WO 2006/ 020061 PCTI US2005/ 025209 -1 A METHOD FOR REFI NERY FOULANT DEPCSI T
CHARACTERI ZATI ON BACKGROUND OF THE | NVENTI ON [ 0001] The present invention
is a method to identify the chem cal conposition of an unknown refinery
solid foul AV 26896t . This invention provides a proceduPET/UstIOEN252eMaD| es
refinery and support |aboratory persoggﬁl to better coordinate the

di agnosi s and sol ution of the nobst commbn hydrocarbon fouling problens in
refining by having an accurate understandi ng of what the foulant nmaterial
is. Although the exanples used in this report focus on refining, the
protocol described is also fully appllcable to chenmical plant and upstream

unit fouli M unber of

di fferent R ; ; 14 N
accunul ati on of an unexpect ed phase in a rret hod unlt This phase is often a
'solid that accunul ates on the surfaces of the nethod equi pnent that is
desi gned tBA@@@k@UN@WT rdgNgfiopfses. [0003] Even | ow anpunts of
foulant i mmm—m%m the heat efficiencies. Mderate
foullng decreases the efficiency of the nethod unit while high fouling
reduces flow and increases pressure drop until the unit needs to be shut
down for c]088d] ng. THer presenteneeritong isagnethodandddmdy ths ohemital n - unpl anned
unit shut downs. SUMMARY OF THE | NVENTI ON [ 0004] The present invention is a
met hod to ¢epesiign phan @n&mwa|reﬁa@m§dtfpulanéﬁemsmﬂpmtﬁoxmenwm nery solid

f oul ant deposii. Such n |n tio needed, for r]e to determ ne, t he cause
of the foubfoxylesadiP !anrq{@g q§6ﬁfmery and support laboratory personnel to

{_ better coordinate the dlagnosm and solution of the most common hydrocarbon
fouling problems in refining by having an accurate understanding of what the
foulant material is. Although the examples used in this report focus on refining,
the protocol described is also fully applicable to chemical plant and upstream

unit fouling analyses.

[0002] Petroleum refining includes a number of different method units.
Fouling of a method unit is caused by the accumulation of an unexpected phase
in a method unit. This phase is often a solid that accumulates on the surfaces of

the method equipment that is designed to handle flowing liquids or gases.

[0003] Even low amounts of foulant increase energy costs by reducing the
heat efficiencies. Moderate fouling decreases the efficiency of the method unit
while high fouling reduces flow and increases pressure drop until the unit needs
to be shut down for cleaning. More severe fouling can and has resulted 1n

unpianned umt shut downs.

SUMMARY OF THE INVENTION

[0004] The present invention is a method to identify the chemical
composition of an unknown refinery solid foulant deposit. Such an invention is

needed for one to determine the cause of the fouling problems by hydrocarbon



WD 2006/ 020061 PCTI VS2005/ 025209 -2 streans in petroleumrefining. The
I nvention is based upon conpositional analysis of the foul ant deposit

recovered f uled unit and on know edge of the S n_causes
of refiner y%ﬁt"&%ﬁ’& A standard protocol for determni 23"%%@50? %@gi tions
of unknown materials does not exist and is needed for mtigation of said
fouling. Once the conposition of the foulant deposit is determ ned,

possi ble mtigation nethods can be prope8ed. The refinery then can sel ect
the nost cost-efficient mtigation strategy that best neets the need.

[ 0005] Because fouling is such a broad and di spersed subject with causes
Crossi ng negtyean@Cinptlewinlre ARt gMEHeddvORitidiabaged updn témPOSRIvnaR! that the
anal ysis of a root cause be based on a consistent and repeatabl e work

met hod.  Onanalysis thile feajant depossh@coveret dsomdlsk fouded omie aptaot kowledgéod uni t
be shared / conpared to establish simlar root causes and associ ated

nmiti gati on ekdigmegieommameausgsof selinery Jodlngron standard potersd 405 har i ng has
been an inpedinment to

experience sharing in the past. [0006] The nethod to
Cdent 1Tyt RACPETITRG SICLAGaPGSiti ! ke BalTal dorsnaticistianditide ¢ he
follow ng s : I D] ' u . or | ped feed
fromthe sa%ﬁ%éd&thﬁégétgﬂv@n{a% g&ﬁ)’%&kﬂ’%ﬁﬁ?ﬁ@hﬁﬁ%f'gg%g\zgr]r%?%l?lglgtganni ng the
insol ubl e s sﬂi!"d&ﬂ&nﬁir%??ﬂés’i‘@leﬁhﬁfg%ﬁ@ﬂnﬁ@ HRSCAPGe @ﬁbg)o_s@&'.emb! di spersi ve
x-rays, perfarmng a thermal gravinmetric analysis, In ding an ash test on
t he i nsol ublefingeyrliea daa séktethiel mosttdost-efficadntvait@anon seawigynbhybat meetoke
and/ or inorganic elenents, perform ng an el enental analysis on the

i nsol ubl e s eedf or the el enents carbon, hydrogen, sulfur, nitrogen,
hal ogens,

[0005] Because fouling is such a broad and dispersed subject with causes
crossing many technological and method boundaries, it is essential that the
analysis of a root cause be based on a consistent and repeatable work method.
Only in this way, can what is learned from one plant or method unit be shared /
compared to establish similar root causes and associated mitigation techniques.
The lack of this common thread of data sharing has been an impediment to

experience sharing in the past.

{0006} The method to identify the refinery solid foulant of unknown
composition include the following steps: obtaining a solid foulant sample,
removing trapped feed from the sample with a solvent to obtain an insoluble
sample, scanning the insoluble sample with a scanning electron microscope and
energy dispersive x-1ays, performing a thermal gravimetric analysis, including
an ash test on the insoluble sample 1o deterrne the relative amounts of polymer,
coke and/or inorganic elements, performing an elemental analysis on the’
insoluble sample for the elements carbon, hydrogen, sulfur, nitrogen, halogens,
and metals to quantify each element, performing optical microscopy on the
insoluble sample to determine the presence of wax, asphaltenes, anisotropic coke
and isotropic coke, and thereby identify the chemical composition of the solid

foulant deposit.



and netals to quantify each elenment, perform ng optical mcroscopy on the

i nsol ubl e sanple to determ ne the presence of wax, asphaltenes, anisotropic
coke and isotropic coke, and thereby identify the chem cal conposition of
the solid WQapeMgoddeposit. WD 2006/ 020061 PCT/ US2005/ 025PODUS3S/BRREF
DESCRI PTI ON OF THE DRAW NGS [0007] Figure 1 is a flow diagramof the
analysis of solid foulant. [0008] Figure 2 shows a representative fouling
deposit froma fouled refinery pre-heatyirain exchanger in Exanple I.

[ 0009] Figure 3(a) shows a scanning el ectron mcroscope (SEM picture of
the deposit in Exanple 1. [0010] Figure 3(b) shows an energy dispersive
x-ray (EDX) scan along the scan line of Figure 4. [0011] Figure 4 shows the
identity of the nmajor elenents from SEM EDX scan of Exanple 1. DETAILED
DESCRI PTI (QBREEF ﬁﬁseﬁﬁﬁz DHENBIDDEARANGE012] The present invention is a
method to Tdéentify the chem cal conposition of an unknown refinery fouling
deposit. [0013] The basis of the present invention is that nost refinery
fouling is the result of sonme nore common causes that can be detected and
verified bip00@bt er rifighrel iseflowediagraim ob theoial ysinobsolit fmdantdi zed anal yti cal
testing. Fouling causes can be divided into five general classes with
refinery exanples under each class: W 2006/ 020061 PCT/ US2005/02-, 209

[0008] Figure 2 shows a representative fouling deposit from a fouled

refinery pre-heat train exchanger in Example 1.

[0009] Figure 3(a) shows a scanning electron microscope (SEM) picture of

the deposit in Example 1.

{0010] Figure 3(b) shows an energy dispersive x-ray (EDX) scan along the

scan line of Figure 4.

[0011] Figure 4 shows the identity of the major elements from SEM/EDX

scan of Example 1.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0012] The present invention is a method to identify the chemical

composition of an unknown refinery fouling deposit.

[0013] The basis of the present invention is that most refinery fouling is the
result of some more common causes that can be detected and verified by
determining the chemical composition by standardized analytical testing.
Fouling causes can be divided into five general classes with refinery examples

under each class:



-4 1 Scaling: precipitation of salts fromwater solution onto heat transfer
surfaces. a. Sea salts fromcrude oil containing dispersed water b. Salt or
scal e deposjti treated/ untreated cooling system wat . rL.osion
Foul i ng: th@r%ﬁ%‘i#"gﬂ] of the heat transfer surface to for rﬁ%ré[@fﬁzgoé‘ %ret?
products. a. lron sulfide formation by reactive sulfur or hydrogen sulfide
b. Iron naphthenate formati on by naphthenic acids in the oil and possible
subsequent reactions with hydrogen sulfide to formiron sulfide 3.
Precipitation Fouling: formation of an insoluble phase by cooling, by mxing
two or nore streans, or by breaking an enulsion within the fouled unit. a.
By Cooling j. Séalingeppsicipicaiony of opalindrdml ewérheofutivmziongo t kempetrahsfee of
hi gh nol ecul ar weight paraffins ii. Asphaltene deposition by cooling
converted resisihrfaesh as by Visbreaki ngmor ResidfiningT"' W 2006/ 020061
PCT/ US2005/ 025209 -5- b. By Blending i. Mxing inconpatible oils in the
wrong proportions that can result in the precipitation of asphaltenes or

waxes. ‘c. By Breakin Ne Enul si.on..i . _Br.eaki a _hydrocarbon in water
emul si on, sucha'asgﬁ@gﬂgsa?gﬁ‘gcrﬂqe e}lecrﬂ"f%{?‘"ﬁéﬁgﬁﬁfa?fywa Ting: formation of an
i nsol ubl e phase by chem cal

b. Salt or scale deposition from treated/untreated cooling system water

2. Corrosion Fouling: the reaction of the heat transfer surface to form corrosion

products.

a. [ron sulfide formation by reactive sulfur or hydrogen sulfide

b. Iron naphthenate formation by naphthenic acids in the oil and possible

subsequent reactions with hydrogen sulfide to form iron sulfide

3. Precipitation Fouling: formation of an insoluble phase by cooling, by mixing

two or more streams, or by breaking an emalsion within the fouled unit.
a. By Cooling

i. Wax deposition by cooling below the freezing temperature of high

molecular weight paraffins

ii. Asphaltene deposition by cooling converted resid, such as by

Visbreaking™ or Residfining™



reacti on between conmponents in the fluid. a. Thermal Coking (asphaltene
insolubility during thermal cracking) b. Polynerization of conjugated
olefins c. Aromatic Gowh d. Oxidation e. Amonium Chloride, Bisulide,

etc. formaMOHYS03M6I hers 5. Particul ate Fouling: di sperBEdU4pT925208s
formed upstream and carried over to and deposited within the fouled unit.
a. Coke b. Asphaltenes c. Iron Sulfide d. Catalyst Fines e. Ohers [0014]
Fouling often results froma conbi nati og.of and/or a series of these

causes. Hence, characteristics have been determ ned which can identify each
of these common causes of fouling based on the chem cal conposition of the

WD 2006/ 020061 P@/ﬂ.@%ﬁ%/ 025209 -6- deposit. As a result, a sequence of
anal ytical tests for the“foulant recovered from the fouled unit were

designed to di agnose the cause(s) of fouling. [0015] It is extrenely

inportant that acCWiaify RGOSR %ilénilﬁ%@tvr&ﬁg?grépﬂﬁﬁbh%a@egnfil 10y mat e

quantity of foulant as 'l as nethod condition during and before the

fouling was noti cedheﬁec?itaei@noffatbl@altm@mMams.t he unit are also very
hel pful . I nportant nethod conditions needed for the root-cause

c. By Breaking an Emulsion
i. Breaking a hydrocarbon in water emulsion, such as by heating

{ 4. Chemical Reaction Fouling: formation of an insoluble phase by chémical

reaction between components in the fluid.

a. Thermal Coking (asphaltene insolubility dunng thermal cracking)
b. Polymerization of conjugated olefins

c. Aromatic Growth

d. Oxidation

e. Ammonium Chloride, Bisulfide, etc. formations

f. Others

5. Particulate Fouling: dispersed particles formed upstream and carried over to

and deposited within the fouled unit.

a. Coke
b. Asphalienes
¢. hon Sulfide
d. Catalyst Fines
e. Others
[0014] Fouling often results from a combination of and/or a series of these

causes. Hence, characteristics have been determined which can identify each of

these common causes of fouling based on the chermical composition of the



determ nation include tenperature, pressure, flow rate (residence tine),
source of the nethod fluids, details on the geonetry of the unit, and

met al | ur gy thod unit. Is this a first occurrence_ of f or
the unit? V&J%E‘Q%z Bl i ng begin? Wen and what were the 'Fﬂ’ﬂ%’ﬂ“ﬁ?i@ Ys of
the unit? These kinds of questions about the nethod unit should be answered
as part of the nmethod history. If the nmethod history suggests possible
fouling causes, they should be noted. f6616] For exanple, if a foulant is
obtained froma heat exchanger, it is inportant to know if the sanple cane
fromwithin the tubes, on the tubesheet face, or on an unheated surface of

the channel gejxit. A aSrelsnnM setgencybf ahalytioalleas fouhtdogldne FRevaied 6m
nmetal | urgy, and velocity factors, can provide valuable clues to the foul ant

sour ce conphedduled qnds&emtdﬁmgrgdtthdﬁag:hee theudaane (s\vaé fouletg.i eved from a
particul ar exchanger. [0017] Care should be taken to ensure that the foul ant
sanple is representative and not contam nated by collection or flushing
procedur es.[0015]t i dtisadxsenud]pamnpoitant thheaeuaate reidrtle agntaty pésheof f oul ant s,
t hey shoul d each be sanpled. Ildeally, about 100 grans of foul ant should be

col i ected flocaterandapgrosimate quankty ¢fsfcw&ﬁnt gd¥gilbasemethodemididentp| e as
Caml o) - TrOIEHILOSRILIN 1BBIIGE oY Jood BISIUER of b faIag on e dIhA ysi s
SRS AT, CPRRORR G A B A
S?L'eﬁ . L oul &éi&nﬁﬂﬂ%x?&clm&hiﬁ&étﬁfbg pPessBRS MloW rdtd ErediRh¥é hindd), iRite are

of the method fluids, details on the geometry of the unit, and metallurgy of the

method unit. Is this a first occurrence of fouling for the unit? When did fouling

begin? When and what were the method upsets of the unit? These kinds of

questions about the method unit should be answered as part of the method

history. If the method history suggests possible fouling causes, they should be

noted.

[0016] For example, if a foulant is obtained from a heat exchanger, it is
important to know if the sample came from within the tubes, on the tubesheet
face, or on an unheated surface of the channel box. This knowledge, which
implies surface temperatures, metallurgy, and velocity factors, can provide
valuable clues to the foulant source compared to just stating that the foulant was

retrieved from a particular exchanger.

[0017] Care should be taken to ensure that the foulant sample is
representative and not contaminated by collection or flushing procedures. If it is
also clear that there are different types of foulants, they should each be sampled.
Ideally, about 100 grams of foulant should be collected for each sample. If this
is not possible, as much sample as possible should be collected (much can be
learned from even one gram of sample). The sample should be stored in a closed

container until analysis 1s made.



Appendix |I. The first step is to allow 10 to 25 grans of the sanple to soak
for at l|east four hours in toluene, or other solvent with simlar solvent
capability, to dissolve trapped feed fromthe foulant. After filtration,

t he remai nM}2086/020861 are washed with additional sol vent RGE/U$2085/@2520r
filtrate is obtained. The insoluble solids are then dried in a vacuum oven
at 70C (158F) for at least 1-2 hours. If the entire foulant dissolves in
the solvent, the procedure should be reppated on another sanple of the
foul ant replacing toluene with n-heptane to obtain insoluble asphaltenes.
Thi s washing procedure is inportant so that subsequent results can be

ascribed t I h ' of foulant and trapped feed.
0019] It }K' sis g FOULART s AMPLES | e be obtained prior to the
GA and el enmental /metal s anal yses. This can be achieved by grinding the

are “carri DB o AR ERES eI | R0 B Mot etk i RiReelicn, ' °

Ho , kSl : [ toi -like), thi

‘rmy b donto AR DeriioR I ol B Ol e B B i g and

honogeni zi pgpehdixle EhY firse sepiphcallow IOloUENgranisof thelsamplé fssuknfér ger ti on
of the foulant is subjected to scanning electron mcroscopy (SEM and

ener gy di sppasisione hoursam tohieKE, ooother selvenfuwith sahilsedolventenapabiity,ite el enent s
present and their association with each other. SEMis an essential step for
this met hodissalnedrapped fead irem the foulaat. (Afterdaligatiop, theHempiemgsehds arer e needed

horgent 2ol euiehanagcEgial APVER: WALt Eloht DL Ve BtdsT B apwiutie

PGT/ U82005é(912d%2398 thérigdried in a vacuum oven at 70°C (158°F) for at least 1-2 hours. If
the entire foulant dissolves 1n the solvent, the procedure should be repeated on
another sample of the foulant replacing toluene with n-heptane to obtain
insoluble asphaltenes. This washing procedure is important so that subsequent
results can be ascribed to the foulant rather than a mixture of foulant and trapped

feed.

[6019]) It is important that a homogeneous sample be obtained prior to the
TGA and elemental/metals analyses. This can be achieved by grinding the
foulant sample to -60 mesh and mixing thoroughly before the analytical tests are
carried out, Often this is best done after the toluene extraction. However, if the
foulant is a hard, granulated solid (not paste-like), this may be done before

toluene washing.

[0020] Before the above grinding and homogenizing of the entire sample, a
toluene insolubles, unground portion of the foulant is subjected to scanning
electron microscopy (SEM) and energy dispersive x-ray (EDX) to first
qualitatively identify the elements present and their association with each other.
SEM is an essential step for this method. This information is used to identify
which elements are needed for subsequent quantification on the toluene

insoluble, ground and homogenized sample to determine the amount(s) of



different materials that nmay be present in the foul ant deposit - as per the
steps of Figure 1. [0021] The first part of the analysis stepis to

determ ne h the insoluble foulant is due to in ' al s,
0 Tielgl, R b e

salts, corrosion cts, etc.) and how much is due to

nmol ecul ar wei ght waxes, coke, etc.). Inorganic Fouling [0022] The initial
step after the SEMand EDX is to determ ne how nuch of the insoluble sanple
is due to inorganics. This can be achiev8d with an elenental analysis for
carbon, hydrogen, sulfur, nitrogen, chlorine (halogens) and netals contents
and ash test, which is part of the thermal gravinetric analysis (TGA).

Anal ysi s f adiffexstenateridlsahiemay be peesest imtthe dbslanbéeptsvive- A pdriiie sepbof

el enents add up to significantly less than 100% (90 % or lower) or if there
i s reason tkigetspect that they are present. [0023] If the sanple contains
10-15 wmt. % or greater inorganics and it is confirmed that it was not part
of the nmetal surface of the unit renoved with the foulant, inorganic

foul i ng shdi@d@1be adbhefistgaftiafthe ardlydinsgp is bedetecmimebkowomech ohthe one
cause, the deposition of inorganics _can also pronote the deposition of
organi cs byinsolulg foplangds dhe t@ losgpnicsy fratalsasaltss compsigamiadvepesic.) mod

exanple, to la own, and t her.mal l.y, degrade to. coke. Elenental analysis wll
suggest if H9¥ Wteéjﬁg@w%h‘ﬂé‘é‘r{ U YnWe V@éeﬁ’&ﬂﬁoﬁt)c;)-sea sal ts,

anmoni um chl oride, aluminumsilicate or others. Organic Fouling [0024] If

t he tol uene-i nsol.ug e|.portion of the foulant sanple is less than 10- 15 wt.%
| nor gani c, OBHE he foul ant may be due to coke or high-nol ecul ar

wei ght waxes. The cause of the organic fouling should be determ ned.
[0022] The initial step after the SEM and EDX is to determine how much of
the insoluble sample is due to inorganics. This can be achieved with an
elemental analysis for carbon, hydrogen, sulfur, nitrogen, chlorine (halogens)
and metals contents and ash test, which is part of the thermal gravimetric
analysis (TGA). Analysis for oxygen and other elements may also be done if the
other elements add up to significantly less than 100% (90 % or lower) or if there

is reason to suspect that they are present.

[0023] If the sample contains 10-15 wt.% or greater inorganics and it is
confirmed that it was not part of the metal surface of the unit removed with the
foulant, inorganic fouling should be addressed first. Although there can be more
than one cause, the deposition of inorganics can also promote the deposition of
organics by allowing for increased surface areas for asphaltenes, for example, to
lay down and thermally degrade to coke. Elemental analysis will suggest if the
primary cause is due to iron sulfide (common), sea salts, ammonium chloride,

aluminum silicate or others.

Organic Fouling

[0024] If the toluene-insoluble portion of the foulant sample is less than 10-
15 wt.% inorganic, the bulk of the foulant may be due to coke or high molecular

weight waxes. The cause of the organic fouling should be determined.



WO 2006/ 020061 PCT/ US2005/ 025209 -9- [0025] The conposition of the

i norgani cs may be used to trace the origin of the organic fouling
precursors. For exanple, vanadium and nickel are naturally connected to
organi cs a¥QPPEWMGIns and are soluble in crude oils and HESYLPHOSAZIHY s
these netals can indicate entrained resid in a gas oil streamfor exanple.
Nevert hel ess, the next step is to determ ne by optical mcroscopy, using
cross- polarized light, whether the foukant is isotropic (unordered) or
ani sotropic (ordered) coke. One determ nes whether or not the coke is
ordered or unordered by the patterns observed with the m croscope. For

ed or unor dered_| s obser the :
varying sHOBBdl o7 *ERemRdeGFOFbe IORARRK Ry bERSGLR. I aRTER T ©

di sti ngui shabl@ni@fsmingoprep@isby. NBor HARAE, Viinadnirh and qic@k arélgsduyar, from
‘car bonaceous nmesophase shows that it was forned by thermal cracking

foll owed pnpbeted ts epgamts asrpaphyneobudb ke sdsiplkah candesoilsamhreasdst he coki ng
.of resid. If the coke is isotropic, a possible cause. is the initial
pol yner i zathusnthsse astals gan sadigateraniauneryesish ngeprsco1bstreary ApF example. vol ati | es

bel ow 370 700F) in . thermal gravinmetric .analysis .(TGA) may.be an

n cat 1 o eRielass b deat step o I BhoPdeL U RS OP Rl PRSI 5 ¢ hat
pol yreri zat i I E <1 gul . t her mal

O acki ng. H kATt KnBaEk iR (dERICRSNTRC (o RerAERY Bl SPbnik 0! BT
Asphal t enggrdeéd) ke CORE GetRminePWHBIHRr BY nbl @edoRE iOblderéPbt Bhdideted
asphaltenes with oils high in saturates or cooling a thermally converted
oi |, such bgstha pYitsimsediserved with the Midxosaipet Foesxdmplee dre A00t8GHC

(932-1,472F) are typically observed when coke exists in the deposit. During
conbust | odome@w)cc&g@wsas agdsnctpatterny of vaymg shapss of byeesi whilgghait i | i zed!

from the Slsaoth}p()lp?é (1'1[?0% tl-*:r%%) ﬁgsl fio %?sQin\%@Jlls(f\gbiesfo%%tigg patterns.

[0026] Anisotropic coke derived from carbonaceous mesophase shows that
it was formed by thermal cracking followed by phase separation of insoluble
asphaltenes, such as the coking of resid. If the coke is isotropic, a possible cause.
is the initial polymerization of conjugated olefins. The presence of significant
volatiles below 370°C (700°F) in thermal gravimetric analysis (TGA) may be an
indication that the caunse is polymerization. The other indication is that
polymerization usually occurs in condensed liquid products of thermal cracking
(such as from cokers) after being held at 232-324°C (450-615°F). Asphaltenes
can also become insoluble by blending oils containing asphaltenes with oils high
in saturates or cooling a thermally converted oil, such as a Visbreaker™ tar.
TGA volatiles between 500-800°C (932-1,472°F) are typically observed when
coke exists in the deposit. During combustion with oxygen at 800°C (1,472°F),
additional coke is 'volatilized' from the sample, leaving only ash which is due to

metals in the deposit that now exist in an oxide state.

[0027] Finally, the hydrogen to carbon atomic ratio (H/C = wt.% hydrogen
multiplied by 11.92 and divided by wt.% carbon) of the coke can be roughly

correlated with the temperature of deposition This can help to determine if the



metals in the deposit that now exist in an oxide state. [0027] Finally, the
hydrogen to carbon atomc ratio (HC = w.% hydrogen nultiplied by 11.92
and di vi ded arbon) of the coke can be roughly th the
t enper at ur e“g%/m é"r})%égélitl on This can help to determne if théﬁ@é’%@%‘gﬁ%‘?ooal
PCT/ US2005/ 025209 -10 coke was forned at a hi gher tenperature upstream of
the fouled unit, if the tenperature was higher than-neasured, if the coke
had been present for significant lengthsl®f tine, or if a catalytic

mechani smwas involved. It is known fromthe literature that asphaltenes
have atomc ratios in the 1.0-1.2 range, coke nmaterials have lower HC
ratios whil egk@sess oameleait ahighiegherdperatre dgstresmad e fouleaninit)if the correl ate
HCratios with findings frommcroscopy. The HC ratio is an average val ue
of the honogempeeatusawps bighehthah measurahtifithe aikeflederen prowes fof coke.

[0028] If the foulant is soluble in toluene, but .insol uble in n-heptane, it
is an asphaﬁlgwﬁ@abyleagﬂns o timesh Or Tha sataiytiq meckanisa %@8 wyelvsd. {tis kngwn

h h d d Kk
(coke 15 aerietine JEerafieg i aennalfRBe Bove e rRioy & e 0712 By Sokem t ne
et hod condi R0l RNonEPRICTASIR BBl ives LaATREAYeh BORCR et the

asphal t enes were cracked is have an atom ratio

| ess than onenpdriin? @l c&ealafcfﬂf@fénﬁfslﬁmcfﬁxdnwrém mﬂs%aﬁdap?ommm fjgses of

fouling in ref| nery foul ant sanpl e, d guidance on ho trace themare
summari zed ii8 an'ﬁarbfge]yalmme@bﬁﬂigkﬁizdaﬁﬁmpﬁa&%idmﬁﬁﬁ@omaiﬂ different

types of coke.

[0028] If the foulant is soluble in toluene, but insoluble in n-heptane, it is an

asphaltene by definition. Thus, it is formed by one of the two mechanisms
discussed above but was not heated enough to degrade to coke (coke is defined
as toluene insoluble). While it is usually clear from the method conditions which
mechanism applies, a general indication that the asphaltenes were thermally

cracked is that they have an atomic H/C ratio less than one.

[0029] Key characteristics used to identify common causes of fouling in
refinery foulant sample, and guidance on how to trace them are summarized in

Table 1.



TABLE 1 Key Characteristics to ldentify and Trace Common Causes of Fouling
Foul i ng Cause Foul ant Evidence |I. Sea salts: NaCl, MCl2, CaCl2

Tol uene-insolL: ash > 10-15% netals: Na, Ca, My; high d_ 2. Iron sulfide
Tol uene- i n¥& 206/820A61510. 1506 most netals: iron: high sulRGHUSPO0SHRR209
deposition HC 1.7, nelting point transition Mcroscopy: clear but bright
white in cross-polarized light 4. Asphaltene deposition by cooling

Tol uene-sol. / n-he tane-insol. 5. Asphgltene deposition by bl ending

Tol uene-insol. isotropic or Toluene-sol. / n-heptane insol. 6. Hydrocarbon
in water enul sion Deposition on heating close to 93C 200F) 7. Thermal coking
Tol uene-insol.: anisotropic, HC < Q"ugB%E jPol yneri zati on of conjugated

Jol uene-insol.: isotropic coke, forne etween ol efins 232-324C (450-615F)
9. Aronatic grioay Ohielkcteitics 65 Mentify aad MegtecComiton CRasesSIERINLR chl ori de
Water soluble; high in Nand C 10b. Amonium bi sul fi de Water sol ubl e; high
Jjn N and H2S Exanple 1 [0030] The nethod of the present invention was
.applied toja foulirkpueireeset from a foul ed reflonlenyEvidegeeheat train

h . |Fj i ctori gl he . | d ' Ej 3
exchahger l.g%%,gﬂ}fs:s@%@‘ﬁﬁcgz, &t O Lk &@Eeé}g%:so‘?b{sﬂtgﬁg-ﬁ‘%g.px%ﬂﬁ?h}. Ca é\h ures -a

and 3b show an € el ehe stt. ki el 4 shows
the maj or gtements to quantify frTomthn i . —gives the
anal ytical {resderelfigp this foul i ng {epplugng-insol.: ash>10-15%; most metals: iron;
igh sulfur
3. Wax deposition H/C > 1.7, melting point transition Microscopy:
clear but bright white in cross-polarized light
( ' 4. Asphaltene deposition by cooling Toluene-sol. / n-heptane-insol. '
5. Asphaltene deposition by blending Toluene-insol. isotropic or Toluene-sol. / n-heptane
insol.
6. Hydrocarbon in water emulsion Deposition on heating close to 93°C (200°F)
7. _Thermal coking Toluene-insol.: anisotropic, H/C < 0.6
8. Polymenization of conjugated Toluene-insol.: isotropic coke, formed between
olefins 232-324°C (450-615°F)
9. Aromatic growth Toluene-insol.: isotropic coke
10a. Ammonium chloride Water soluble; high in N and CI
10b. Ammonium bisulfide Water soluble; high in N and H,S
Example 1

[0030] The method of the present invention was applied to a fouling deposit
from a fouled refinery pre-heat train exchanger. Figure 2 shows a pictorial of
the fouling deposit. Figures 35 and 3b show an SEM scan and the element map
of the deposit. Figure 4 shows the major elements to quantify from the
SEM/EDX scan. Table 2 gives the analytical results on this fouling deposit.

The resulting overall composition of this deposit was found to be predominately

calcium carbonate and iron sulfide with lesser amounts of other salts.



The resulting overall conposition of this deposit was found to be
predom nately calciumcarbonate and iron sulfide with | esser anmounts of
ot her salt 4020061 PCTI US2005/ 025209 -12 TABLE EX?R%WOB}OS
Resul ts on Foul ant posit Exanple | Location Tubeside raction

Toluene Insol. Gl W.% 100 O SOLIDS ANALYSI S El enents W. % Carbon 10 38
Hydrogen < 0.5 Nitrogen < 0.5 Total S 7,96 6.25 Pyritic S 1.37 Oganic S
0.34 Sulfate S C as C03 9.43 Fe 6.33 Al20.10 Ca 25.30 M 1.76 WM 1.21

Zn 0.52

TABLE 2

Analvytical Results on Foulant Deposit Example 1

Location Tubeside
Extraction Data Toluene Insol. Qil
Wt.% 100 0
SOLIDS ANALYSIS
Elements Wt.%
Carbon 10.38
Hydrogen <05
Nitrogen <0.5
Total S 7.96
6.25 Pyritic §
1.37 Organic §
0.34 Sulfate S
Cas CO3 9.43
Fe 6.33
Al 0.10
Ca 25.30
Mg 1.76
Mn 1.21
Zn 0.52
O as CO3 37.72
TGA Data - Wt.%
Relative volatiles < 370 °C - 0.0
Total wt. loss to 500 °C 1.0
Total wt. loss to 800 °C 27.0
Combustion loss (at 800 °C) 0.0
Ash 73.0



O as C03 37.72 TGA Data W.% Rel ative volatiles < 370 C 0.0 Total wt. |oss

to 500 C 1.0 Total w. loss to 800 C 27A Conbustion loss (at 800 C) 0.0

Ash 73.0 WO 2006/ 020061 PCT/ US2005/ 025209 -13 APPENDI X | ANALYTI CAL TESTS

[00311 The WRAIYPPWAE tests used for the anal yses of sol i BCVESHMAMIE2% e

listed below with known, established procedure nethod information. These

tests are nore typically carried out on the tol uene-insoluble fractions of

solid foulants, which have al so been grqgnd to bel ow 60 nesh and

honogeni zed. Added notes on sone of these tests are provided bel ow

Anal ysis Procedure Carbon and Hydrogen (conbustion, ? 0.5 % ASTM

D5373/ D5291 Car bon, Hydrogen, Nltrqupglg; wbpstion, 2 0.5 %9 ASTM

D5373/ D5291 Nitrogen (Kj el dahl)' ASTMD3179 NMbd./E778 Mod. Sul fur, Total (>

0.05% ASTM 4239, Method C Sul f UANATIOYZICAL TESTE) | CP- OES/ ASTM D129/ D4327

Tot al Hal ogens Reported as Chlorine ASTM E442/D2361 Thernogravinetric

Anal yS|s (TGA) N See note b below. Mtals |CP-CES, FLAA, CVAA, or GFAA
[0031] The analytical tests used for the analyses of solid foulants are listed

below with known, established procedure method information. These tests are
more typically carried out on the toluene-insoluble fractions of solid foulants,
which have also been ground to below 60 mesh and homogenized. Added notes

on some of these tests are provided below.

Analysis Procedure
Carbon and Hydrogen (combustion, Z 0.5 %) ASTM D5373/D5291
Carbon, Hydrogen, Nitrogen (combustion, 2 0.5 %) ASTM D5373/D5291
Nitrogen (Kjeldahl)® ASTM D3179 Mod./E778 Mod.
Sulfur, Total (> 0.05%) , ASTM 4239, Method C
Sulfur, Total (< 0.05%) ICP-OES/ASTM D129/D4327
Total Halogens Reported as Chlorine ' ASTM E442/D2361
Thermogravimetric Analysis (TGA)" See note b below.
Metals® ICP-OES, FLAA, CVAA, or GFAA
Sulfur Forms (total, pyritic, sulfate, organic) ASTM D2492 Mod.
Carbon as Carbonate ASTM D513(B) Mod. for Solids
NMR - Aromatic C/ Aliphatic C ratio’ See note d below.
Melting Point {for waxes)° See note e below.
X-Ray Diffraction (XRD)" See note f below.
Optical Microscopy® See note g below.

a) It is recommended that for nitrogen contents below 0.5 wt.%, the more

accurate measurement should be made using the Kjeldahl technique.

b) TGA heats a representative sample from 30 to 800°C under an inert
atmosphere (nitrogen or argon) while measuring wt.% losses as a function
of temperature. Oxygen is then introduced at 800°C for complete

combustion and ash content (inorganics) measurements.

¢) Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES),
Flame Atomic Absorption (FLAA), Cold Vapor Atomic Absorption
(CVAA), or Graphite Furnace Atomic Absorption (GFAA).



Sul fur Fornms (total, pyritic, sulfate, organic) ASTM D2492 Mod. Carbon as
Car bonate ASTM D513(B) Mod. for Solids NWVR - Aromatic C/ Aliphatic C

rati od See @?tfﬁ%,@%&w Mel ting Point (for waxes) See no %Tﬁls*iﬁis%‘gém X- Ray
XRD) r S a

Diffraction See note f below. Optical Mcrosco t See note below a)
It is recommended that for nitrogen contents below 0.5 w.% the nore
accurate neasurenent should be nade usi n]g the Kjeldahl technique. b) TGA
heats a representative sanple from 30 tolB00C under an inert atnpsphere
(nitrogen or argon) while nmeasuring w.% | osses as a function of
tenperature. Oxygen is then introduceqL at 800C for conplete conbustion and
ash cont entd) i Medeari ¥MagnetaResemawes( "€) cambecised ef pnCmepdsetb BeesmneOpt i cal
Em ssion Spectroscopy (I CP-CQES), . Flanme Atom c Absorption (FLAA), Cold Vapor
At omi ¢ Absor pt itB&raty magic toyadiphatiecaiPoRace Atonic Absorption (GFAA). WD
2006/ 020061 PCT/ US2005/ 025209 -14 d) Nucl ear Magnetic Resonance (1 'C) can
be used if qne needs tqQ determpne the ratio of aromatjc to aliphatic
carbon. e) ®el tYIg{ingdgints Si‘HB{H?PH@aWSQOYW mérﬁt‘?ﬂl&’n@éﬁ?]@"w&@@ﬁ} ant s
(waxes) have heen,identified. f) ldentifies specific crystalline phases of
I norgani c corrpgﬁgﬁtbgg'ih(ieﬁuﬁgt he type of iron sulfide present in corrosion
scale. XRD can also be used to find the degree of graphitization in

ani sotropi c Cohgentmes%éc?ﬁé cpj.}s?z{lﬁﬁg %%%Sessagp kneoﬁ'g%i@ c%ﬂﬁ?&reﬁgs ?dchegp ?ﬁedi ng

t he washed sol
type of iron sulfide present in corrosion scale. XRD can also be used to find

the degree of graphitization in anisotropic coke.

g) Optical microscope samples are prepared by embedding the washed solid
foulant in epoxy, followed by a series of standard grinding and polishing
procedures. The highly polished cross-section of each foulant sample is
then examined under cross- polarized light. Observations to be made on the
sample include general morphology, particle size, degree of anisotropy,

reflectance, porosity and inclusions (e.g., metal sulfides).

Calculations

Wt. % Oxygen/Unknowns (diff.): 100-(%C+%H+ %N+ % S + % Cl + % Metals)

Atomic H/C Ratio: Wt. % Hydrogen x 12.011 (atomic wt. C)} = atomic H/C ratio
Wt. % Carbon 1.008 (atomic wt. H)

Transmission Optical Microscopy

[0032] This test requires a laboratory microscope that can magnify to 250X
and preferably to 400X. For several uses the ability to observe in transmitted
cross-polarized light is required. To identify anisotropic coke in cross-polarized
light, an intense light source, such as a halogen or a xenon lamp, may be
required. Although most uses provide only qualitative information, transmission

microscopy impart can impart much insight as to the causes of fouling.



foul ant in epoxy, followed by a series of standard grinding and polishing
procedures. The highly polished cross-section of each foulant sanple is

t hen exam ned under cross- polarized light. Cbservations to be nade on the
sanpl e i ncHMORGE¥Ial nor phol ogy, particle size, degree PST/GHIEH2INPY

refl ectance, porosity and inclusions (e.g., netal sulfides). Calcul ations
W. % Oxygen/ Unknowns (diff.): 100 - (% C + % H+ %N+ %S + %Cl + %
Metals) Atomic HC Ratio: W. % Hydrogers x 12. 011 (atomic wt. C) = atomc
HCratio W. % Carbon 1.008 (atomic w. H) Transm ssion Optical M croscopy
[0032] This test requires a |l aboratory m croscope that can magnify to 250X

and prefer to 4 i H : i d ?ﬁ,&r |

transm tteiﬁb%stjoss-ggﬁe{rrulg:sgélééﬁgﬁ@l?ééﬁﬁilatgggrggﬁmér%}?%&ﬁ?ﬁ y aﬁlﬁ)go@rtggi c coke
In cross- pejijasr ather liduidhnteraiy i RASd 4 fhilled aibth&d unidC Thasdrap happeed or a
xenon | anp, may be required. Al though nost uses provide only qualitative
informati omn a claas missisospe stider msbopseredrppatcovansiiprphde. st lat 168Kght as to
.the causes of fouling. WD 2006/ 020061 PCT/US2005/ 025209 15 [00331 The nopst
usef ul applfpeustthe MICEOsspRe PRithgyresulus Bawdiidm sud detspmyie i jbereare apy ot her

cl can' i or SRDPe Seredes ntfladoe, repiid Bos 0% paapd il e iG] 0ox ' °
focus the ﬁfi‘gﬁfd% ?hf@ntﬂﬁ%%i%@%hh{di%&ekvqﬂgﬂu{d éé@c@“ﬁﬁﬁ&%&&&%ﬁ dephere are
any insolubl e particles or TiIqulds. e shoul'd Mook for nmany particles or

i nsol ubl e pbi@bl K IQMﬁ‘:rnéxlf@tePﬂE it Bx Hnf¥ tﬁ@@aﬂftﬁle and&@V¥¢rb&opslafides ighe. | f
none are seen undér normal light, the next step is to exam ne the sanple

under cr os3aopantictescartictgar in normal light but show up as bright white in cross-

(' polarized light. Most wax does not cause fouling because it dissolves on heating
near its melting point. However, if the solid foulant is identified as containing a
large fracﬁon of wax, observing wax in the feed or product of a fouled unit is
significant. If a large number of particles or insoluble liquids are observed,

focus on one and use the maximumn magnification to identify with the following

characteristics:

Fouling Cause Characteristics Under Microscope

1. Wax Clear in normal light. Bright plates or needles
under cross-polarized light.

2. Asphaltenes Agglomerates of small particles to form brownish,
curved chains in normal light and dark under
cross-polanzed light.

3. Amnisotropic Coke Black particles in normal light but orange with
black brushes in cross-polarized light that move
when the microscope stage is rotated.

4. Isotopic Coke Black particles in both normal light and cross-
polarized light.

5. Iron Sulfide Black particles in both normal light and cross-
polarized light.

6. Salt Clear cubic shaped crystals in normal light.

7. Water Drops Spherical, clear regions that turn color when

sample is blended with a water-soluble dye.



Wax particles are clear in normal |ight but show up as bright white in
cross- polarized light. Mst wax does not cause fouling because it dissolves
on_heat | ng yBefcdahy M ting point. However, if the solidptgulciiobsy
identified as containing a large fraction of wax, observing wax In the feed
or product of a fouled unit is significant. If a |large nunber of particles
or insoluble Iiquids are observed, focus on one and use the nmaxi mum

magni fication to identify with the foll ovifng characteristics: Fouling Cause
Characteristics Under Mcroscope 1. Wax Clear in norrmal light. Bright plates
or needles under cross-polarized light. 2. Asphaltenes Aggl onerates of

smal | parti 0634} o f Refiebredwyitich] micescapy efhpolished surfacesabf solghfoudands tar k
under cross-polarized light. 3. Anisotropic Coke Black particles in nornal
li ght but orthagestunethod 0 sdantify Gewlantsi Howeyss thisraquiresimarg kxpestiae than e

L e ek L
Cubi o shapedisrye S Efguld SFlo RBERARS Sych s RekéBtak omelinl ' ciear
r288g%‘;Oggi‘t%@fﬂals%'o%d%@%%bé@%é 6r 45inBLiRE Bk Wrhd cRardRichistie®hy ibsvedye. WO
can be used to identify the foulant as well as for the solubility behavior in these
liquids. For example, asphaltenes are insoluble in hexadecane but soluble in the

other three liquids.



[0034] Reflected optical mcroscopy of polished surfaces of solid foul ants
is the best nethod to identify foulants. However, this requires nore
expertise than wusing transmtted |ight. Thus, an alternative is to break up
t he foul antW@AY60H0eherse it in a liquid of low volatilitPCTAGHNS/E25209
hexadecane, 1-nethyl naphthal ene, o-dichl orobenzene or quinoline. The sane
characteristics as above can be used to identify the foulant as well as for
the solubility behavior in these |iquids.. For exanple, asphaltenes are

i nsol ubl e in hexadecane but soluble in the other three liquids. WO
20061020061 PCTI US2005/ 025209 - 17 CLAIMS: 1. A nethod to identify a

refinery s@ 'Ajll\];lgu' ant of unknown conposition conprising a) obtaining a

f oul ant sam;‘r €, b) renoving trapped feed fromsaid sanple with a solvent to
obtain an insol uble sanple, c¢) scanning said insoluble sanple with scanni ng
el ectron mcroscopy and energy dispersive x-rays, d) performng a thermnal
gravinetric anal ysi s li ndA udkithgd enideatify & esfinexy sblid foukal obliskisanpl e to
.determ ne the presence of polynmer, coke and inorganic elenents, e)

per f or m ng campeb¥IBNOMPIEABL ysi s on the insoluble sanple for the el enents
carbon, hydrogen, sulfur, nitrogen, halogens, and netals, f) performing an
optical mcroscopy on the insoluble sanple to determ ne the presence of

wax, asphaltenes, ani SOtaSO%ib?aiﬁ%ea ﬂﬂaﬁtss%r[pqg,i C

b) removing trapped feed from said sample with a solvent to

obtain an insoluble sample,

¢) scanning said insoluble sample with scanning electron

microscopy and energy dispersive x-rays,

d) performing a thermal gravimetric analysis including an
ash test on the insoluble sample to determine the presence of polymer, coke and

inorganic elements,

e) performing an elemental analysis on the insoluble sample

for the elements carbon, hydrogen, suifur, nitrogen, halogens, and metals,

f) performing an optical microscopy on the insoluble sample
to determine the presence of wax, asphaltenes, anisotropic coke and isotropic

coke, and

g) identifying the composition of the solid foulant.

2. The method of claim 1 wherein said step of removing trapped
feed from said sample is performed with the solvent toluene, xylenes, methylene

chloride or combinations thereof.



coke, and g) identifying the conposition of the solid foulant. 2. The nethod
of claim1 wherein said step of renoving trapped feed fromsaid sanple is
performed with the solvent toluene, xylenes, nethylene chloride or

conbi nati ons thereof. -18- 3. The nethod of claim1l wherein said therna
gravinetric analysis is perfornmed by determning volatiles up to about 370C
non-vol atil es between 500-800C, and ash after burn. 4. The nethod of claim
1 wherein said el enmental analysis includd8-determning the atomic Hto C
ratio for said elenents. 5. The nethod of claim1 wherein said step of
optical mcroscopy is performed using cross-polarized light. 6. The nethod

of claiml further conpri ghagnéMmedt ehify 1 wiRFdiR SHIdWePmALSIahefRONEL i C
resonance on said sanple. 7. The nethod of claim|l further conprising the

step of meagpilysig 18 perforhéd by dewrniisingfvodatiles spupbbout®B7070e noriviokutiled cl ai m
1 wherein said of perform ng said optical mcroscopy is carried out to
det erm ne i f beoraent HK-80@’Coand @sh after bumler ed or  unor der ed.

4. The method of claim 1 wherein said elemental analysis

includes determining the atomic H to C ratio for said elements.

5. The method of claim | wherein said step of optical

microscopy is performed using cross-polarnzed light.

6. The method of claim 1 further comprising the step of

performing a nuclear magnetic resonance on said sample.

7. The method of claim 1 further comprising the step of

measuring the melting points of said sample.

8. The method of claim 1 wherein said of performing said optical
microscopy is carried out to determine if coke that is present is ordered or

unordered.



