- I - A METHOD FOR REFI NERY FOULANT DEPCSI T CHARACTERI ZATI ON :
BACKGROUNR, 6% OgmgngEl\rrl ON [ 0001] The present invention ipgTAISHIBENZEL09
to identify t?1e chem cal conposition of an unknown refinery solid
foul ant deposit. This invention providks a procedure, which enabl es
refinery and support |aboratory personnel to better coordinate the

di agnosi s and solution of the nost common hydrocarbon fouling
problenms in refining by having an accurate understanding of what the
foulant material is. Although the exanples used in this re&

on refini ngMETHOD FOR RERASHR Y FRQUIANMT EPOOLY (gppiAlgbbales
chem cal plrant and upstreamunit fouling anal yses. [0002] Petrol eum
refining includes a nunber of different nethod units. Fouling of a
met hod unit is ﬁmﬁon of an unexpected phase in a
met hod unﬁﬁm d that accumul ates on the
surfaces of the nmethod equi pnment that is designed to handle flow ng

| i qui ds or gases. [0003] Even | ow anounts of foul ant increase energy
costs by rgsiHgi N9 The ph&aht Rivehdbeica amthddtieidently teldhefnierlcr eases
the efficiency of the nethod unit while g‘iggh foulin %igduces.flow and
i ncr eases cpmessitioa afranpunknoiwn rafmeny belich EHank ¢pesits hins BRI For

| eani ng. Nb foul i d i i
it doun STt mRRRCeAUTE R R BN B 6o PR SR 1o AR BESEntellb
method o, | dentl f ¥, LicugaTL Aaks SOTDANHLH OF 1% mASt sutiA@Ahydzbéaboy

solid fouPSHE P&p an invention i s needed for oné to

deter m ne cfiie CRuBER! i1 eisfinpbiynavhizoi acourty dnddrstandibg nf whapthe
pettol g

streans in eum refining. The invention_is_ based gpon .
conposi t i goaknemateysi §s.oAlthhegh th examplepbssd 1y hisFeePEJOFYLAR FHining.

foul ed unit and on know edge ,of e St. £O, n r.ef.l

foul i ng. . the prosord deserbrbEAISG B’hgd@g’gﬁcﬁl’f‘ﬁ tﬁ’ﬁ‘&ﬂﬁﬁ“i’ﬁ%‘fﬁs"ﬁ‘ﬁ%ﬁgﬁg‘?
unknown mat er i aﬁs do not exist and is needed for mtigation of said
foul i ng. &tJlOP @%@8@%‘“ on of the foulant deposit is deternined,
possi ble mtigation nethods can be proposed. The refinery then can
sel ect the nost cost-efficient mtigation strategy t hat best neets

the need. [HOSEI5] BePauskeuimrrfimipgincludesa aumbshal AHETeRIpENod y i) ect
ith causes crossing many technol ogj cal and ; i 8

essent | al Feingicna Mgt Groaseoby DisAetmgibddt ahe RAgkAETe ace?

and repeat.abl e nga Iﬁggg”ﬁf)@%g Ppgub;ég dfﬁ;&&gﬁ'm{ aS@{naads drSthegarfaeek of

from one pP&ATe shar'e conpared to establish

simlar rqpt rfERISPE Bpfheds Bt iabedznéd iodetridde fiowtig liquids or Bases. ack of
this common thread %f data sharing has been an inpedi nent to
experience sharing in the past.

[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 in

unplanned unit 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



[ 0006] The nmethod to identify the refinery solid foul ant of unknown
conposi t i orwornebaxecdthe fol | ow ng steps: obtaining a sol i POTAS2805/025209
sanpl e, renoving trapped feed fromthe sanple with a solvent to

obtain an insol uble sanple, scanning the insoluble sanple with a
scanni ng el ectron microscope and energy_gi_spersive x-rays, performng
a thermal gravimetric analysis, including an ash test on the

i nsol ubl e sanple to determ ne the rel ati ve anmounts of poI ymer, coke

d/ f
P ubl 2°;s ""”'°a$@?= Pl rdRihes T i R EALA nBaTbdpositnbDe |
hal ogens, @metfeu PH&%&X &@S%ﬁh?f@ﬂtthe fRNEPHME A8 MRt kfbledge

mcroscopy on e 1 nsol U e to determ ne the presence of V\B.X

asphal t enesf tBB g3t EOﬁhﬁorC@dﬁ%e@ o refmﬁrﬁ donling: o kestandatdtpretazioy for
i dentify the chem cal corrp05|t|on of the solid foul ant deposit. - 3

- BRI EF DESEERIBIENTYE s:uchmpmnw t[rdmmqmmgt@n@lﬂdm;s @tﬁﬁtﬁhaéﬁa@ram
of the anal ysis igure 2 sh

rep[1 esent atqe@é@%@n%ﬁ&%l@%z ‘isf‘?}{]dooo é’tl‘:}P ?WP%P?DB?@%&HI&% ain
i of oscope TEBNY My delmired 8‘?4?%%@05@ s o RRRGe . TR

3(b) shows ;@ ﬂn@xgﬁhﬁﬁ cth SPIRESIHEaMYstIcdYL- éﬁm@ntiﬁl@@aﬁbﬂ@&awg? thaelest heets
of Figure 4. 1] Figure 4 shows the identity of the najor elenents
from SEM ED}(eﬁeech of Exanple 1. DETAI LED DESCRI PTI ON OF THE PREFERRED
EMBCDI MENTS [0012] The present invention is a nmethod to identify the
chenmical conposition of an unknown refinery fouling deposit.

[0013] The bgiahe; Of 18 RLERERhg iPY0H b BRodcPard b dREd sEATSIK canses

fouling is
crossing many technoelogical 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 to determine 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.



result of some nore common causes that can be detected and verified
by determ i@t Mo&henm cal conposition by standardized asadyédoesd2s209
testing. Fouling causes can be divided into five general classes with
refinery exanples under each class: WD 2006/ 020061PCV52005/ 025209
-4-. |. Scaling: precipitation of salts fromwater solution onto
heat transfer surfaces. a. Sea salts frdmcrude oil containing

di spersed water b. Salt or scale deposition fromtreated/ untreated
cooling systemwater 2. Corrosion Fouling: the reaction of the heat
transfer surface to formcorrosion products. a. Iron sulfide
formation b Ul fide b. Iron napht henate
f or mat i on Bl iHaM ek afrd possi bl e subsequent
reactions with hydrogen sulflde to forn1|ron sul fide 3. Precipitation
Fouling: formation of an insoluble phase by cooling, by mxing two or
nor e Streg{mm% by Pieakisnofien daarhei ehtheidnalysis diesdtidlfoathnani t . a.
By Coolin X deposition by coollng bel ow t he freezing
tenperature of high nol ecul ar weight paraffins Asphaltene deposition

by o0l NG CERer 80 1S) ot et UK BB PhofFSslg noT™

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 canses can be divided into five general classes with refinery examples

under each class:



i. Mxing inconpatible oils in the wong proportions that can result

i n the precwpized/e20es10f asphal tenes or waxes. c. By Breakipdij/u@g2005/025209
Emul sion i. Breaking a hydrocarbon in water enul sion, such as by

heati ng 4. Chem cal Reaction Fouling: formation of an insol uble phase
by chemnical reaction between conponents_iqn the fluid. a. Thermal

Coki ng (asphaltene insolubility during thermal cracking) b.

Pol yneri zati on of conjugated olefins ¢c. Aromatic Gowh d. Oxidation

par t§ oul at 0-Foti g mecpaiel sty i JEHOWAA" shlihale dheas, rpnsfer

over to and dcefﬂ_g?cre%g within the fouled unit. a. Coke b. Asphaltenes
C. lron Sulfide d. talyst Fines e. O hers [0014] Fouling often
results froma conbination of and/or a series of these causes. Hence,
characteristics have been determ ned which can identify each of these
comon causes af Seasaltsgfromswddeailcioataniag dsperseshpéirt i on of t he

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. Iron 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 emulsion within the fouled unit.
d. 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™



WD 2006/ 020061PCT/ US2005/ 025209 - 6 - deposit. As a result, a
sequence %om}ox@kfa' tests for the foul ant recovered f pe@musb®@siozs2o0
fouled unit were designed to diagnose the cause(s) of fouling.
[0015] 1t is extrenmely inportant that accurate records are made of the
| ocati on and approxinmate quantity of foulant as well as nethod
conditions during and before the foulimg was noticed. Pictures of the
foulant on the unit are also very helpful. Inportant nethod
conditions needed for the root-cause determ nation include

t enper at ur e, bpr BesBleadirfd ow rate (residence tine), source of the

met hod fluids, details on the geonetry of the unit, and netal |l urgy of

the method unit. Is this a first occurrence of fouling for e unj.t?
When did foul i ng BeKing oRemPARBIe I WOV IE P@Pﬁ&tb‘qlfp‘@& é"l}bFsPhe‘“

uni t? These ki nds of questions unit shoul d be
answered as part o e@ﬁ%“ﬂﬁ?ﬁ%‘&@?%rl%ﬁgﬂ tﬁg&r}et hod history
suggests possible fouling causes, they should be noted. [0016] For

exanple, if af i i froma heat exchanger, it is

i nport ant tocknwlﬁgﬁ@ g@%ﬁl‘@g@’gﬁe fromw thin the tubes, on the

t ubesheet face, or on an unheated surface of the channel box. This
know edge, whi ch i BRIKGS §Eiérﬁﬁﬁ:%rﬁmateﬂEﬂﬁl,lsiﬁﬁ,taidhmsgw,hmﬁdg
velocity factors, can provi de valuable clues to the foul ant source
conpared to just stating that the foulant was retrieved froma

parti cul ayy exHRAIEAR AcBOh Hcwaine: Shodtibrbel arsinsoluble phaserhy ehigmicahe
foul ant sanple is representative and not contam nated by collection
or flushing peastiedbetseen componentgiéheflosk t hat there are different
types of foulants, they should each be sanpled. Ideally, about 100
granms of foulant should be collected for each sanple. If this is not
possi bl e, as_nu | ; itP duFiaktB&tned ctagkédp)can be
| ear ned fronfev eg@gpgr%]acﬁ%ggégénlp n%)l.ﬁgt%ﬁgglégnpl egshoul d be sto)r ed in
a cl osed congai r}%qyﬁgﬁkéti@p@fy@ijaght&deES WO

2006/ 020061PCT/ US2005/ 025209 - 7 - ANALYSIS OF SCLI D FOULANT SAMPLES
[ 0018) A | owcdi dgroamticiGRIWUr e 1 shows the procedure for anal yzing
solid foul ant, sanpl.es. Descriptions of each of the analytical tests
are given i ndApSeHERYOR . The first step is to allow 10 to 25 granms of
the sanple tqQ so At Ch R  fbAnh@bmene, or ot her

sol vent wi t h°si r@iﬁg[oq’é%@v%%t cabig I I??@,Lgt(?()fbginssol ve trapped feed
fromthe foulkantompider filtration, the remaining solids are washed
wi th additional solvent until a clear filtrate is obtained. The

i nsol ubl e solids are then dried in a vacuum oven at 70C (158F), for at
| east 1- 25hoPagticulitetFounlong: idispersad pavticles Jepned ypstFeamn and & OVEIQ
procedure shoul d be repeated on.anot her sanple of the foul ant

repl aci ng toﬁuéﬁlﬁpﬁﬁliﬁwltﬁ%%@@e@t% ‘ain insol ubl e asphal t enes.

Thi s washing procedure is inmportant so that subsequent results- can be
ascribed to theé ul ant rather than a m xture of foul ant and trapped
feed. [0019] Pt i*s®%portant that a honpgeneous sanpl e be obtai ned
prior to the,T nt aUret al s anal yses. This can be achi eved
hy grindi ng tbh%%%gﬁltlggsrgnpl e to -60 mesh and m xi ng t horoughly

bef ore the apal yid¢8hifidests are carried out. Oten this is best done
after the toluene extraction. However, if the foulant is a hard,
granul ated sal.i dC4takyst binese-1i ke), this may be done before tol uene

washi ng.
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 chemical composition of the



[ 0020] Bef ore t he above grindi ng and honogeni zi ng of the entire

sanpl e, a twouwoeo2omsaol ubl es, unground portion of the foulrIwos2005/025209
subj ected to scanning el ectron m croscopy (SEM and energy dispersive
x-ray (EDX) to first qualitatively identify the elenents present and
their association with each other. SEM_i@_an essential step for this
met hod. This information is used to identify which elenents are

needed for subsequent quantification on the toluene insoluble, ground

50061 02006 HE% L6 8IFEBE AT ICRLe ST O Lo o P e R ecsygreg drom
present in :{n?@l@d‘h@fﬂgé}%‘%ﬂgﬁgﬁl téﬁia%ﬁbséhﬁc%sé(g) of rhjigy e 1.

[ 0021] The f par the ySis-step Is to determ ne how nuch of
the insoluble foulant is due to inorganics (netals, salts, corrosion

i gt waxdLOL) 0 1IRETRAY Al ol SRS o T aBR b e
after the 55&4tﬂﬁ%n@%ﬁr§xﬁ@at3$%§ﬁﬁﬂyﬂﬁ f5QlniHe vellf ast ethodssunditians

sanple is due to inorganics. is Can be achieved with an el emental
anal ysi s f @urin@rdndrhefonecthe deuling wia moticed.t Piogaes of thefiment omthe geisjre
and netal s contents _and ash test, which is, part (%qu%he t her mal

gravi net r i @lseneary delpiplrdapporignmened copdigions age ithe FORreashit s

may al so be, done if the,other el nt e[

han’ 100% CSermpar g egpmuprfir biosEoiE, By RS leBidhco el i
are presentys t%@gl%ﬁ'ldd‘ bR, §anmt 611%%‘%@61{1&:9% e Whit YArer metARk©Y of the
inorganics and it Is confirnmed that T't was” not part of the nmetal
surface’ of rhéx@odninit. Tethivadinsi dédcurieact ofifauling fondhganit? Wihekiidid fouling
shoul d be addressed first. Although there can be nore t&gn one cayse,

t he deposibtbe@fﬂl?of%ﬁ@lﬂgdfﬁ’lt% wezn the methadwrsets etHeeupds Pliﬁklﬁfls o f
e e

anal ysi s WiidoS 098¢ plethdd FisRirh TREVAPSRIVIE fGbling Baldetneylshbsldl be
(common), sea salts, ammonium chloride, alum numsilicate or others.
Organi ¢ Fouldtag [ 0024] I f the tol uene-insol uble portion of the foul ant
sanple is less than 10- 15 wt.% inorganic, the bulk of the foul ant
may be due to coke or high nolecular weight waxes. The cause of the
organi c foUybdbe} shofbrekangket # anfovdaht is obined 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 is made.



[ 0025] The conposition of the inorganics may be used to trace the
origin of JLhe ‘%&Wilc fouling precursors. For exanple, VaadidfsAAskoo
ni ckel are na?ura y connected to organics as porphyrins and are
soluble in crude oils and resids. Thus, these netals can indicate
entrained resid in a gas oil streamfor exanple. Neverthel ess, the
next step is to deternine by optical ni-droscopy, using

cross-pol arized |ight, whether the foulant is isotropic (unordered)
or anisotropic (ordered) coke. One determ nes whet her or not the coke
i s order edANAIUBIS FeSOBIDHFEU; [ ved with the nicroscope.
For exanple, the anisotropic (ordered) coke exists as distinct
patterns of varying shapes or types, while the isotropic (unordered
has no di 0018l shakifiovi diagedrnan Hgureer showy Gezspreduse feopalyzing eoli
derived from carbonacequs nesophase sho that jt.was forned b

t
thermal crigvlant gamplasoieescHptigns ek caghak Piaé‘ﬁiﬂi“cal (oSt 47k 1gaven i’
hal t : h t Ki ' |f i S S0t [
oS bl o CAPRSMIE I e et Hap Tois e 19e 25 ratR SN shol "l dopRifbr o
The presencg, ¢} Ph&ﬂ‘sf#@)%néc%%éﬁsm%tWt@zmle(ﬂs%@m cApAUIRITRG
gravinmetric anaﬁ]y5| S (‘ may be an indication that the cause’is
pol yrer i zatiiseive fhppad fed fraditbafowlani. S\ftdrdiltadby theirempinng selidd g

occurs in condensed |iquid products of thermal crackin tﬁ‘égh from
cokers) afwashefevitly adéitivnal salzentapuit a(dlem-fdlirts is obiynads Ehemselibla) so

i g | 0 oplRBEE IR GU VAR AEPHER Ry onGLT AT AL ey dre Bu"If

Vi sb ker. tar, T | at i . - o/

ypi cal |y b ERRTCE B bk ERdRRAy SO ent i fidcbitmbat Be ot

W th oxygep, er%Q‘&fa‘alé %fﬂ?@ﬂjlar&?@#@}lﬁbﬁ@%l&%@iﬂﬁnlhep_taaieitbiobea?ih from
ng only ash which isd

the sanpl e, |eavi ue to netals in the deposit
that now dxisliblemasphabenageThisawashin®paiieriremislimportaat s thad gabseguent

carbon atomc ratio (HC = wt. % hydrogen gjlti l.i ed b%( 1]1. 92 aecﬁcli_ d
di vi ded byresultsgandpmaseyibsd to fee foyuantaathen thamy JHR YT OF fQflantapd fregpe
the tenper t%re of deposition This can help to determne if the - 10

- coke wast®®%rned at a higher tenperature upstream of the foul ed
unit, if the tenperature was higher than neasured, if the coke had

mochant o BLOT 1y b Bdmses g WAt b pismepHE sspis g ShrifieR pdrto the
asphal t e neﬁ#&gﬁ’fd ﬁ‘[@n\ij\%lf taRSaralyse8eTtis @an be dcaieed gﬁr%ﬁ?cgﬁg @d al s

have | ower ratios i'lTe waxes can be as high as is also

i npor tant foglA@kaebi © 80Gne Ambmiking thomaighiysbéfooerti rabptiaa festsTire
11/Cratio is an average val ue of the honogeni zed sanpl e, whi ch

contain didamedant.t Qfies this is byt doneader the heereRNEATHON s Hovesrelt

ot i ni t1 orfouiemas 2 bird, granutavgd ppashel et HER), R B R el bforg ussea
above but t%’ﬁ’nn %%S@g@_ed enough to degrade to coke (coke is defined

as tol uene SO Wiile it is usually clear fromthe nethod
conditions which nmechani smapplies, a general indication that the

asphal ten et ; : ;ﬂgeo @rhi{,
ratio Iesesi%p%\g] one. %@é]@é@ggﬁgggﬁiﬁﬁ%?wge t%ﬂfﬁgﬁfy ks, 2
comon caughinefinddlitbleB durigiofied horion dfodik dotlanaispudjecatitogedadampe on
how to trace themare summarized in Table 1. TABLE_ 1 Key

Char act er i gi¢dtnm ticrosenyyi (SEM) dnd enexg yabsparsiveaumys(E X rsufirsig

Foul i ng Cause FouM |t Evi dence 3 _ .
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 amouni(s) of



1. Sea salts: NaCl, MyCl2, Caaz Tol uene-insol.; ash > 10-15% netals:
Na, Ca, My;wbixgbs/@od. |ron sul fide Tol uene-insol.; ash >KGTIED0¥N25109
nmetals: iron; high sulfur 3. Wax deposition I1/C >1.7, nelting point
transition Mcroscopy: clear but bright white in cross-polarized

i ght 4. Asphal tene deposition by cooling Tol uene-sol. /.
n-heptane-insol. 5. Asphal tene depositi ~og'by bl endi ng Tol uene-insol .

I sotropic or Tol uene-sof / n-heptane insol. 6. Hydrocarbon in water

enul si on Depgsition on heati n Iose 00F) 7.°..Th I

Tol uene-| néoiterens S Ghas e D BT B R SHBRTLARHCSiH o 188,16 gaped!
ol efins ToIPu @r%f nsol .: isotropic coke, forned between 232-324C
(450- 615F) 95 Xromat i ¢ grow h

10021] The first part of the analysis step is to determine how much of the
insoluble foulant is due to inorganics (metals, salts, corrosion products, etc.) and

how much 1s due to organics (high molecular weight waxes, coke, etc.).

Inorganic Fouling

([ [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 itis
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 canse, 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.

Orgeanic 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.



Tol uene-insol .: isotropic coke 10a. Ammoni um chl ori de Water sol ubl e;

high in N . Ammoni um bi sul fi de Water sol uble; hj |
g n\gﬁ;&o@ozﬁ%& 0 _ 'iic‘é%észﬂoé?ézé’iﬁg

112S Exa ] The net hod of the present invention wa
applied to a fouling deposit froma fouled refinery pre-heat train
exchanger. Fi.gure 2 shows a pictorial of the fouling deposit. Figures
3a and 3b show an SEM scan and the el ennt map of the deposit. Figure
4 shows the major elenents to quantify fromthe SEM EDX scan. Table 2
gives the analytical results on this fouling deposit.: The resulting
overal | c@ofRsdi t i oFhefconipcsititapolihe inprgapngnday be beedlocar thatasigmn of
cal cium carbonate and, iron sul fi cize wth | esser armunés. f . ot her

sal ts. - tiporzameHOmling ATasYEPTSa T OREXATRIC. S nRGIE AR Risks) fie Hturle

,%\NAt gg?tsi %Eg;g%géﬁ gc‘e/\?r%%ngcascgsi poor}pﬁ))"il}ir?s-ré)ﬂd’gr%egomle ifPchudoi AL resds! DS
Thus, these metals can indicate entrained resid in a gas oil stream for example.
Nevertheless, the next step is to determine by optical microscopy, using cross-
polarized light, whether the foulant is isotropic (unordered) or anisotropic
(ordered) coke. One determines whether or not the coke is ordered or unordered
by the patterns observed with the microscope. For example, the anisotropic

(ordered) coke exists as distinct patterns of varying shapes or types, while the

isotropic (unordered) has no distinguishable formation 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 canse 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.

[6027] 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 ronghly

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



Car bon10. 38 Hydrogen<0.5 Nitrogen<0.5 Total S7.96 6.25 Pyritic S 1.37

%ganwhclszwggoﬁﬁy&@g@ie S Cas CO3 9.43 Fe 6.33 Al 0.10 Caperasoishzszoo
Zn
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coke was formed at a higher temperature upstream of the fouled unit, if the
temperature was higher than measured, if the coke had been present for
significant lengths of time, or if a catalytic mechanism was involved. It is known
from the literature that asphaltenes have atomic ratios in the 1.0-1.2 range, coke
materials have lower H/C ratios while waxes can be as high as 2.0. It 1s also
important to correlate H/C ratios with findings from microscopy. The B/C ratio
is an average value of the homogenized sample, which may contain 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.
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TABLE 1

Key Characteristics to Identify and Trace Common Causes of Fouling

Fouling Cause Foulant Evidence

1. Sea salts: NaCl, MgCl,, CaCl; Toluene-insol,; ash > 10-15%:; metals: Na, Ca, Mg;
high Ci

2. Ironsulfide Toluene-insol.; ash >10-15%; most metals: iron;
high sulfur

3. Wax deposition H/C > 1.7, melting point transition Microscopy:
clear but bright white in cross-polarized light .

4. Asphaltene dcpo'sition by cooling Toluene-sol. / n-heptane-insol. '

5. Asphaltene deposition by blending Toluene-insol. isotropi¢ 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. Polymerization 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 Cl

10b. Ammonium bisulfide Water soluble; high in N and H,8

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 3a- 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.



- 13 - APPENDI X |  ANALYTI CAL TESTS [0031] The anal ytical tests used
for the anabysesm@éossol i d foulants are |isted bel ow Wt h poews2005/025209
est abl i shed procedure nethod information. These tests are nore
typically carried out on the toluene-insoluble fractions of solid
foulants, which have al so been ground to,hel ow 60 mesh and

honogeni zed. Added notes on sone of thesé tests are provided bel ow.
Anal ysis Procedure Carbon and Hydrogen (conmbustion, .? 0.5 % ASTM
D5373/ D5291 Car bon, Hydrogen, N trogen (conbustion, 0.5 % ASTM
D5373/ D5291 Nitrogen (Kjeldahl)3 ASTM D3179 Mod./E778 Mdd. Sul fur,

Total (> 0.05% TABLE 2

Analvtical Results on Foulant Deposit Example 1

Location Tubeside
Extraction Data Toluene Insol. 0Oil
Wt.% 100 0
SOLIDS ANALYSIS
Elements Wt.%
Carbon 10.38
(‘ Hydrogen <0.5
Nitrogen <05
Total S 7.96
6.25 Pyritic S
1.37 Organic S
0.34 Sulfate 8
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



ASTM 4239, Method C Sul fur, Total (< 0.05% |CP-OES/ ASTM D1291D4327

Total Halqg ted as Chlorine ASTM E442/ D236l 5/025
Ther nogr avi ﬁgﬁoréﬁ@g%al ysis (TGA)b See note b bel ow. Met glcg"{Usz9Oa/023209

| CP- CES, FLAA, CVAA, or GFAA Sul fur Forns (total ritic, sulfat
organic) ASTM D2492 Mod. ( - PY ! ate,
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APPENDIX I
ANALYTICAL TESTS

[0031] The analytical tests used for the analyses of solid foulants are histed
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, 2 0.5 %) ASTM D5373/D5291
Carbon, Hydrogen, Nitrogen (combustion, 2 0.5 %) ASTM D3373/D5291
Nitrogen (Kjeldahl)® ASTM D3179 Mod.JE778 Mod.
Sulfur, Tota} (> 0.05%) . ASTM: 4239, Method C
Sulfur, Total {< 0.05%) ICP-OESIASTM D129/1)4327
Total Halogens Reported as Chlorine ' ASTM Ed42/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 (xRDY 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).



Carbon as Carbonate ASTM D513(B) Mbd. for Solids NlvPa - Aromatic C

[ Aliphati gygahiich§e: See note d below. Melting Point (fopcyaxessin?s2o9
See note e below X-Ray Diffraction (XRD)t See note f below Optical

M croseopyt See note g below. a) It is recormmended that for
nitrogen contents below 0.5 wt.% the noye accurate neasurenent

shoul d be nade using the Kjeldahl techni {:ﬁre. b) TGA heats a
representative sanple from30 to 800C under an inert atnosphere
(nitrogen or argon) while measuring W, % | osses as_a function 8f .

t enper at ur @) okgwﬂulglagn@w Resorsagedd Gt casobrused ilcengpeeds to determine

conbusti on and ash .cont ent (.i norga S asurenents.
theé ratio o arornaglc o aﬂpﬂatx Zar'BE

e) Mélting points should be measured when high atomic H/C foulants (waxes)

have been identified.

f) Identifies specific crystalline phases of inorganic components such as the
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.



c) Inductively Coupled Plasnma Optical Em ssion Spectroscopy
(ICP-OES), Flane Atom c Absorption (FLAA), Cold Vapor Atgm s
Absor pt i oM Q e8AAI06Hr Graphite Furnace Atonic Absorpti onp@m@m%
2006/ 020061PCT/ US2005/ 025209 - 14 - d) Nucl ear Magnetic Resonance
(13C) can be used if, one needs to determne the ratio of aromatic to
aliphatic carbon., e) Melting points shelfd be nmeasured when high
atomc 11/C foul ants (waxes) have been identified. f) ldentifies
specific crystalline phases of inorganic conponents such as the type
of iron sulphide PresgNInckNuePilr Aplieatised ebseXRgcarpadsentatise sepl of the
find the degree of graphitization in anisotropic coke. Optical,

m cr oscopepis anpttes leuid poterageddisavinp adanled mpdogdayne dl ke diap is Placsht
in epoxy, followed by a series of standard grinding.and.-pol i, Ssh

pr ocedur eson Fiskeam; HHIrgSHEEiSHAB ANE COYST 3 RVt Shé)a%'r‘#qef Eﬁ?ta?{tsms?g%pl e
is then exam ned under crosss p | : | : b 3P het@akean
made on t HOCES léll?rﬁé?(??c?eongglﬁer?g'ﬁhhé?gwg‘? gﬁg&?,an%(?eﬁléﬁg gthzg, degrge
of ani sotr FiquRdy. OSht ¥haid 1ok fusimang pagtides omimsaluble
sul fi des).ﬁ%éﬁ“é’ﬁfé%l?%‘n‘i?%’.‘i R AT A b R rrialra s
CHo4-H90N+Y81460idk ovethaimirs yiekt and noth feRasdlsted\wpecoslHparogsrsern vaden 1
(atomc w. C = atomc HCratio W. % Carbonl, 008 (atom clvvc. '
Tr ansni ssi norn@ptlight) thvinexosiep i/t ©ETRNERRe saraRle PliCFRSSPP "I‘ré%{ j%@}b[r y

i h ify. to 25 ferab 400X : F
TS ODe e LY, £ 2oL AR PEL Bl R B0
light is reﬂ?@&@@ligﬂfé%\?g&%d{ Yo Gt b SPf I TRKS calise Tt Astonek ¥ Heatng

light, an ¥ nse source, such as a hal'ogen or a xenon | anp,
may be reqyidres méinpquaht. stvevaeH theaoliddoolny isjdahiified Ay eontaining a
information, transm ssion mn croscopy i_n%%rt can inpart mlfChl i,nsi ght
as to the lnagesfaciodn bhwlaknghservingsvax jrolbedpather uct,ofa fpuled unitis

application is, obsefvi a representative dro f i er

R IR KL e e Pt SR S B S DS
on a cl o0 fadus %ﬁso%%pa%d%ﬂéeq!ﬁe A FAUP A nﬁYcaﬁoﬁQﬁQﬂexﬁlﬂ?@Nﬁh tigefollowiag
at 100X focus the mcroscope on the resulting liquid filmand

det er mi ne jfachfrefisti@:e any insoluble particles or liquids. One should
| ook for many particles or insoluble |iquids over the entire view and

not a few | sol at ed specs. I f none are seen under nor _mal [ _ght, t he
next step is tQ exampe t he sarr_pl e deg1 Clr0S.S- L olsl: . y\ax
particles areﬁlgmél‘éﬁrnal | i ght ein

cross-pol arized Iight. Mst wax,does not cause £ oul i it
di ssol ves bn Wa&ting near its %afF%BOHB?ﬁl‘_éh ) H,pfigﬁeg%fﬁgé@g%i d
foulant is identified as cont anmdqi@rasswl@@wwg f-on of wax,

observing wax in the feed or product of a fouled un'kt i% mg}nificgnt.
| f a | ar geZnuiphalteneparti cl esA«Bqum%F‘-’tfmfém?ﬂﬁBW S8 1BPR ArO¥gLsh,

focus on one and use the naxi numvedghainsdamoomat Bghtoans dark Wideh t he
fol I ow ng cross-polarized light.

3. Anisotropic 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.



characteristics: Fouling CauseCharacteristics Under M croscope Cear
in normal |I4,gBbesBhdsght Pl ates or needl es under cross-pol agirARdoosn25200
| ight. Agglonerates of small particles to form brownish, curved

chains in normal |ight and dark under cross-polarized |light. Black
particles in normal |ight but orange with black brushes in

cross-pol arized Iight that nove when the 1rﬁ‘croscope stage is rotated.
Bl ack particles in both normal |ight and cross-polarized |ight. Black
particles in both normal |ight and cross-polarized |ight. Cear_ cubic,
shaped crys{@03li n nBefettetiopitical Bitres¢apy of palished surfiasesof swid fomlants is

[0034] Rof | ReRcERSLERH Wi cEABL L Py aBE. PoMeqbdnS dPRiees moFe Sopergoe than
foulants is _the best . t Q| t : '

requi res. moreneBERbEE iy TubR AetndVe 35 Brol MEYR foukdiSnd

al ternative gigel iPheakiquRi dNRovh ulatility, 206h aflheRadstank] 14nfethyl i qui d

of low volatility, such ‘as hexadecane,” 1-rnet hyl naphthal ene,

o- di chl or obemapkielene, oudickibiotenzdineosaquiroliharBst sams thamcrsistibbeeabene
be used to identify the foulant as well as for the sol ubi

ity |
behavi or i ncendsaised guideatilygre fovdantias welkphiorthe selubilaty; t%@%% jia these
hexad t, ble in, th three | jguids. - 17 . ,
1 A anal yt TGS FE SEURPIeo RIEERry 23 ek et oy fplEin e
unknown conMpesd i A8 liquids. '



caused by scaling, corrosion, precipitation, chemcal reaction, or
particul ate fouling conprising a) obtaining a honpbgeneous

foul ant sanple which is subjected to a series of tests and
evaluations to identify the foul ant, b) renoving rapped feed
fromsaid sanple with a solvent to rengve any sol uble sanple and to
obtai n an insol ubl e sanpl e, c) scanning said insoluble sanple
with scanning el ectron mcroscopy, X-ray Diffraction and energy

di spersive x-rays to qualitatively identify the el enents present,

d) grindiﬁ@éﬂhﬂgnixing sai d insoluble sanple to obtain a honbgeneous
i nsol ubl e sanpl e; e) performng a thermal gravinetric analysis
i ncluding an ash test on the honbgeneous insoluble sanple to

det er mi nelt he Anesdpiel plot@onh@ridentifph yeferry sotik dovdad of nagami composition
el ements, and,if said honpgenous.insol uble sanpl e contai bout

10- 15% of U ELELICARE FERMTIES PG EOS CAEMES! OaNaR; OF PRSI { cp
g), cdohprit@id orm ng an el enental analysis on the hompgeneous

i nsol ubl e sanple to determ ne the el enents carbon, hydrogen, sulfur
nitrogen, hal ogetviriningd hampasnsousshedlanisappicavbieh istsgbicate éma seaics of teys

correlateami&Hh&ﬁ&Bﬁgﬁ%ﬁ&ﬁﬂﬂgﬁgﬁﬂgsition, g) perform ng an
y on the

optical mcroscop honbgen€ous i nsol ubl e sanple to determ ne
t he presence ob) raxyingsyipal feeddsm said smiplopitt acokentan demsatang poloble

coke, and el.ating .the conposition, anounts and

characterF%W?%%mg%(%thmlwngﬁﬁﬁﬂaﬁgts and organic deternmined in the
steps above toc)deiidd AR hEQuiia vsfpld Rathi e/ gl dlecton il Brospp IR irky on of
the solid refinery foulant. 2. The nethod of claim 1l wherein said step

of renvovi Riffieetignrad cpergy dispersive ardystasyprliaiieelpidentfy fgelanens preeent,
sol vent tol uen mi - ' - b Nasdn2hs ihlaLgof
SO 57 TR me MR, bl WP IR AL SIS 1 DA
anal ysi s banper f orned by determining volatiles up to about 370C

non-vol atil es het ween. 500- 800C. , .and.ash after burn. . . The net hod
of claim1 V\,he% Eﬁ%gaﬁna ag?%}?éﬁ%fﬂ“‘%?ﬂ%ﬁ %?é‘lyélsil%‘%‘f‘ﬁ%?e%“ %f’«?#%sm‘ ®*ng the
atom ¢ H hémépdnadusAndoliblSsinthlSlotiFRMhfe thdprestibe dEirbatc pdlydkaicokeland
wherein said stop of optical mcroscopy is performed usi

cal, usi ng
cr oss- pol Hiorgasis qlmagats, angsif saif domegenoys sroluplgisamplercapiaims 2be trid 9fg
the step Qf..RES ' a leeat 4 FRGNSE k$ stk nance on said sanpl e.
7. The ne ﬁ%% 5%R%F%$%?10P%E$ﬁer conﬁ§%§?%d?gﬁe step of neasuring the
mel ti ng poi nt sfgkrfemnidg smpjemental analysis on the homogeneous insoluble sample to

determine the elements carbon, hydrogen, sulfur, nitrogen, halogens, and metals, and
hydrocarbon to carbon ratio to correlate with temperature of deposition,
g) performing an optical microscopy on the homogeneous insoluble sample to
determine the presence of wax, asphaltenes, anisotropic coke and isotropic coke, and
h) relating the composition, amounts and characteristics of both the inorganics
and organic determined in the steps above to determine the cause and identity of the

composition of the solid refinery 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.



8. The method of claim 1l wherein said step of perform ng said optical
m croscopy is carried out by enbedding said sanple in epoxy. 9. The
nmet hod of claim 1 wherein said of performng said optical m croscopy
is carried out to determne if coke that is present is ordered or
unor der ed. - 18-

3. The method of claim 1 wherein said thermal gravimetric analysis is performed by
determining volatiles up to about 370°C., non-volatiles between 500-800°C., and ash

after burn.

4. The method of claim 1 wherein said elemental analysis includes determining the

atomic I to C ratio for said elements.

5. The method of claim 1 wherein said stop of optical microscopy is performed

using cross-polarized 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 step of performing said optical microscopy 1s

carried out by embedding said sample in epoxy.

9. 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.



