluoride with low surface energy used in biofouling for aqueous
environment at ambient conditions. The polymeric coating cannot withstand higher
temperature conditions typical of refinery operations and are not effective in

hydrocarbon fouling.

[0005] Physical cleaning by hydroblasting or steam injection has been used to
clean fouled equipment. Chemical mitigation can also be employed. This typically
involves the use of anti-foulants to remove or minimize creation of unwanted
deposits. Examples of such anti-foulants include sulfur- and phosphorus-

t containing compounds and phenolic compounds.

[0006] The typical coatings for industrial conduits are generally in the micron to
millimeter range in thickness. This is usually to ensure good surface coverage as
well as provide a protective layer of sufficient thickness to be robust during

operating conditions. However, such thick coatings may limit heat exchange.,

[0007] It would be desirable to have an effective and inexpensive coating to

mitigate both corrosion and fouling in refinery and chemical process equipment



WO 2006/ 076160 PCT/ US2005/ 047101 -3 including piping and heat exchangers in
which the coating is in the range of nonolayers thick and has |ow (optimm
surface energies. SUMWARY OF THE | NVENTI ON [ 0008] This invention relates to
a process for mM9 9%O7HE bot h corrosion and foul i ng of MERCAIUSEWSAmRS whi ch
conprises: contacting the netal surface with an organonetallic conpound
capabl e of bonding to the netallic surface and formng a |ayer of
organonetal lic nolecules which is | to 10 nol ecul ar | ayers thick, which

| ayer will not undergo substantial deconposition at tenperatures up to 450C
and which [ayer has a surface energy |ower sthan 50 mllijoule/n2. [00091
Anot her enbodinent relates to a process for mtigating fouling and

corrosion in refinery and chenical plant equi pnent having nmetal surfaces

whi ch ct t.al f ta
colrr;oungocr:rg;):aglez ?“%mg R nggnégeqt%gcﬁgg%gh@ﬁﬁhﬁea@é %Tﬁﬁe%tl | ayer of
organonetal l'ic nﬁioﬁéldﬂr@@ th1ﬂt1hri31hds?fo‘ﬂtééﬂnﬂlﬁnﬁﬁkﬁ§élé&& légiyers thi ck, which

| ayer will not undergo substanti al econposition at” tenperatures up to
459C, which layer has a surface energy lower than 50 mllijoule/n2, and

which layer is d r ae@mﬁaﬁ%upto 100% of the rretal
surface. [0010] ates to a process for mtigating
fouling in refinery and chem cal plant equipnent having metal surfaces
whi ch conprises: heating the nmetal surface in an oxygen-contai ning

at nosphere at tefﬂﬂ@ﬂht uThis twyfentién relatds0 @ proceSOREnfibgatmg thottecadfsfoncindnt t o

cl ean said netal rbon ous r.esi dues, tacting the netal
surface with an 5?“53 ﬁﬂ} %{lp\frgace% ﬁﬁgﬁﬂﬂ’pﬁlﬁﬁaﬁf’ﬁta ‘?ﬂgﬁgﬁm% 2eFEthE al | ¢
surface and for mbgnémétaNielcofipound capable of bonding to the metallic surface and forming a

layer of organometallic molecules which is 1 to 10 molecular layers thick, which

layer will not undergo substantial decomposition at temperatures up to 450°C and

which layer has a surface energy lower than 50 millijoule/m?.

[0009]  Another embodiment relates to a process for mitigating fouling and
corrosion in refinery and chemical plant equipment having metal surfaces which
comprises: contacting the metal surface with an organometallic compound capable
of bonding to the metallic surface and forming a layer of organometallic molecules
which is 1 to 10 molecular layers thick, which layer will not undergo substantial
decomposition at temperatures up to 451°C, which layer has a surface energy lower

{ than 50 millijoule/m?, and which layer is deposited on greater than 25% up to 100%
of the metal surface.

[0010] Yet another embodiment relates to a process for mitigating fouling in
refinery and chemical plant equipment having metal surfaces which comprises:
heating the metal surface in an oxygen-containing atmosphere at temperatures of
from 100°C to 500°C for a time sufficient to clean said metal surface of
carbonaceous residues, contacting the metal surface with an organometallic

compound capable of bonding to the metallic surface and forming a layer of



WO 2006/ 076160 PCT/ U52005/.047101 -4 organonetallic nolecules whichis 1 to
10 nol ecul ar layers thick, which layer will not undergo substanti al
deconposition at tenPeratures up to 450C, which |ayer - has a surface energy
| ower than 50 nVPRISEULY n2, and which |ayer is depositedP6FUSHPEEIIEr t han
25% up to 100% of the nmetal surface. [0011] A still further enbodi nent
relates to a process for mtigating fouling in refinery and chem cal plant
equi prent having netal surfaces containing corrosion |ayers which
conprises: contacting a netal surface containing a corrosion layer wth at
| east one of high pressure water or stean1p2_produce a water or steam

cl eaned netal surface; heating the water or 'steam cleaned netal surface in
an oxygen-contai ni ng at nosphere at tenperatures of from 100C to 500C for a

tinme sufficient to further clean sai.d et syrface of carbopaceous

resi dues, cont acqrgﬁrbome[tﬂgc ﬂﬂ‘f"t"ﬂ Wilr“@a’ﬁggo m%qe@ﬁaﬁ%&g tﬁ,}ckhw h layer will
organonetal I'i c coyimg : Qﬂq% | ' : nd
formng a | ayer of o&ri% %g@n%t?daﬂ:nﬂ%t%geéu %%tér&%%%ﬁrﬁb%kg@%wn}%%ggﬁﬁar
| ayers thick, whiasla suefpes enaigyt lowet tham 8@ nybijeuié/st sandivelhich byenisdesisitedon at

tenperatures up to 450C %%i ch | r forms surface having a water contact
angl e between 95ng%¥6&'361’1& r4 Q,laéﬁ’d’f\mﬁ@ﬁm]a%éf&i s deposited on greater
than 25% up to 100% of the metal surface. 10012] Anot her enbodi nent rel ates

to a metal surface capable of resisting fouling when exposed to corrosive
or coke form ng @01Ht noA ptild firtheo embodinieat relatasds a praxssaifor oitigating fodiag ia net al

surface and a |l ayer of qrganonetallic nol ecules deposited on . said netal

surface, said | aﬂégf‘eréf@ng P@%%H’a&‘%%eﬂ'epml %ﬂﬂéfﬁggiewmmnwgea%r

| ayers thick, | I ool ki b Lol at
e Whi 6} by comﬂdsegl?%n%ﬁggsggm%gﬁ%g%g%fmﬁﬂgﬁr

tenperatures up to 450C, which | ayer ower than 50
with at least one of high pressure water or steam to produce a water or steam

cleaned metal surface; heating the water or steam cleaned metal surface in an
oxygen-containing atmosphere at temperatures of from 100°C to 500°C for a time
sufficient to further clean said metal surface of carbonaceous residues, contacting
the further cleaned metal surface with an organometallic compound capable of
bonding to the metallic surface and forming a layer of organometallic molecules
which is 1 to 10 molecular layers thick, which layer will not undergo substantial
decomposition at temperatures up to 450°C, which layer forms a surface having a
water contact angle between 95 to 160 degrees, and which layer is deposited on
greater than 25% up to 100% of the metal surface.

[0012]  Another embodiment relates to a metal surface capable of resisting
fouling when exposed to corrosive or coke forming at atmospheric or greater
pressures which comprises a metal surface and a layer of organometallic molecules
deposited on said metal surface, said layer of organometallic molecules being 1 to
10 molecular layers thick, which layer will not undergo substantial decomposition
at temperatures up to 450°C, which layer has a surface energy lower than 50
millijoule/mz, and which layer is deposited on greater than 25% up to 100% of the
metal surface.



mllijoule/n2, and which layer is deposited on greater than 25% up to 100%
of the netal surface. WO 2006/ 076160 PCT/ US20051047101 -5 [0013]
Treatnments with silicate cols, or paints rich in silicon or alum num
typically produ¥@20ep%ti0vel y thick surfaces (micron to ni PFT/HS0EY0#710hat can
provi de a physical boundary that protects the underlying netal from
corrosion. However, such treatnents will not have | ow surface energies if
the surface term nates in an oxide/ hydroxi de surface | ayer. Uses of silanes
for "chem cal vapor deposition” are also known but with the intent to
diffuse Si, C, H and other elements into the netal surface using high
tenperatures (e.g. 600C); the result is that the surface, though
non-netallic, can still have a high surface energy and will not reject
potential foulants. 10014] In the present invention, the surface is created
by reaction of an organonetallic such that the organic noiety is retained

(chemi sor bed), yt(@}lﬁ]‘énan%acragﬁ%sﬁi{?ﬁgsﬁﬁﬁgmﬁ%&y Fsilchﬁfof‘gl%Hﬁ% I's more

resistant to spa an t’hi cker ‘coatings an as a |l ow

S Er face energy n@p'ﬂ:ﬁﬂy pmddf&xgdnﬁv_a@ﬁh'ﬂh @unfajeeahicrcmlabenéﬂlhﬁétﬁld €ipe sad provitleys,
the prior art uses physic rriers to coat .neta ut the present
i nvention uses aPIE‘)ﬁEﬁY ]?%Dgﬁ‘ﬁ’&ﬁ?tipé%??t%weé’&ﬁfﬁﬂé&ﬂle Bt eerosiont dlowayer, aces,

ol EF DESCR! PT! Qbciredidfentd ! eRad:DB SarfBlL il i ToeuPA0! RANAANS A1 1O
phs st eel

the scanning el ectron mcroscopy mcrogra coupons exposed to
hot crude toget hexidethydroxide sefywerigijengUsasraf sitanes fiarviichgmichlevaput deposicioftt arnt

usi ng energy di spersive spectroscopy. [.0016]1 Figure 2 is_a photograph

showi ng a cross %‘é‘?:\%i‘%wPH*Wﬂb&é@?ﬁitﬂeﬁ&séé{»@%m@%m‘%%%s of
st e?I coupons exmgguéiﬂg H&Ih t&ﬁﬂ&gmres (e.g. 600°C); the result is that the surface, though

non-metallic, can still bave a high surface energy and will not reject potential

foulants.

[0014] Inthe present invention, the surface is created by reaction of an
organometallic such that the organic moiety is retained (chemisorbed), yielding a
stable, thin near monolayer surface that is more resistant to spalling and cracking
than thicker coatings and has a low surface energy needed to discourage and reject
potential deposits. Thus, the prior art uses physical barriers to coat metals but the

present invention uses a chemical modification approach to protect metal surfaces.

f BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Figure 1 is a photograph showing the scanning electron microscopy
micrographs of steel coupons exposed to hot crude together with corresponding

‘graphs showing the sulfur content using energy dispersive spectroscopy.

[6016]  Figure 2 is a photograph showing a cross section of the scanning electron

microscopy micrographs of steel coupons exposed to hot crude.



WD 2006/ 076160 PCT/ US2005/ 047101 -6 [00171 Figure 3 is a graph show ng w. %
silicon as a function of w.% carbon on various steel sanples. [0018]
Figures 4A and 4B are plots of G bbs Free Energy vs. surface energy (4A
and the correspgﬂ&l’%'@”“gq"ot of surface energy vs. water coRCEES20051e7101 (4B) .
[00191 Figure 5 is a graph show ng surface energy as a function of water
contact angle. (00201 Figure 6 is a photograph show ng the fouling of
carbon steel coupons as a function of water contact angle. DETAILED

DESCRI PTI ON OF THE | NVENTI ON [ 00211 In typical refinery and chem cal plant
processes, nany feedstocks are prone to preduce fouling of process

equi pnent. Such feeds include crude which can contain contam nants that
foul equi pnent by depositing residue and/or corrosive conponents. Exanples

of such contam n i ncl ude, sal t s tals syl fur- and, nitrogen-containing
speci es, distil I@p?@n E@% IS&#BaPPﬁggWé’?‘-"/e&ﬁ%%P% 8%8{‘1@%?‘5"%“?% Ude
aci di ¢ conpoundsygibabstdsl saipled! - cont ai ni ng aci dic species and napht henic

acids. Such contam nated feeds produce coke and ot her undesirable deposits
that limt flow and heat exchange. 10022] This invention relates to a netal

f d [ id. et al wh [ talli
ot ing |5 used OB o DetendR A dh, R pldl ol QU EFRpranik suprecaney n
refinery and Che@ﬂA?%hd BleAdoin®spdiBiiy pll&foif@@T?ée%ﬁ&tgxg?.gvglftéﬂv%ﬂfggﬂq‘ggﬁggs

. O

equi pnment is made from carbon steel and all oys
PCT/ US2005/ 047101 -7

[0019] Figure 5 is a graph showing surface energy as a function of water contact

( angle.

{0020]  Figure 6 is a photograph showing the fouling of carbon steel coupons as

a function of water contact angle.

DETAILED DESCRIPTION OF THE INVENTION

[0021] In typical refinery and chemical plant processes, many feedstocks are
prone to produce fouling of process equipment. Such feeds include crude which
can contain contaminants that foul equipment by depositing residue and/or
corrosive components. Examples of such contaminants include salts, metals,

f sulfur- and nitrogen-containing species, distillation bottoms and the like. Corrosive
components include acidic compounds such as sulfur-containing acidic species and
naphthenic acids. Such contaminated feeds produce coke and other undesirable

deposits that limit flow and heat exchange.

[0022] This invention relates to a metal surface and a process using said metal
surfaces wherein an organometallic coating is used to protect metal surfaces,
especially those present in refinery and chemical plants. Most refinery and

chemical plant process equipment is made from carbon steel and alloys thereof.



Stainless steel is nore resistant to corrosion but is |less frequently

enpl oyed as a netal of fabrication because of the increased cost. [0023]
The organonetalllcs used in the present process are those which are capable
of bonding to a"fEP%le f ace and which will not deconpos@CAfUStEe47101
tenperature to which the nmetallic surface is exposed. Mdst organonetallics
used in the prior art to protect netallic surfaces are enpl oyed as
precursors and are converted to oxides which function as the protective
coating. In the present case, the organonetallic conpound, not its oxide,
functions as the protective coating. Thus, sthe present organonetallic
coating functions as a chemical protective Iayer in the nonol ayer range as
conpared to a physical barrier provided by the nuch thicker prior art

coatings. 100241,ln,the ar.ganonet a ' oatin terials,
the metallo conpaet §te§1f Pﬁ}?é%%%’ﬁtﬁ!eﬁgf’ IP’&BB%ﬁ'E ﬁﬁrﬂg CWPJ)%\' @6%5 4 to
15 based on t hemblaPAGablédtRh bbodusé bEthERIck@adédcobaibl € having Groups 1 to 18,
preferably Goup 14, nore preferably silicon and tin, especially silicon.

The organo conponents of the organonetallic corrpounds are hydrocar byl
groups having fr 30 carbo at o refer from.l to,2 ar bon
atons, nore pref @rwéél y et?f TEPI%E?]B%SHIS”@{’HO F%@QF]B%FF“@?%\P[SE may be
aliphatic or ar O@Mﬂe oﬂb&ﬂﬁﬁgt’HHﬁBtal alriaBbAtd Whith ﬁﬂ%ﬁ?&é&n%b%%h&ﬁy be
substituted with functional groups such as oxygen, hal oge hydr oxy and the

like. Preferred teyperabue bywh@héhmmeﬁaumlsuﬁace lﬁexm;sed Mohwrgamdwkgs, used hoxy
and phenyl. Pref rred ano ounds ude al k es,

al koxysi | anes, &Fgﬂgxs {2%% ﬁlare %eéfn%pre%ﬁ%&gf&
Especially pr ef eédne&tmmm&dwmmﬁmaﬁmaiskwpm%u%mﬂgl Lpheprddamticags, from

1 to 20 al kyl or al koxy groups, especially tetraal koxy conpounds such as WO
2006/ 076160 PCT/ mggmgpmmﬂg‘,lcompound not its oxide, functions as the protective coating.

Thus, the present organometallic coating functions as a chemical protective layer in

the monolayer range as compared to a physical barrier provided by the much

thicker prior art coatings.

[6024]  In the organometallic compounds used as coating materials, the metallo
components of the organometallic compounds are from Groups 4 to 15 based on
the JUPAC format for the Periodic Table having Groups 1 to 18, preferably Group
14, more preferably silicon and tin, especially silicon. The organo components of
the organometallic compounds are hydrocarbyl groups having from 1 to 30 carbon
{ atoms, preferably from 1 to 20 carbon atoms, more preferably 1 to 10 carbon
atoms. The hydrocarbyl groups may be aliphatic or aromatic groups which
aliphatic or aromatic groups may be substituted with functional groups such as
oxygen, halogen, hydroxy and the like. Preferred hydrocarbyl groups include
methyl, ethyl, methoxy, ethoxy and phenyl. Preferred organometallic compounds
include alkysilanes, alkoxysilanes, silanes, silazanes and alkyl and phenyl
siloxanes. Especially preferred compounds include alkyl- or alkoxysilanes having

from 1 to 20 alkyl or alkoxy groups, especially tetraalkoxy compounds such as



-8 tetraethoxy-silane, alkylsilanes having from1 to 6 al kyl groups,

especi ally hexanet hyl -di sil oxane. [0025] The organonetallic coating on the
metallic surface should have a | ow energy surface. By | ow energy surface is
nmeant a coating"R3MAYI® surface free energy | ower than BET/US2005047101
mlliJdoul es/square nmeter (mJ/m), preferably between 21 to 45 md/nR. The
surface free "energy is determ ned by neasuring the water contact angle. The
| ow surface energy of the |ayer ensures a low interfacial energy at, for
exanple, the interface between crude oil and the coated | ayers, even at the
higher tenperature conditions found in typigcal heat exchangers, e.g., 200C
to 400C for a crude pre-heat exchanger train. This in turn provides for a
weak interaction of foulants and corrosive species with the surface

resulting inar ' 4.0 f I: @eﬂr‘ﬂ ' [ - (0026]. .The anmpunt
of covering of tﬁggg&bgﬁ%@?’é |1%:d}ggsa I'n %ﬁ;gﬁbﬁagaﬁ?qulp%ﬁ%pgégaé% er than
25% of the net al hédfdeBB-disflodd}e% of the netal surface, preferably from 50
to 100%. nore preferably from80 to 100% The amobunt of netal surface
covered is nost preferably 100%or as close to 100% as possible. (0027] The
metal surface { Oygagspr OpfblahdretAliE b&AiRl0h il FRRAIR! b AEOANARLRNS 2 16EPOST L S
such as coke. This™is inportant 1n contlMuous processes In ICh"a'Teed is

heated whil e in ahdwvsikfast.t By fowreaty sufdcademeant b casting aehgusadfaca freef | nery
and chem cal plant service, heat exchangers and fugnace tubes. After

standard i niti al enesgelgmentianSP millilpplsspauarrmeten(ml/me), pesterpbiyrbetven 281t ot her
| d hiah . e . | NG,
sol vent and hi gnyPLERRUT Phe %&%fagé f%?&ﬁéré%w&f;te%m%%ﬂ%%?%%f&@%& c&?tgétng

the netal surface 1s prefer ean presence of an
oxyg@en- cont ai ni ngngl@s Thetef errfiek ynagy of tie layee spmaratalowsnieifatiabme2B0E fop

500C, preferably 300C to 400C for a ti . L.
P yexample, the interface lc:)etween crude oil and the coated layers, even at the higher

temperature conditions found in typical heat exchangers, e.g., 200°C to 400°C for a
crude pre-heat exchanger train. This in turn provides for a weak interaction of
foulants and corrosive species with the surface resulting in a reduction in fouling

and corrosion rate.

[0026] The amount of covering of the organometallic coating layer ranges from
greater than 25% of the metal surface to 100% of the metal surface, preferably from
50 to 100%, more preferably from 80 to 100%. The amount of metal surface

covered is most preferably 100% or as close to 100% as possible.

[0027] The metal surface to be protected is preferably clean of carbonaceous
deposits such as coke. This is important in continuous processes in which a feed is
heated while in contact with a metal surface such as pipes used in refinery and
chemical plant service, heat exchangers and furnace tubes. After standard initial
cleaning with a light cycle oil, other light oil or other solvent and high pressure
water jetting or high pressure steam cleaning, the metal surface is preferably
cleaned by heating in the presence of an oxygen-containing gas, preferably air, at
temperatures of from 200°C to 500°C, preferably 300°C to 400°C for a time



WD 2006/ 076160 PCTI US2005/ 047101 -9 sufficient to renove the desired
deposits, particularly carbonaceous deposits. The heating typically occurs
at atnospheric pressure although higher pressures are acceptable. If salts
are present, a'&ﬁﬁgﬁmﬁéﬁh may be used to renpve salts. Th@CTEBWATBEoNEL al
surface may also be treated with a solution of netal salt to enhance the
ef fecti veness of the organonetallic coating process. For exanple, a carbon
steel surface nay be first treated with a C salt solution. [0028] The

cl eaned and heated netal surface is then subjected to organonetallic
coating by exposing the heated netal to orggnonetallic conpound in the
gaseous phase, liquid phase or m xed |iquid-vapor phase. The organonetallic
conpound nay be sparged into the vapor state using a carrier gas such as

nitrogen or the i ) ] rrier |igui ch as
cycl ohexane, xy|S€%%‘g%§g§ée"?$@?‘%§%¥‘F§??ﬁagéﬁ§g’ﬁﬂ Eeﬂ}ar ﬁ%%lpg?%ﬁpﬁ? d%’l?@‘l > gﬁ:}e, | ube
boi l'ing range hylataagtpisally oectisl et stinbsphetlc pleesuré Kithough highet peSsusélad i on,
e.g., upto 5 vol.% The organonetallic coating process should preferably
take place in trecemadnc b safts ang pessyfen Wakeh iesh mRYy e yses toTemovasalier Zheir e of

the coating proc f | : . T L, tenperature
range for coati ncgéal'i"s3 H?eftid%g@?cg n&%?h?ﬂ;é ‘g%tzti%dltﬁﬂ% ggglﬁ h? efmgéf%ltcthlegﬁance
organonet al | i ¢ usedfftciiveaasiof ribe ofgltiidtallib eostitiganbeesd. Fdiexsmpleas Garbon
nodi fication by orq%gnorret allic_coating can _be neasured using water contact
angl es. This tesYechsurdanednay brfirsbirsaed willhey Cesalt safli®®  in contact with the

nodi fied netal surface.. An exanple of a test procedure for neasuring water
contact angles is ASTM D-5725. High water contact angles inply high
hydf ophobi ci ty a#d28joodlenieanad endkeatddemetalckarfayé 3gheredubjeciedrio bBfaabmetallic
oxi de/ sul fide) sur f,acg by the ﬂcl)rgan%mat | ic coati nﬁj For the netal surfaces
coating by exposing the Heated metal to organometallic compound in the gaseous
phase, liquid phase or mixed liquid-vapor phase. The organometallic compound
may be sparged into the vapor state using a carrier gas such as nitrogen or the
organometallic may be mixed with a carrier liquid such as cyclohexane, xylene,
water carbon tetrachloride, chloroform, fuel oil, lube boiling range hydrocarbon,
crude oil and the like as a dilute solution, e.g., up to 5 vol.%. The organometallic
coating process should preferably take place in the absence of an oxygen-
containing gas. The temperature of the coating process may range from ambient to
500°C. The upper temperature range for coating is a function of the stability of the

particular organometallic used for coating.

[0029] The extent of the surface modification by organometallic coating can be
measured using water contact angles. This test measutes the contact angle of water
in contact with the modified metal surface., An example of a test procedure for
measuring water contact angles is ASTM D-5725. High water contact angles irply
high hydrophobicity and good coverage of the underlying metal (or metal
oxide/sulfide) surface by the organometallic coating. For the metal surfaces
modified according to the invention, measured water contact angles are between 95

to 160 degrees, preferably 110 to 150 degrees.



nodi fied according to the invention, neasured water contact angles are
between 95 to 160 degrees, preferably 110 to 150 degrees. WD 2006/ 076160
PCT/ US2005/ 047101 -10 [0030] The thickness of the organonetallic coating
ranges from 1 t¥O9%Hecul ar | ayers thick, preferably | PC&USopmiseoul ar

| ayers thick, nore preferably a nonolayer thick. The thickness of the

nol ecul ar | ayer may be controlled by the deposition process, e.g., by
controlling the time of exposure of the netal surface to the organonetallic
conmpound and controlling the pressure under which the coating is applied.
[0031] Operating tenperatures for the metalgurfaces coated with
organonetallic nolecules according to the I nvention should be maintained
bel ow 450C, preferably bel ow 400C, nore preferably bel ow 350C. Sone
deconposition of organonetallic coating may occur dependi ng on the nature
of- the organonetallic enployed as coating and the operating tenperature

enpl oyed. For exj@opd]e, Tlimmldwﬁlofﬂﬂeﬁgmmﬁmd RAtiag eitoes BBmE0pabl e at
hi gher tenperatures and may nore severe service than al kyl

in
silanes. By "s ub‘§?1§PH1PIdF‘YfH & @ﬁ% @§¢f9ﬁab]|¥1 fo3 mﬁlﬁ@ﬂﬂra‘?WS 61101'@ rngm Dmrablv ac

?gljsglrjl ﬁ;) ! isa;/rg?tﬂgr e rec}tlced?{l@&l@{ggsts?)h %@8}'@ age Egﬁ&‘i

surface. [0032] depesitiehprocess, af., bpeommmenmmﬂpm&é aicth@ﬁl%ta'l BeiFack $o
believed to be at | east |n part a function of the organo noiety. \Wile not

wi shing to be bdifareesome Cﬁ‘&ﬁ%ﬂ"&%ﬂ%{!‘d tntelipg the Dfﬁiﬁﬂa‘&\ﬁl@et whichitheecastigaino
noi ety mnim ze(sj‘ n&tﬂ jdghteraction energy with both polar and non-pol ar

hydr ocar bons an I'gates fouling and corrosion in this manner. M nim zing
cortosion can be linked with mnimzing

[0031]  Operating temperatures for the metal surfaces coated with organometallic
molecules according to the invention should be maintained below 450°C,
preferably below 400°C, more preferably below 350°C. Some decomposition of
organometallic coating may occur depending on the nature of the organometallic
employed as coating and the operating temperature employed. For example,
phenyl silanes as coating agent can be stable at higher ternperatures and may be
used in more severe service than alkyl silanes. By "substantial decomposition" of
the layer of organometallic molecules is meant that the organometallic molecules in
the coating (covering) layer are reduced to less than 25% coverage of the metal

surface,

{0032] The behavior of the present organometallic coatings is believed to be at
least in part a function of the organo moiety. While not wishing to be bound to any
particular theory, it appears that the organo moiety minimizes the interaction
energy with both polar and non-polar hydrocarbons and mitigates fouling and
corrosion in this manner. Minimizing corrosion can be linked with minimizing
fouling. For example, corrosion tends to increase the metal surface area creating a
trap for foulants. Ordinary ceramic coatings of metals surfaces rely on a physical

barrier to mitigate corrosion. However, ceramic coatings will not be as effective as



fouling. For exanple, corrosion tends to increase the netal surface area
creating a trap for foulants. Ordinary ceram c coatings of nmetals surfaces
rely on a physical barrier to mtigate corrosion. However, ceram c coatings
wi Il not be as “EPFREAYR as WO 20061076160 PCT/ US2005/ 047 ROWUS2045D47101
organonetal | i cs because surface energies may still be high, i.e., greater
than 100 mJInR. The sane reasoning applies to oxide coatings used to
provi de a physical barrier. Thus, metals, particularly steels and all oys

t hereof, can be provided with a |ow surface energy nonol ayer or near

monol ayer of organonetallic coating that rgsists both corrosion and fouling
deposits in refineries and chem cal plants.. Exanples of such uses include
crude preheat trains, steamcracker transfer lines, and transfer |lines used

i n pol ymer manuf [=dl t .y . organopet iC
1:oalto i n)g; may al g@%ug%%lgg%ﬁg 4 “ggﬁcﬁﬁ?@g%gﬁﬁﬁé? g‘fgqyn’éf .eg%3§§%ea§3bh' as
ceram cs. [ 0033]m¥An® eXadgaint rehsoningeipbliesty opide eestngehikedtol frbwigs k phsice he
invention are heat, exchangers copmpn to ny refinery units such as
boil ers. These g’ﬂﬁﬁ-né&l‘%%@ss Pﬁ@?@%&ﬂ’égﬁgﬂﬁné&u@ﬁ thereol raw e progislefl orith 2
cl eani ng 1 esul g shtacUobog Moty BPoralHobolBfer oF LEARbARLARL B 1nd Pt D

present process, the heat chang ter traditio eani 1 d be
heated in air t cesissiboth comodiomandtfoutingldgposits in refitrichand cloatied phdid) an

organonetal lic ch as hexanet hyl disil.oxane (EMDSO by exposing the heated
(300C to 4000C) %"é@ﬁﬁeﬁ@? SHCh5ES é'e’élﬂﬁ Grudf Besbeatirainsysipara sEagker transen lines,

oxygen- 1o SN SRRRIMOLALL A pBARE MBS THEThadWPLAGL bty gheos than

1 hour. The unit is then rea e returned to service.
i nMention is fuotgeepmetallicstoatitgthay alsbihe oftet newilnay welbag@smetaEiaAfeBhE 1

such as ceramics.

-

[0033] An example of a refinery process which illustrates the invention are heat
exchangers common to many refinery units such as boilers. These exchangers are
periodically taken out of service for cleaning resulting in unit down time as well as
cleaning costs. In the present process, the heat exchangers after traditional cleaning
would be heated in air to remove carbonaceous deposits and then coated with an
organometallic such as hexamethyl disiloxane (HMDSO) by exposing the heated
(300°C to 400°C) clean metal surface to HMDSO at low pressure in an oxygen-free
environment until a coating is achieved, typically in less than 1 hour. The unit is

{ then ready to be retumed to service.
[0034] The invention is further illustrated in the following examples.
EXAMPLE 1

[0035]  This example illustrates that very thin (near monolayer) coatings of an

organosilane show much reduced formation of iron sulfide scale.



[0035] This exanple illustrates that very thin (near nonol ayer) coatings of
an organosilane show nmuch reduced formation of iron sulfide scale. WD
20061076160 PCT/ US2005/ 047101 -12 10036] Three 304 stainless steel coupons
and t hree car bd¥0 206168 oupons were treated in a stainl eBET/E$0@I0400bUl ar
reactor with hexanethyl disiloxane (HVMDSO at 20 tort and tenperatures of
300C, 400C and 500C for 30 mnutes. After treatnent, the reactor was
evacuated to 1x10-6 torr and cooled to roomtenperature and the coupon was
di scharged in air for further testing. A corrparatlve treatment was
performed with three 304 stainless steel pons and three carbon st eel
coupons with same thermal history but vmtho t exposure to HVDSO The surface
coverage of Si was rreasured using x-ray photoel ectron spectroscopy (XPS)

ith I f.ol | TbI TABEl‘VSI
\,Smuifaccrae?gyt ?(Pg;[&if S[B’é?“a:{@ n %%?S\S%?g? ogs & i“'(ls&z'g%%)g@%;. nl ess
Steel (A304)  3QQaRdGnG sé%ﬂeﬁ%%eﬂmﬁuﬁr &actép&uﬁ%xméﬁ@ loga

r
Tabl e 1, surface S content neasured was 6.56 % at 300 trea rrent
For a rel ati vel Y20domand tempdratoss oan()&"Cl 40661 andef08LC far emimutes e Atfter a

conpl ete nonol ayer, The_ stainless steel .co . sho t there i s about
e Sonl

25% coverage eVERIBILHOreactpryas gyacyrigd &5& e 4077 ARq Fog ?fﬁ O JeomB eRdaiice

bel dt t

elieved to co 'tﬁ;ﬁ%%bn%&hﬁkhﬁg%&’e@ alr! oK furihl @m&tﬂigt est ﬁ%ﬁ&v&ﬁ‘éﬁ%&g 0 a

metal site. [003 oupons tre at 300C wer Ina mni
wi th Topaci o was performed with three 304 stainless steel coupons and three carbon steel

coupons with same thermal history but without exposure to HMDSO. The surface
( coverage of Si was measured using x-ray photoelectron spectroscopy (XPS) with

results presented in the following Table 1.

TABLE 1
% Silicon at Surface (by XPS) at Temperature

Temperature, °C Carbon Steel (A36) Stainless Steel (A304)
300 5.6 6.56
400 1.3 5.8
500 not measured 2.0

( [0037] In Table 1, surface Si content measured by XPS was 6.56 % at 300°C
treatment. For a relatively smooth surface, this is estimated to be close to a
complete monolayer. The stainless steel coupon showed that there is about 25%
coverage even at 500°C. The surface species initially generated are believed to

comprise tri-methyl silyl links through a surface oxygen to a metal site.

[0038] The coupons treated at 300°C were tested in a mini-bomb with Topacio
crude at 350°C for 24 hours. The resulting coupons were characterized by scauning

electron microscopy (SEM) and energy dispersive spectroscopy (EDS).



crude at 350C for 24 hours. The resulting coupons were characterized by
scanning electron mcroscopy (SEM and energy di spersive spectroscopy
(EDS). WD 2006/ 076160 PCTI US20051047101 -13 [00391 SEM mi crographs shown in
Figure 1 were OWR#0§®E16Pr om t he exterior surface of the ponp2Gw4ihe

m crographs denonstrate that with Topaci o crude exposure HVDSO treated
coupon resulted in a surface that shows very little wvariation while
thermally treated coupon shows a surface with rough texture. In addition
EDX (Energy Dispersive X-ray Spectroscopy) analysis of representative
surface fromthe coupons show t hat HVDSO trgat ed coupon has m nimal presence
of sulfur while thermally treated coupon hds- a hi gher anount of sul fur
present on the coupon. 100401 SEM m crographs shown in Figure 2 were al so
obtai ned from Crﬁ‘i‘fﬁé S i ons of i\he same _coupons. The inages from HVDSO
treated coupon 9 &%&‘9“}‘?&"5{3& YEoWRN Bigusg bigre ehiaiaed &onrthe pxterior

coupon/ epoxy i nt J eﬁ[ga]]]i:y very_ rough
texture al ong thsgﬁégge ﬂ(‘)\?b‘%"ﬁ’ghgoupon eo&géz{/hgﬁ{nﬁ?:éﬁgeg@%%‘ﬁ@g%%%%w%oxy
interface shows ekpesurcoHWIPEO treated chgpoaxisaltedin Sstirfaae that HovshRrERMRONS. The
results fromthe external surface analysis and cross sectional™ analysis

suggest that thePRafMWhlehermaljiratadcoupmrshpws 2sBResswish rangivdgyaunshion
exposed to Topacii§i i 2] d.m ni mal .
corrosi on danag(eél.d@lfl%ﬁ? ﬂ&% ??éggrgg% Rﬁ%ﬁ%&%@@t@@?@&f Ee@ﬂeﬁgﬁatéWoms no
transition regisorfaderfoom theecompoygshotvethat TMPSOUpERaE doagoh had mirhal pysehce
giﬂﬁ;‘_égd from lg%)ﬁgu' \;Jhsaletﬂcl)gnﬁal Iere%t%d ggup%g gg X%ggh\g} rEu?louSlEI\gf gl?l%glpzésgr?ttc:non'

! the coupon.

[0040] SEM micrographs shown in Figure 2 were also obtained from cross
sections of the same coupons. The images from HMDSO treated coupon shows
very little variation along the edge of the coupon/epoxy interface while thermally
treated coupon shows very rough texture along the edge of the coupon/epoxy
interface. The coupon/epoxy interface shows the roughness of the exterior surface
of the coupons. The results from the external surface analysis and cross sectional
analysis suggest that thermally treated coupons suffered corrosion damage when
exposed to Topacio crude while HMDSO treated coupons showed minimal

corrosion damage.

[0041]  All micrographs from HMDSO treated coupon shows no transition
region from the coupon to epoxy suggesting that the layer deposited from HMDSO
is too thin to be observed with SEM magnification.

EXAMPLE 2

[0042] This example is directed to a procedure to provide coverage of a steel

surface and illustrates the importance of providing a surface from which most of



[0042] This exanple is directed to a procedure to provide coverage of a
steel surface and illustrates the inportance of providing a surface from
whi ch nmost of WD 2006/ 076160 PCT/ US2005/ 047101 -14 the carbonaceous
deposi ts have D¥eposnisted. Carbon steels tend to retai n rOr/EsS20@@8AGNaceous
contam nants than stainless steels and for best effect should be

pretreated. A preheat in air or 02 at about 350C nay be adequate to
elimnate any carbonaceous residue in many cases. This nethodol ogy can al so
apply to treatnent of exchangers previously in service. Various sanples of
steel bearing different anounts of carbon deposits were treated w th HVDSO
at 20 torn pressure and 300C for varying fine periods to renove different
anounts of carbon deposits fromthe steel sanples. The results are shown in

{he el gt of t HEe EETBRE AR davebeon TamoTed. Socheptpel end & TRaRIOBIGnum
steel, 1018 1S g AhBaBustafhmindd dihduadesifdis BhGorball HEERSHAILEL S. RN 5

is also a stainless stee can be seen from Figure on the

steel sanpl es i reteqatedd enpreheattih eir ey at aboiit $H°Canacemdequate podirinateaay ni ng.
At about 30 wt.% carbon, the anmount of Si_starts to increase _and continues
to increase as t9¥EPORATSGHS Tesidue A BBRY Faskhi Fhip grethodplogy san alsoapply tq freatmgiier

t enperatures ar : fondi LES} | to
ol Low thi o st et e e ar i sefbifel Voo sdbplF0F SRR bORREROREN 0 e
from the bul k t andwtssifichribor depesits evetapéated witd HMIDS@Qdt 20 kar preesurpaqaul ati ons

grow on carbon stegl at tenper at u,rgs above 350C and shou]l d be _avai ded or
renmoved before M&%‘?ﬁ‘ﬁ@@g HensHeds 19 Temevs Hitarert 3 arbongirepsie.

[0044] Modifi catfqp iAo Saffibe TR ardsHoRRYE FifurE 904l RS bnbH Y
wt.% silicon versus wt.% carbon based on the weight of the coupon. In Figure 3,
T1A is a carbon - 1/2 % molybdenum steel, 1018 is a carbon steei, and 310 and 304
are stainless steels. Run 5 is also a stainless steel. As can be seen from Figure 3,
the wt.% Si on the steel samples is dependent on the amount of carbonaceous
deposit remaining. At about 30 wt.% carbon, the amount of Si starts to increase

and continues to increase as the amount of carbon remaining decreases.

[0043]  If higher temperatures are needed to burn off a residue, it may be
necessary to follow this step with a water wash and dry to remove salts that can
nmigrate from the bulk fo the surface. For example, sodium and chlorine

( populations grow on carbon steels at temperatures above 350°C and should be
avoided or removed before attempting treatment to obtain maximum HMDSO

coverage.

[0044] Modification can be affected over a range of conditions and from
different media. Vacuum deposition of HMDSO is effective in providing surfaces

that resist corrosion and fouling as illustrated by experiments in Example 1 above.



di fferent nedia. Vacuum deposition of HVDSO is effective in providing
surfaces that resist corrosion and fouling as illustrated by experinents in
Exanpl e 1 above. WD 2006/ 076160 PCTI US2005/047101 -15 [00451 Surfaces can
be nodified froMQ2WHREE | i qui d-vapor phase using, e.g., MTgEAeep47amg | ube
hydrocarbons to sol ubilize the organosilane. Treatnments can al so be
performed by sparging an inert gas (e.g. N2 or Ar) into liquid nodifier to
transport vapor to the reaction site. In this node treatnent tines nay need
to be several hours to ensure a near nonol ayer is forned. Treatnent
tenperatures may range from 200C to 500C fQk stainless steel, and are
preferably 3000C to 400C for carbon steel. F00461 Reagent choi ce nmay vary
depending on the intended service and/or limts of conditions for

treatnment. Vario ko | | anes, an | and.aryl substitpted . sil oxanes
and sil azanes ar @gggrrpﬁé?a% °8’i‘Bea‘ﬁlgﬂﬁegﬁ%%mﬂﬁﬂﬁm%@%@g%?ﬁ% $8exanpl e
dermonstrat es t hahighboflirgelubé Bydbdadbdhs 1@ volabiiod iheioffinBSiRnEY T“’am@n,ié“?ﬁﬁﬂsag

contact angl e should be q%r eater than about 98 degrees. Figures 4
are plots of G bb8pefermeghyrsgorsing anisers gas (gde Ne o Ag)intodiquidingdiftes to

correspondi ng pl f r .water_contact angle (4B).. The
strength of adsg%%%og?éé{ﬂ? E}éee%%tg)\éﬁﬁsn@#@rs ?%d? h%eptgqﬁngﬁme m%éi “8%16( g)}{ehe
surface can be gaferd ibw@do fduida hdde nidnblagerdis foratao TRdatABnti t&RPpASHEs may
equations. The G bbs equation relates the interfacial coverage to theée

interfaci al ener peafem H°Gde SPRIG o stajniess siselapedurg draferab °@Gdo 40R8C
Langmui r adsor pt ggn..li3gtpef m equation relates the interfacial coverage to
the G bbs free energy of adsorption. Conbining these two equations one
obt ains the relationship between the m ninum G bbs free energy of

[0046] Reagent choice may vary depending on the intended service and/or limits
of conditions for treatment. Various alkoxysilanes and alkyl and aryl substituted

siloxanes and silazanes are examples of organometallics.
EXAMPLE 3

[0047] This example demonstrates that in order to obtain low adsorption energy,
the water contact angle should be greater than about 98 degrees. Figures 4A and
4B are plots of Gibbs Free Energy versus surface energy (4A) and the
corresponding plot of surface energy versus water contact angle (4B). The strength
i of adsorption of the foulant materials from a liquid onto the surface can Be
determined using the Gibbs and adsorption isotherm equations. The Gibbs
equation relates the interfacial coverage to the interfacial energy and the adsorption
isotherm equation, such as the Langmuir adsorption isotherm equation relates the
interfacial coverage to the Gibbs free energy of adsorption. Combining these two
equations one obtains the relationship between the minimum Gibbs free energy of
adsorption and the interfacial energy. The interfacial energy is a function of the
surface energy of the liquid and the surface energy of the solid. Since the surface

energy of the solid is low, the interaction between the solid and the oil is a weak



adsorption and the interfacial energy. The interfacial energy is a function
of the surface energy of the liquid and the surface energy of the solid.
Since the surface energy of the solid is low, the interaction between the
solid and the oVO20g0Ieeak WO 2006/ 076160 PCTI US2005/ 047 pOtruszods@ar101

di spersion. Thus, the interfacial energy, YLS, can be witten as a function
of the surface energy of the solid, ys, and the surface energy of the
liquid, yL as: its =~ Ys YL2 [00481 Curve A of Figure 4A shows the variation
of interfacial energy as a function of solid surface energy, using a
surface energy of the liquid, YL= 32.65 nﬂﬁplz. Curve B of Figure 4A shows
the variation of mnimm G bbs free energy™%f adsorption with the solid
surface energy. It shows that the adsorption is weak if the interfacial
energy is low and the surface energy of the solid is close to the surface
energy of the |idjspemsion. Ghms therinterfaghal eraEEY, e caila WHitterf ag hBingtidd of the

determ ned usin wat er cont act.. . angl e  measur enent vi ce.  Figure 4B shows
the rel ati onshi gs“gfé%%"éﬁgx E&?‘f%é’%g‘l‘i%r@gf&f@w S‘P‘? hauddiefe wat er
contact angle, B, for |low surface energy solids wusing: y, = 66.613(1 +
cosO 2 To obtain a surface energy |ower than 50 ml/nR2, a water contact angle
should be |larger than 98 degrees. EXAMPLE 4 [ 00501 A neasure of the extent
of surface nodification by the surfagg=@ﬁﬁdi;&détion step can be nade using
a device to calculate the extent to which water beads up on the treated

surface (the water contact angle). H gh angles inply high
[0048] Curve A of Figure 4A shows the variation of interfacial energy as a

function of solid surface energy, using a surface energy of the liquid, y;=32.65
mJ/m2. Curve B of Figure 4A shows the vatiation of minimum Gibbs free energy
of adsorption with the solid surface energy. It shows that the adsorption is weak if
the interfacial energy is low and the surface energy of the solid is cloge to the

surface energy of the liquid.

[0049] The surface free energy of the solid is determined using a water contact
angle measurement device. Figure 4B shows the relationship between the surface
energy of the solid and the water contact angle, 8, for low surface energy solids

using:
¥, =66.613(1 + cosdY

To obtain a surface energy lower than 50 mJ/m2, a water contact angle should be

larger than 98 degrees.

EXAMPLE 4

[0050] A measure of the extent of surface modification by the surface
modification step can be made using a device to calculate the extent to which water

beads up on the treated surface (the water contact angle). High angles imply high



WO 2000076160 PCT/ U52005/047101 -17 hydrophobicity and good coverage of the
underlying substrate by the nodifier. There is a correlation between
reduced fouling propensity and hi gher water contact angle, as can be seen
from Figure 5 \WMPeWs#%6168 gr aph showi ng surface energy as BCT/HRASOHEM of

wat er contact angle. [00511 The water contact angles were neasured using a
Kruss Automated Angle tester with a DSA 100 Devi ce Control Panel. The

i nstrunment was calibrated using high purity water. The cal cul ati ons of

wat er contact angles were nade using inages captured on video canera. The
contour of the drop is traced and the curve,, tracing used to calculate the
average contact angle. \Wen the surface is Uneven, the drop contour cannot
be seen all the way down to the surface and a certain distance is excluded

fromthe water contact.angl e ,analysis. The correspondin onfour s

conpi | ed from t‘@%ﬁé‘ﬁb{f’gﬁ%ﬁg"? Veragf oggle,ygggr .Suq%%gtﬁ%ﬁ’rtmﬁﬁ%r ed

i mages are aver i dedrit®a ﬁgﬁlj Al and
ri ght contact arﬁ%l%ellssﬁom sﬁeﬁgtgr%m&ﬁg%%ﬁé%ﬁ%%lgpﬁg aver%%?%%?é@%ﬁﬁ
overal | contact azngl,es can beckegn fom Fip@eS2thiChiscngrash swiwicpapiics enarpeaexposed
to Maya whol e crude.at 350C fogﬁS ?ours to sinmulate conditions that m ght
exist in a crudeR‘B‘r' VAL GOREGHEIE® The  coupons were variously modified
with octatridecyl trichloro silane to affect different |evels of coverage.

Miltiple treatments with an intervening air calcination step generated
coupons wit h t he[0AfthesThecwater contachanglesswira wasurddsine g Kaess ) Autdinatsd Anglrupons

contact " any es. HGeTERE At 0 DBYiEe Gt POTARR. The soRBRELy S el Chinge
signi ficant depogph puritfyBrder. AeQalRiialohdov el DitacBBiglesande Riadauslgg! i ne in

el ectri cal

images captured on video camera. The contour of the drop is traced and the curve
tracing used to calculate the average contact angle. When the surface is uneven, the
drop contour cannot be seen all the way down to the surface and a certain distance
is excluded from the water contact angle analysis. The corresponding contour is
compiled from the drop contour that can be measured. Data from captured images
are averaged in the water contact angle calculations. The left and right contact
angles from several measurements are averaged to give an overall contact angle in

degrees.

[0052] Carbon steel coupons were exposed to Maya whole crude at 350°C for 3
{ hours to simulate conditions that might exist in a crude pre-heat exchanger. The
coupons were variously modified with octatridecyl trichloro silane to affect
different levels of coverage. Multiple treatments with an intervening air calcination
step generated coupons with the highest contract angles (above 130 degrees). These
coupons formed very little measurable deposit whereas the coupons with lower
contact angles and particularly the untreated carbon steel coupon showed
significant deposits, measurable by both a weight gain and by a decline in electrical

resistivity. Figure 6 shows the fouling of the coupons as a function of water



resistivity. Figure 6 shows the fouling of the coupons as a function of
wat er WD 2006/ 076160 PCT(US2005/047101 -18 contact angle. The high water
contact angles are achi evable on steel surfaces that are fresh or have
previ ously beenV9a0efitdce and subsequently cl eaned. [ 005B3FT/R&EeFMTIAY a hi gh
wat er contact on a netal surface is achievable on steel surfaces that are
either fresh or those that have been in service. The instant procedure for
nodi fyi ng metal surfaces has been found to be effective even on heat
exchanger tubes that have been in service and devel oped a corrosion |ayer.
As long as these tubes are cleaned by conventi onal neans, the residual
adhered corrosion |ayer provides an excel | ent substrate for subsequent
surface nodification, following the same steps as with fresh netal tubes,

that i i h t b t t t I
or ganosi | ane. | [ 0OBHE et Fisherereohia' ER A Acbieveidh op SeeCRhEbRs it y
found to have a ar€ GEbh Bﬁﬁd\fé'br&floﬁsl)%beﬁ% &ufh%&aﬁamﬂweh fly eRhRQ@NAceous

dep05| ts. Refiners clean such bundl es with pressure water
(" hydrobl asting”) to scour Ioosely hel d reS| dues fromthe t ube surface,

both inside and then return Vi ce. es.u n

treatnment usual | @%@t aih]g egﬂgﬁh&é‘ acém ag %t}a{nﬁg{l S‘F acgily ?‘gll’%’g{g G%rs%ﬁ‘h\ t he
original fresh nﬁﬁﬁhe%ﬁé&&tﬁéﬁfesﬁM%S@&M&Q%édnﬁﬁ%eﬂvi&nm@%étdn@n oxi des
(if carbon steel) or perhaps spinel type oxides of Fe and Cr if higher alloy

steel s are usedprop@iussforaodifyingsmetel susfaeesdachea found toisexffectivg eveawe hoeten i n
service for nonths, or crude. preheat serwvice typically shqw.l ow to
noder at e wat er ce(?‘r?P erﬁﬁ: gﬁ’i ﬂ? earégxrsglévgc arndl gglj)pffq)&} %/(i%\';ﬁ lﬁ g’ﬁll *ing
and{ drying. Thi sag tﬁesce%wla@é E1datid by cBnvehtiohal Ttahs Gl &Ehﬁﬁﬂ)ﬁdh@f%&%ﬂr@sti&ﬂ with
m xed netal oxides and or sulfide eg Fes. For

layer provides an excellent substrate for subsequent surface modification, following

the same steps as with fresh metal tubes, that is an air heating step followed by

treatment with, for example, an organosilane,

[0054] Heat exchanger tubes from prior service are usually found to have a
combination of iron sulfides mixed with carbonaceous deposits. Refiners clean
such tube bundles with high pressure water ("hydroblasting™) to scour loosely held
residues from the tube surface, both inside and out, then return them to service.
Tubes undergoing this treatment usually retain a sulfide/oxide layer that is different
from the original fresh metal surface that typically comprises iron and iron oxides

( (if carbon steel) or perhaps spinel type oxides of Fe and Cr if higher alloy steels are

used.

[0055]  Carbon steel and 5-Cr steel tubes that have been in service for months or
years in crude preheat service typically show low to moderate water contact angles
(80 degrees or less) following hydroblasting and drying. This is correlated with a

high surface energy, associated with mixed metal oxides and or sulfide eg FeS. For

example, SEM shows that the carbon steel tubes retained a 20 micron thick iron
sulfide layer after hydroblasting and drying.



exanpl e, SEM shows that the carbon steel tubes retained a 20 mcron thick
iron sulfide |layer after hydroblasting and drying. WO 2006/ 076160

PCTI US20051047101 -19 [0056] Subsequent air heating At 350C for 1 hr.
further | owers woeowwaises®e contact angle (i.e. raises the sariswencener gy)
indicating that a very hydrophilic (presumably hydroxylated) surface is
generated. This can be a good substrate for subsequent reaction with the
right surface nodifier. Following treatment with e.g., a silane such as
hexanet hyl di si | oxane, very high water contact angles are subsequently
achieved illustrating near conplete coverag% of the surface by the nodifier.
These are believed to be surfaces that mﬁrﬁ'effectively resist further
corrosion and mitigate fouling by deterring deposit formation, including
car bonaceous residues, inorganic salts etc. 100571 Table 2 bel ow i ndi cates
that effective surfaces to resist fouling (and corrosion) can be generated

whet her the surfggg.i h or .has.been. d i ce. . TABLE 2 Water Contact
Mgl o Degreos | BRSTon Sbiahos! i ReiBg A3SPC TR bt Bired St s S lrorB 0. 80
to 90  Tubing Aijng .E.eiqise@ﬁl@@u]fawenergf?ﬁ@iﬁaﬁ'_ u%gigt fI ?gxzttﬁgwgﬁm (Pres@sblyapor

105 to 110 110 to 11 (HMDSO),  350C, ) eceived 50 1o 90
40 to 90 Prior Sdraylasedisnafhpsdis ganergdsd CThis han badgond substate bwstibsequant ( Cr ude

Preheat) Treat edre\zlx\étlto?l wsllchl &8 %ig}'{? ?u%ac% I]i150dlt ler.li'f'&lol%gg ttr%at%naégt with e.g., a silane
such as hexamethyldisiloxane, very high water contact angles are subsequently
achieved illustrating near complete coverage of the surface by the modifier. These

(' are believed to be surfaces that will effectively resist further corrosion and mitigate
fouling by deterring deposit formation, including carbonaceous residues, inorganic

salts etc.

[0057] Table 2 below indicates that effective surfaces to resist fouling (and

corrosion) can be generated whether the surface is fresh or has been in service.

TABLE 2

Water Contact Angle, Degrees

Carbon Steel 5-Cr Steel
1'
Fresh Metal As Received 60 to 80 80to 90
Tubing Air Heated, 350°C, 1 hr. - about zero
Treated with Silane Vapor 10510 110 110to 115
(HMDSO), 350°C, 1 br.
Tubes from As Received 50t0 90 4010 90
Prior Service Air Heated, 350°C, 1 hr. about zero about zero
(Crude Preheat)  Treated with Silane Vapor 11510 130 120 to 140

(HMDSO0), 350°C, 1 hr.

Note: Range of values indicates typical surface in homogeneities from sample
to sample and across the surface of a given sample



(HVMDSO), 350C, 1 hr. Note: Range of values indicates typical surface in
honogeneities fromsanple to sanple and across the surface of a given
sanple -20- CLAIMS, 1. A process for mitigating. fouling in refinery and
chem cal plant equipnent having netal syrfaces containing corrosion |ayers
whi ch conprises: contacting a netal surfdCe containing a corrosion |ayer
with at | east one of high pressure water or steamto produce a water or
steam cl eaned netal surface; heating the water or steam cl eaned net al
surface in apn oxygen-containing atnosphere at tenperatures of from 100 to
500 C for aﬂﬂﬁﬂaﬁgufficient to further clean said netal surface of

car bonaceous residues, contacting the further cleaned netal surface with an
organonetal | i ¢ conpound capable of bonding to the netallic surface and
formng a | ayer of organonmetallic nolecules which is 1 to 10 nol ecul ar

| ayers thick, which |ayer wll not undergo substantial deconposition at

tenperatures up It Q ffless%or iﬂ&ﬁgﬁhggﬂﬂlﬁhgixﬁeﬁﬁe@ aﬁaeﬁaﬁi@alf]ﬂmhraquig er
contact angle between 95 to 160 degrees and a surface energy between 19 and

50 millij odiaing®etalisurfades conthining corvsidn payers whickh comppisest er t han 25% up to
100% of the netal surface. 2. The process of clainms 1 wherein the netal in

the or ganonet al IcostasiEOmeel! siifack ¢ Aofrodion layer With aPle8 @88 oPhighny
precedi ng claimwherein the |ayer of organonetallic nolecules is deposited

on 80 to 1(@esswre water onsieain to pradicea water ohsteam oleanad ro¢tabawyfapeiecedi ng clai m
wherein the netal surface is carbon steel or stainless steel.
heating the water or steam cleaned metal surface in an oxygen-containing

atmosphere at temperatures of from 100 to 500 °C for a time sufficient to further clean

said metal surface of carbonaceous residues,

contacting the further cleaned metal surface with an organometallic compound
capable of bonding to the metaltic surface and

forming & fayer of organometallic molecules which is 1 10 10 molecular layers
thick, which layer will not undergo substantial decomposition at temperatures up to 450
°C, which layer forms a surface having a water contact angle between 95 to 160 degress
and a surface energy between 18 and 50 millijoule/m?, and which layer is deposited on
greater than 25% up to 100% of the metal surface.

2. The process of claims 1 wherein the metal in the organometallic compound is
from Group 4-15.

3. The process of any preceding claim wherein the layer of organometallic
molecules is deposited on 80 to 100% of the metal surface.

4. The process of any preceding claim wherein the metal surface is carbon steel
or stainless steel.

5. The process of any preceding claim wherein the metal in the organometallic
compound is silicon.
6. The process of any preceding claim wherein the organo moiety in the
organometallic compound is a hydrocarbyl group from 1 to 30 carbon atoms.



S. The process of any preceding claimwherein the netal in the
organonetallic conpound is silicon. 6. The process of any preceding claim
wherein the organo noiety in the organonetallic conmpound is a hydrocar byl
group from1l to 30 carbon atons. -21- 7.,The process of any preceding claim
wherein the hydrocarbyl group is substltu%ed with at | east one functional
group. 8. The process of any preceding claimwherein the organonetalllc

conpound is an &l Kheproesdss @ wmmclm‘almmthnh)@mayby graupisne. 9. The
process of recedi ng cl ai n the organonetal | i c conmpound is
hexanet hyl dfw 8‘ &W% P-any preceding clai mwherein the
organonetal lic co ound is _contacted vmth metal surface in the liquid
phase, gaseous phabhe mrpcass abany preerdinggdaimonkereipibgserganomatallip corm 1f a

carrier flupd C ding claimwherein the | ayer of
or ganonet al %s'ﬂg:ms@%n% @ﬁ?@gn?r%gﬁﬁéﬁﬁg F&cul ar | ayers thick. 12. A netal
surface capable of_resisting fouling when exposed to corrosive or coke
forming at atnosh h@qﬁoﬁﬁssﬁggmﬁﬁc ngdumesherpin ke ergannmetallic sompeundis ur f ace

and a Iaye&?%h g%kflllc nol ecul es deposited on said netal surface,
said layer 0 ganone ‘lic nolecules being | to 10 nol ecul ar | ayers

t hi ck, which Iey i 11 not _under .su sta I al deco on at
t enperatures up f‘i) ﬁ?ﬂ’r@"sﬁ\ﬂf%ﬂ %ﬂP%@'ggﬁﬂﬁd‘F sompound i, 5o
rriIIijouIe/P&m f
organonetal ['Ic rml em éﬂp%‘gq‘ﬁ“@ on 8 meags%g}%ﬂ){?ﬁ%ﬂgﬁa&surface
phase in the presence of a carrier fluid.
11. The process of any preceding claim wherein the layer of organometallic

~molecules is from 1 to 3 molecular layers thick.

12. A metal surface capable of resisting fouling when exposed to corrosive or
coke forming at émlosphetic or greater pressures which comprises 2 metal surface and a
layer of organometallic molecules deposited on said metal surface, said layer of
organometallic molecules being 1 to 10 molecular Jayers thick, which layer will not
undergo substantial decomposition at temperatures up to 450 °C, which layer has a
surface energy lower than 50 millijoule/m?.

13. The metal surface of claim 12 wherein the layer of organometallic molecules
is deposited on 30 to 100% of the metal surface.



