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ABSTRACT

The dispersed particle solution model of petroleum residua structure was used to develop
predictorsfor pyrolytic cokeformation. Coking Indexeswere developedin prior yearsthat measure how
near apyrolyss sysem isto coke formation during the coke formation induction period. These have been
demongtrated to be universaly gpplicablefor res duaregardless of the source of thematerial. Coking onset
iscoincidenta with the destruction of the ordered structure and the formation of amultiphase syssem. The
amount of cokeinitialy formed appearsto beafunction of the free solvent volume of the original residua.
Inthe current work, three-dimensional coke make predictability mapswere devel oped at 400EC, 450 "C,
and 500 EC (752 EF, 842 EF, and 932 EF). Theserelate residence time and free solvent volumeto the
amount of cokeformed at aparticular pyrolysistemperature. Activation energiesfor two apparent types
of zero-order coke formation reactionswere estimated. Theresultsprovideanew tool for ranking residua,
gauging proximity to coke formation, and predicting initial coke make tendencies.
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EXECUTIVE SUMMARY

The dispersed particle solution model of petroleum residua structure was used to develop
predictorsfor pyrolytic cokeformation. Coking Indexeswere developedin prior yearsthat measure how
near apyrolyss system isto coke formation during the coke formation induction period. These have been
demondtrated to be universaly applicablefor resduaregardiess of the source of thematerial. Coking onset
iscoincidenta with the destruction of the ordered structure and the formation of amultiphase sysem. The
amount of cokeinitialy formed gppearsto beafunction of the free solvent volume of the origind residua.
In the current work, three-dimensiona coke make predictability maps were developed at 400 EC, 450 EC,
and 500 EC (752 EF, 842 EF, and 932 EF) for four residuawith nomina H/C atomicratiosof 1.4. The
maps relate residence time and free sol vent volume to the amount of coke formed at a particular pyrolysis
temperature. Cokeformation reactionscan bemodeled tofollow zero-order kinetics, and these appear
to occur intwo stages. Thefirst stage produces 22.5-27.0 wt % coke with activation energiesranging
from 22,000 to 38,000 cal/mol. The second stage continues the reaction to completion, producing
58.1-63.6 wt % cokewith activation energies ranging from 54,000 to 83,000 cal/mol. Theresultsprovide
anew tool for ranking residua, gauging proximity to coke formation, and predicting initial coke make
tendencies.



OBJECTIVES

Theobjectivesof thiswork areto further devel op diagnosti ¢ tool sto study the changesthat occur
during residuapyrolysisand devel op predictive model sof cokeformation based on the dispersed particle
solution model. Ideally, the model should apply to different residua processed at a given time and
temperature, based on the state of their initial ordered structure. Correlations can be developed using the
resultsfrom relatively smple measurements such as the asphatene floccul ation titration and asphatene
content. The goal of the current effort is to take four residua and subject them to pyrolysis at three
temperatures, 400EC, 450 EC, and 500 EC (752 EF, 842 EF, and 932 EF), at residence times up to and
past the point of cokeformation. Datafor the origina residuawill be combined as gppropriateinto amodel
that arefiner can useto presdect optima conditionsfor therma processing of any resduum. The ultimate
god isto devel op predictive tools so that res duacan beranked in termsof their cokeformation propensity.
With suchtoolsit should bepossibleto presd ect conditionsfor optimized distill ation or thermal conversion
based on parameters determined anywherein theworld where the residuumis purchased. Thisshould
result in significant efficiency improvement, reductionsin downtime, and less heat wasted in refinery
operations.

INTRODUCTION

Petroleum residua can be modeled as ordered systems of polar asphaltenes dispersed in alower
polarity solvent phase, held together by intermediate polarity resins. Vacuum distillation processes and
coking of the vacuum residua require significant heat input. When aresiduum is heated above the
temperature at which pyrolysis begins (350 EC, 662 EF), thereistypicaly an induction period before coke
formation begins (Magaril and Aksenova 1968, Phillipset d. 1985, Wiehe 1993). To minimizefouling of
heat exchangers due to undesired coking, distillation heating is stopped sooner thanneed be, resultingin
lessthan maximum product yield. In prior work, two new Coking Indexes were devel oped for measuring
the proximity to the coke formation onset in therma trestment (Schabron et d. 1999, 2000, 2001a). These
are based on asphdteneflocculation titration dataand the solubility of heptane asphaltenesin cyclohexane.
Coking onset gppearsto coincide with thedepletion of resin-type, asphaltene-sol ubilizing componentsin
residua, resulting in amultiphase sysem. Thisiscongstent with observations of the formation of aneophase
at cokeformation onset (Shenghuaet d. 1999). Pyrolysisreactionsinvolvethe cleavage of carbon bonds
with carbon, hydrogen, and heteroatomsresulting in the formation of free radical sthat continue scisson
reactionsor condenseinto carbon-rich materia (Singh et al. 1990, Del Bianco et a. 1993). Useof the
Coking Indexes can dlow didtillation to proceed to the verge, but not beyond the onset of coke formation,
resulting in significant increases in distillate yield while minimizing the risk of fouling.



Asphaltene Flocculation Titration

Thetitrationisperformed only with the toluene-soluble components of residua. Threetoluene
solutions at different concentrations of resduum aretitrated with aweak solvent, such asisooctane. The
weight of residuum or asphalt (W), the volume of toluene (V ), and volume of isooctanetitrant (V ), are
recorded for each solution at the floccul ation point when asphatenes begin to precipitate. Theflocculation
ratio and dilution concentration are calculated as follows (Heithaus 1962):

FR = Flocculation Ratio =V, /(V,+ V) Q)
C = Dilution Concentration = W/(V,+ V,) 2

A plot of FR vs. Cis made, and the intercepts are determined (FR,, and C,;). The Heithaus
parameter, FR,,, relates to the peptizability of asphaltenes and the solubility parameter at which
asphaltenes begin to precipitate. Theterm, p,=1 - FR,,,,, has been shown to be numerically equivalent
to**, the fraction of bound solvent phase associated with a solvated asphatene core (Pauli and Branthaver
1998). C.;,isameasure of the amount of isooctane, which when added to the residuum will initiate
asphaltene precipitation and isthusrelated to the solubility parameter of thewholeresduum. Theterm,
P=p/(1-p,) = 1/C,,+ 1, rdatesto the overal compatibility of aresduum. Larger vauesof p indicate
peptizable asphaltenes, and larger values of P indicate an overall compatible system.

Fr ee Solvent Volume Consider ations

A possible predictivetool isthe free solvent volume of the origina resduum. Thisisbased onthe
Pal and Rhodes model, which has been discussed in detail €lsewhere (Pal and Rhodes 1989, Schabron
et d. 2000). Thishasbeen related to the amount of heat-induced deposition below pyrolysistemperatures
and the amount of coke make in the early stages of a pyrolytic process (Schabron et a. 2000, 2001b,
2001c). When carried to completion, theamount of coke from pyrolysisisrelated tothe H/Cratio and
not the free solvent volume. The free solvent volume, N, can be calculated using the equation below:

1
1&p

. P
N 18K K N " 18& 16 ( )5 3)

Inthe equation, P, isthe massfraction of heptane asgphatenesdivided by an assumed density of 1.2 g/lcm?
toyieldthevolumefraction of asphatenes, N,. Thevolumefraction of asphatenesisincreased by theK
and K-terms. Prior work measuring K ising avariety of experimental techniqueshasshownthat theK
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vauefor unpyrolyzed res duaand asphalt sysemsis 1.6 (Pauli and Branthaver 1998). Inthe current study,
initial coke make valueswere obtained for four residuaat 400 EC, 450 EC, and 500 EC (752 EF, 842
EF, and 932EF) at variousresidencetimes. Correlations of coke make vs. N were evaluated at both
temperatures.

Free Solvent Volume Correlations

In prior work, a correlation relating free solvent volume, N, to the amount of nonpyrolytic
deposition of asphaltenic material on polar surfaces at 250 EC (482 EF) was devel oped (Schabron et al.
2000, 2001b). A similar correlation between free solvent volume and the amount of initial coke make at
400 EC (752 EF) at reactor residence times of 60 and 90 minutes was also developed. These results
suggested thepossibility of devel oping three-dimensional coke predictability mapsthat relateinitial coke
make to residence time and free solvent volume at a particular temperature. These are the observations
upon which the current work is based.

EXPERIMENTAL DETAILS

Residua Materials

Four residua materials were used for the coke map development work. These were Boscan,
Lloydmingter, and Redwater, B.C. from prior nonproprietary work at \Western Research Ingtitute (WRI).
The MaxCL 2 was provided by Conoco, one of the cosponsors.

Asphaltene Deter mination

Heptane asphdteneswereisolated by heating a40:1 (v:w) mixture of reagent-grade n-heptane and
residuum to 70 EC (158 EF) for about %2 hour on a heated stir plate while stirring with a magnetic,
Teflon™-coated rod. Thiswasfollowed by overnight stirring a room temperature. Thefollowing morning,
the stirring was stopped for 30 minutes prior to filtering the precipitated asphaltenes from the mixture.
Vacuum filtrationwasperformed using Ace, 140-mL, 10-20 micron, Sintered glassfilters. Residua solvent
was removed from the asphal tenes contained in thefilters using avacuum oven set at 120 EC (248 EF) for
30 minutes. The asphaltenes were cooled in adesiccator prior to weighing.

Cyclohexane Soluble Asphaltenes

A portion of n-heptane aspha tenes was ground to afine powder usng amortar and pestle. A 0.5-
g portion of thiswasweighed into a 120-mL jar, and 100 mL of cyclohexane and amagnetic stir bar were
added. The mixture was stirred overnight. Stirring was stopped and the mixture was alowed to settle for
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30 minutes prior tofiltration. Themixturewasvacuumfiltered using Ace, 140-mL, 10-20 micron, sintered
glassfilters. Solvent wasremoved from thefiltrate by rotary evaporation, and traces of cyclohexane were
removed in avacuumoven at 100 EC (212 EF) for 15 minutes. The cyclohexane solubleswere cooled
in a desiccator prior to weighing.

Asphaltene Flocculation Titration

Automated asphaltenefloccul ationtitrationswere performed with aWRI computer-controlled
Automated Flocculation Titrimeter (AFT) unit at 25.0 + 0.1 EC with 5-20 wt % resduasolutionsintoluene
using 2,2,4-trimethylpentane (isooctane) astitrant at an average titrant delivery rate of 0.35 mL/min
(Schabron et al. 2000). The procedures used are described in detail elsewhere (Pauli 1996).

Pyrolysis

Pyrolys sexperimentswere performed with 5-g res duasamplesweighed into 0.75-inch x 7-inch
tube reactors congtructed from 316 stainless sted. Atmaospheric air was evacuated using avacuum pump.
The tube reactors were pressurized to 100 psig with nitrogen and |eak-checked in water. The reactors
were evacuated again and pressurized with 10 psig of nitrogen prior to pyrolysis. A total of four tube
reactorswere attached to arack that contained afifth tube reactor fitted with aninternal thermocouple.
Each tube weighed about 750 g and had significant thermal capacity. In order to maintain uniform and
repeatable heating profiles, the pyrolysis experiments were aways run with five tubes on therack. The
rack was placed into a Techne, 4,000-waitt, fluidized sand bath set at the appropriate temperature for the
experiment. Thetimeto achieve the reaction temperature was typicaly under ten minutes. The pyrolyss
time frame was started when the thermocoupl e in thereactor tube indicated that the desired temperature
had been reached. After the tube reactors were in the sand bath for the desired time, they were removed
and cooled by immersing them in another fluidized sand bath at room temperature. The products were
collected in toluene and vacuum filtered usng Ace, 140-mL, 10-20 micron, sintered glassfiltersto obtain
toluene insolubles (coke).

Conradson Carbon and Elemental Analyses

Conradson Carbon determinationswere performed by Core L aboratories, Houston, Texas, using
ASTM D-189. Elementd determinations(C, H, N, S) were performed by Huffman Laboratories, Golden,
Colorado.



RESULTS

Residua Char acteristics

The residua used in the current study are Boscan, MaxCL 2 (Conoco), Lloydminster, and
Redwater, B.C. These are not the same lots of residuathat WRI used in prior work. Their thermal
histories, asphdtene contents, and Heithaustitration parameters were not identical to smilar resduaused
inthepast. Also, the asphdteneisolation procedure was modified from prior work as described in the next
section. Elementd andysisdata(C, H, N, S) and H/C atomic ratios for the four residuaare provided in
Tablel. All four of the H/C ratios are very similar, near avalue of 1.4 when rounded to two significant
figures. Therefore, the H/C atomic ratio was not a variable in the current work.

Theweight percent of the heptane asphal tenes, weight percent of the cyclohexane-soluble heptane
asphaltenes, and the Heithaus parameters, p,and C,,,, are provided in Table 2. The asphaltene contents
of Boscan, MaxCL 2, and LIoydminster are virtually identical, ranging from 16.9to 17.6 wt %. The
asphaltene content of the Redwater, B.C. is significantly lower at 8.9 wt %.

The WRI Coking Indexes, Y/X (ratio of weight percent cyclohexane-soluble material in heptane
asphaltenes to the weight percent heptane asphaltenes in residua), and p,/C.,, (ratio of Heithaus
parameters) areprovidedin Table 3. For thefour residua, thesevauesareal above unity, indicating that
theresduaarefar from producing coke on the coke formation induction time line (Schabron et a. 2000,
2001c). Thefree solvent volumes of these four residuaare aso provided in Table 3. Theserange from
0.22 for Boscan to 0.66 for Redwater, B.C.

Asphaltene Deter mination

There are many differences in the various procedures used to obtain asphaltenes. The most
obviousisthe choice of solvent, with the less polar solvent yielding higher asphatene amounts. Theratio
of solvent to resduum isimportant also. The solvent must bein significant excess, at aratio of 30:1 (v:w)
or higher, so that the solubility parameter of the system isessentialy the same asthe solubility parameter
of the solvent (Speight et al. 1984). Other factorsthat affect the weight percent asphatenevaueinclude
heating the hydrocarbon and residuum mixture and the manner in which the solvent isremoved from the
filtered solids. Heptane asphdtene vauesthat were obtained by dispersng a30:1 (v:w) heptane resduum
mixture varied from 20.2 wt % at 24 EC (75.2 EF) to 16.6 wt % at 50EC (122 EF) and 14.7 wt % at 80
EC (176 EF) (Andersen et al. 1997). The precipitate was dried with air flow under a vacuum.

ASTM D-3279 recommendsthat a100:1 (v:w) heptane/residuum mixture be refluxed for up to
30 minutes, then cooled to room temperature for one hour, then heated to 38EC-49 EC (100.4 EF-120.2



EF) for filtering (ASTM 20008). Theprecipitateisdriedinanovenat 107 EC (224.6 EF) for 15 minutes,
then cooled in a desiccator. ASTM D-4124 recommends mechanically stirring a 100:1 (v:w)
heptane/residuum mixture whileit is being heated on asteam bath for one hour (ASTM 2000b). The
mixtureisalowed to settle at ambient temperature overnight and then filtered. Theresdueisdried at 104
EC (220 EF) in an oven.

In the Strategic Highway Research Program (SHRP) procedure, theresduum ismixed with a40:1
excess of heptane and allowed to soak for at least 16 hours at room temperature with occasiona stirring
with aglassrod (Petersen et a. 1994). Oncethe mixtureisdispersed, it isfiltered. The asphaltenesare
air dried and then swept with nitrogen overnight.

Thepractice, that isoccas ondly reported of initidly dissolving theresiduuminan equa amount of
toluene followed by adding an excess of heptane to precipitate asphaltenes, leadsto poor repeatability in
determining asphatenevalues. Whilethe solubility parameter contribution of the toluene can be rendered
minimal by adding an excess of heptane, toluene has ardlatively strong chromatographic effect that can
influence the solubility and the nature of the asphatene complexesthat areisolated. Solubility parameters
contributions are additive in proportion to volume fractions, while asmall amount of arelatively strong
chromatographic solvent can affect the effective Sze and solubility of asphatenes (Schabron et d. 20014).

In the current work, heptane asphatenes were obtained by heating a40:1 (v:w) mixture of heptane
and resduumto 70 EC (158 EF) for about %2 hour on a heated stir plate while stirring with amagnetic,
Teflon-coated rod until the mixture was fully dispersed. The mixture was stirred overnight at room
temperature. Thefollowing morning, thestirringwasstopped for 30 minutesprior tofiltration. The solvent
was removed in avacuum oven set at 120 EC (248 EF) and a22-inch Hg vacuum for 30 minutes. The
asphalteneswere cooled in adesiccator prior toweighing. Inall of the cases above, medium-frit filter
media (10-20 micron) were used for vacuum filtration.

A comparison of results between the heated mixture method used for thiswork and the room-
temperature SHRP procedureisprovided in Table 4 for Boscan, MaxCL 2, and Lloydmingter resdua. The
sgnificance of the above discussion isthat the procedure used has asignificant affect on results. In astudy
where properties of variousresduaareto be compared, it isimportant that the data be generated with the
same procedure. In some prior work WRI used the room-temperature SHRP procedure to isolate
asphaltenes. That procedurewaslengthy and subject to fluctuationsin room temperature during thelengthy
process. Inthe current work the heated solvent method was used, which yieldsdightly lower asphatene
values, but it israpid and provides repeatabl e results.

Pyrolysis Experiments




Pyrolysisresults, especidly at the lower temperatures employed in the current study, 400 EC (752
EF) and 450 EC (842 EF), require very careful time and temperature control. Thisis becausethe coke
formation reactions are being quenched as they are proceeding at arapid rate and the reactions are
extremely dependent on the heat input to the reactor tubes. Slight variations in time or temperature
variables can result in large differences in the amount of coke formed. Very careful and repeatable
operation of the equipment is required.

Results from pyrolysis experiments at 400 EC (752 EF) at 30, 45, 60, 75, 90, 100, 120, and 150
minutes are presented in Table 5. The data show increased coke yield with increased resdencetime. The
Boscan residuum produced coke at all the residence times above 30 minutes. The MaxCL2 and
Lloydminster residua began producing coke by 90 minutes residence time, and the Redwater, B.C.
produced coke at the 150-minute residence time.

Resultsfrom pyrolysis experimentsat 450 EC (842 EF) at 5, 15, 30, 60, 90, and 120 minutesare
presented in Table6. The datashow increased coke yield with increased resdencetime. The Boscan and
MaxCL 2 resdua produced coke & al the resdencetimes. The LIoydminster and Redwater, B.C. resdua
began producing coke by 15 minutes residence time.

Resultsfrom pyrolysis experiments at 500 EC (932 EF) at 15, 30, 45, and 60 minutes are shown
in Table 7. All four residua produced significant coke at all four residence times.

DISCUSSION

Coke Formation Map at 400 EC

At 400EC (752EF), theamount of cokeformed for aparticular resduumincreaseswithincreasing
resdencetime (Table5). At aresdencetime of 150 minutes, the amount of coke formed isgreatest for
the Boscan residuum, which hasthe smallest free solvent volume of thefour residua(0.22). The amount
of cokeformed isleast for the Redwater, B.C. resduum, which hasthelargest free solvent volume of the
four residua(0.66). To build the three-dimensional map, theinterceptsfor thex, y, and zaxesmust be
determined, aswell as several pointsaong the contour. The Boscan residuum yielded coke at residence
timesfrom 45 to 150 minutes. A plot of wt % coke vs. residence time for the Boscan residuum showsa
linear relationship (Figure 1). Plotsof wt % coke vs. free solvent volume at various residencetimesfor the
four resduaare provided in Figure 2. Linesfor 150, 120, and 100 minutes can be drawn using data for
three or four of theresidua. Only the Boscan residuum yielded coke at the shorter time frames. To
estimatethe free solvent volumeintercepts of thelinesat y = 0, aplot of dope of wt % cokevs. free solvent
volumelineswas made (Figure 3). The plot gppearsto belinear inthe range of 60-160 minutes residence
times, and approaches anegative vertical asymptote at atime of zero minutes. From thisplot, the dopes



of the plotsat residencetimes of 45, 60, and 90 minutes can be estimated. The actual and extrapolated
dope and intercept datafor the linesare provided in Table 8. The mean value of intercept of wt % coke
formed at 400 EC (752 EF) at N = 0 at 150 minutesis 20.9 wt % (n =7, s= 1.4). The extrapolated
lines are included in Figure 2.

From the above data plots and extrapolations, athree-dimensional map (time, cokeyield, free
solvent volume) was constructed (Figure4). Thedataused for the N calculationsand theN valuesfor
thefour resduaare provided in Tables 2 and 3, respectively. Inthe current study, correlations of free
solvent volume with initial coke make were made by holding K¢ constant at 1.6. Thus, the only
measurements required for the cal culation of Ns were the weight percent heptane asphaltenes and the
Heithaus p, value.

Coke Formation Map at 450 EC

At 450EC (842EF), theamount of cokeformed for aparticular resduumincreaseswithincreasing
resdencetime (Table 6). At aresidencetime of 120 minutes, the amount of coke formed isgreatest for
the Boscan residuum, which hasthe smallest free solvent volume of thefour resdua(0.22). Theamount
of cokeformed isleast for the Redwater, B.C. residuum, which hasthelargest free solvent volume of the
four residua(0.66). To build thethree-dimensiona map, theinterceptsfor thex, y, and z axesmust be
determined, aswell as severa pointsaongthe contour. The Boscan resduum yielded coke at residence
timesfrom 5to 120 minutes. Plots of wt % coke vs. free solvent volume a various residence timesfor the
four resduaare provided in Figure 5. To minimize experimenta error in estimating the free solvent volume
interceptsof thelinesat Ns=0, aplot of dope of wt % coke vs. free sol vent volume lineswas made for
Boscan, MaxCL 2, and LIoydminster residua(Figure 6). Theoriginal experimenta dopesand intercepts
areprovided in Table 9, and the smoothed interpolated vaues are provided in Table 10. The extrapolated
linesareincluded in Figure5. InFigure5, extrapolated linesfor the L1oydminster and Redwater, B.C.
residua can be drawn from two points each to determine the coke formation intercept at Ns=1 (Table
11).

From the above data plots and extrapolations, athree-dimensional map (time, cokeyield, free
solvent volume) was constructed (Figure 7). Thedataused for the N calculationsand theN valuesfor

the four residua are provided in Tables 3, 10, and 11.

Coke Formation Map at 500 EC

At 500EC (932 EF), cokeformation rapidly proceedsto completion (Table 12). Coke makevs.
free solvent volume plotsfor the various resdence times are provided in Figure 8. The amount of coke
formed at 60 minutes was essentially the same as the amount of coke formed at 45 minutes for each
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particular residuum, and this probably representsthe compl etion of coke formation. Cokeyieldswere
somewhat |less at shorter residencetimes. A plot of wt % coke vs. resdence time for Boscan residuum
isprovided in Figure 9.

The amount of coke formed at completion isrelated to the atomic H/C ratio. All four residua
sudied have H/C ratio vaues of 1.4 (Table 1), so they would be expected to have smilar anounts of coke
at completion. Indeed, thiswasthe case; the amount of cokefor all four residuaat 45 minutes and 60
minutes ranged from 38.2 t0 46.4 wt %. The average wt % coke formed at 45 minutes and 60 minutes
for the four residuawas 42.0 wt % with a standard deviation of 3.5wt % (Table 8). If thisnumber is
divided by 1.6, which is the ratio of delayed coker yield to Conradson carbon residue (CCR) or
microcarbon residue (MCR) as reported by Gary and Handwerk (1975) for aparticular set of refinery
coker conditions, avalue of 26.2 wt % as MCR emerges with a standard deviation of 2.2 wt %. The
Conradson carbon vauesfor dl four resduaranged from 16.4 to 22.3 wt %, with an average vaue of 19.0
wt % and a standard deviation of 2.5 wt %. Theratio of the average coke yield in the sealed reactor at
45 and 60 minutesto the average CCR valueis 2.2. Both vauesof 26.2 wt % or 19.0 wt % fall within
rounding to two significant figures and experimental error for e ementa analysis near the MCR vs. aomic
H/Cratiolinefor anH/Cratio of 1.4 (Figure 10). Thethree-dimensiona coke formation predictability map
for 500 EC (932 EF) isshown in Figure 11. At thistemperature, coke formation israpid and fairly
independent of thefree solvent volume. Completion of coking appearsto have occurred at aresidence
time of 45 minutes.

Activation Enerqies

Plots of wt % coke vs. timefor Boscan, MaxCL 2, LIoydmingter, and Redwater, B.C. residuaat
400EC (752 EF), 450 EC (842 EF), and 500 EC (932 EF) are provided in Figures 12—15, respectively.
Theplotsfor thefour resduaared| quditatively smilar. Thesemostly arelinear in nature, indicating zero-
order (decompogtion) kinetics. Severd attempts were made to plot the datain terms of half order (square
root of wt % coke), first order (log wt % coke), or second order (L/wt % coke). Thesegavesmdller linear
correlation coefficients than zero-order (wt % coke) plots, with the exception of the MacCL 2 line at 400
EC (752EF), which hassomefirst-order characteristics. Zero-order kinetics suggest bulk decomposition
reaction mechanismes.

Phillipset a. (1985) ca culated acokeformation activation energy of 42,000 cal/moal for Athabaska
bitumen assuming first-order kinetics. Del Bianco (1993) aso assumed first-order kineticsin coke
formation from Athabaskabitumen, however thedatashow linear cokeformationwithtimeat 400 EC (752
EF), suggesting that this process proceeds with zero-order kinetics. Inastudy of thekineticsof pyrolysis
of Cold Lakeresiduum, Wiehe (1993) provided datashowing first-order kineticsfor coke formation from
asphaltenes. Zero-order kineticswere evident fromthe data provided for coke formation from pyrolysis



of thematenes. Coke formation datafor pyrolysisof thewhole Cold L akeresiduum suggested first-order
kinetics. Cokeformation most likely involvesacomplex suite of reactionsthat on thewholefal somewhere
between zero-order and first-order kinetic mechanisms.

If zero-order kinetics are used to interpret the data in the current study, two different coke
formation mechanisms or processes are evident from the changein dopein the450EC (842 EF) line. The
first isrepresented by theline at 400 EC (752 EF) and the lower line at 450 EC (842 EF). The second is
represented by the upper line at 450 EC (842 EF). The coke formation process at 500 EC (932 EF) is
very rgpid up to thelimiting amount of coke (determined by the H/C ratio), which isevidenced by the break
in the dope of the upper portion of the 500 EC (932 EF) plot. The change in dope at the top of the 500
EC (932EF) lineismogt likely dueto the upper limit of coke formation having been reached. Sopeswere
not determined for these. To estimate the activation energies of theinitial or primary coke formation
process, the dopes of the least squarewt % vs. timeline at 400 EC (752 EF) and the dope of the lower
line at 450 EC (842 EF) was calculated. Activation energy E* was determined from the equation:

£ - &h(%)@R@(T@T)/(T&T) (4

where T, and T, are the lower and higher temperatures, respectively; k,; and k, are the slopes of the
respectivelines; and R isthe gas constant. Once the activation energies were determined, the dope of the
lower portion of the 500 EC (932 EF) linewas calculated from theinitia coke formation activation energy
and the dope of thelower lineat 450 EC (842 EF). Using the calculated 500 EC (932 EF) dope and the
upper secondary coke formation line dope at 450 EC (842 EF), the activation energy of the secondary
cokeformation processwas estimated. Thedopesof thelinesand thecorreation coefficientsare provided
in Table 13.

Theresultsof the calculations arelisted in Table 14. The activation energiesfor theinitial coke
formation reactions are estimated to be 38,000, 30,000, 30,000, and 22,000 cal/mol for Boscan,
MaxCL 2, Lloydminster, and Redwater, B.C. residua, respectively. The activation energies for the
secondary cokeformation reactionsare 2.2—2.6 timeshigher than for theinitial cokeformation. Some of
the secondary cokeformation reactions could dso involvewall effectsinthereactor tubes. Theinitid coke
formation represents 58.1-63.6% of thefinal cokeyield for the four resdua. Thisis consistent with the
observationsof Sanford (1993) in studieswith Athabaskabitumeninwhichthefirst 40-50% of conversion
reactionsinvolvethe cleavage of sidechainsfollowed by condensation aromatic carbon radical coke-
producing reactions. Ddl Bianco et d. (1993) derived activation energiesfor cracking and coke formation
reactionsof 41,000 and 64,000 ca/mal, respectively; assumingfirs-order kineticsusingaBelaym vacuum
residuum. These results suggest that heat and time are not fully interchangeable variablesin thermal
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conversion. To maximize conversion yield, the feed should be kept at a temperature low enough to
maximizethe bond cleavage reactions and minimize the condensation reactions (Del Bianco et d. 1993).

There a so appearsto be acorrelation between the activation energiesfor both the primary and
secondary coke formation reactions and the residuum free solvent volume (Figure 16). A residuum with
alower free solvent volumethat isindicative of the presence of amore highly ordered system has higher
activation energies than a residuum with a higher free solvent volume.

The physicd difference between the primary and secondary cokeisthat the primary, or initia coke
made ismostly in the form of asuspension in theliquid product oil. Oncethe secondary coke beginsto
format 450 EC (842 EF), the coketakestheform of ahard, solid, cross-linked massthat adheresto the
reactor tubewalls. At 500 EC (932 EF), al of the cokeis of the latter variety. In future experiments,
sufficient cokemateria from both primary and secondary reactionswill be collected and andyzed to further
define the differences between these materials.

CONCLUSIONS

Pyrolysisexperimentswere conducted with four resduawith H/C atomicratiosof 1.4 at 400 EC,
450 EC, and 500 EC (752 EF, 842 EF, and 932 EF) at various residence times. Three-dimensional coke
make predictability mapswere developed. Theinitial amount of coke formed correlates with residence
time and free solvent volume at 400 EC (752 EF) and 450 EC (842 EF). At 500 EC (932 EF), coke
formationisvery rapid. Theamount of cokeinitidly formed at 400 EC (752 EF) appearsto be afunction
of thefreesolvent volume of the origina residua. The gppearance of coke can be modeled in termsof two
stages of zero-order (decomposition) coke formation reactions. Thefirst stage agppearsto be dominated
by bond cleavage reactionswith activation energiesranging from 22,000 to 38,000 cal/mol. The second
stage isprobably dominated by condensation reactions and has activation energies ranging from 54,000
to 83,000 cal/moal. The activation energies gppear to correlate with theinitial residua free solvent volume.
When carried to completion, theamount of cokeformed isrelated to theatomic H/Cratio. Theresults
provide anew tool for ranking residuaand predicting initial coke maketendencies. Additiona materias
with higher and lower H/C ratios should be studied to determine if the maps can be applied to awide
variety of residuain auniversal manner, or if the correlations need to be modified.

11



REFERENCES

Andersen, S.I., A. Keul, and E. Stenby, 1997, Variation in Comparison of Subfractions of Petroleum
Asphaltenes. Petroleum Science and Technology, 15 (7&8), 611-645.

ASTM D-3279, 20003, Standard Test Method for n-Heptane Insolubles, American Society for Testing
and Materials, Pittsburgh, PA, Volume 4.03, 305-307.

ASTM D-4124, 2000b, Standard Test Method for Separation of Asphat into Four Fractions, American
Society for Testing and Materials, Pittsburgh, PA, Volume 4.03, 425-430.

Dd Bianco, A., N. Panariti, M. Andli, and P. Carniti, 1993, Thermal Cracking of Petroleum Residues 1.
Kinetic Analysis of the Reaction. Fuel, 72 (1), 75-80.

Gary, JH., and G.E. Handwerk, 1975, Petroleum Refining Technology and Economics, Mancel Dekker,
Inc., NY, NY, p. 58.

Heithaus, J.J., 1962, Measurement and Significance of Asphaltene Peptization. Journal of the
Institute of Petroleum, 48 (458), 45-53.

Magaril, R.Z., and E.I. Aksenova, 1968, Study of the Mechanism of Coke Formation in the Cracking of
Petroleum Resids. International Chemical Engineering, 8 (4), 727.

Pd R., and E. Rhodes, 1989, Viscosty/Concentration Relationships for Emulsions. Journa of Rheology,
33 (7), 1021-1045.

Pauli, A.T., and J.F. Branthaver, 1998, Relationships Between Asphaltenes, Heithaus Compatibility
Parameters, and Asphalt Viscosity. Petroleum Scienceand Technology, 16 (9& 10), 1125-1147.

Pauli, A.T., 1996, Asphdt Compatibility Testing Using the Automated Heithaus Test. Preprints, Divison
of Fuel Chemistry, American Chemical Society, 41 (4), 1276-1281.

Petersen, J.C., R.E. Robertson, J.F. Branthaver, P.M. Harnsberger, J.J. Duvall, S.S. Kim, D.A.
Anderson, D.W. Christiansen, H.U. Bahia, R. Dongre, C.E. Antle, M.G. Sharma, JW. Button,
and C.J. Glover, 1994, Binder Characterization and Eva uation Volume4: Test Methods, SHRP-
A-370, B, Strategic Highway Research Program, Nationa Research Council, Washington, D.C.,
60-61.

12



REFERENCES (continued)

Phillips, C.R., N.l. Haidar, and Y .C. Poon, 1985, Kinetic Model sfor the Thermal Cracking of Athabaska
Bitumen. Fuel 64 (5), 678-691.

Sanford, E.C., 1993, Mechanism of Coke Prevention by Hydrogen During Residuum Hydrocracking.
Preprints, Division of Petroleum Chemistry, American Chemical Society, 38 (2), 413-416.

Schabron, J.F., and J.G. Speight, 1997, Correlation Between Carbon Residue and Molecular Weight.
Preprints Division of Fuel Chemistry, American Chemical Society, 42 (2), 386.

Schabron, JF., A.T. Pauli, and J.F. Rovani, Jr., 1999, Petroleum Residua Solubility Parameter/Polarity
Map: Stability Studiesof ResiduaPyrolysis. Laramie, WY, WRI Report 99-R004 to DOE under
Cooperative Agreement DE-FC26-98FT40322.

Schabron, JF., A.T. Pauli, JF. Rovani, J., and F.P. Miknis, 2000, Deposition from Heavy Qils. Laramie,
WY, WRI Report 00-R007 to DOE under Cooperative Agreement DE-FC26-98FT40322.

Schabron, JF., A.T. Pauli, and J.F. Rovani, Jr., 2001a, Molecular Weight / Polarity Map for Residua
Pyrolysis. Fuel, 80 (4), 529-537.

Schabron, JF., A.T. Pauli, and J.F. Rovani, Jr., 2001b, Non-Pyrolytic Heat Induced Deposition from
Heavy Oils. Fuel, 80 (7) 919-928.

Schabron, J.F., A.T. Pauli, and J.F. Rovani, Jr., and F.P. Miknis, 2001c, Predicting Coke Formation
Tendencies. Fuel, 80 (11), 1435-1446.

Shenghual ., L. Chenguang, Q. Guohe, L. Wenjie, and Z. Y gjie, 1999, Phase Separation Behaviorsand
their Relationswith Coke Formationin Therma Reaction Systemsof Vacuum Residua. Petroleum
Science and Technology, 17 (7&8), 693—709.

Singh, 1.D., V. Kothiya, V. Ramaswvamy, and R. Krishna, 1990, Characteristic Changes of Asphatenes
During Visbreaking of North Gujarat Short Residue. Fuel, 69 (3), 289-292.

Speight, J.G., R.B. Long, and T.D. Trowbridge, 1984, Factors I nfluencing the Separation of Asphatenes
from Heavy Petroleum Feedstocks. Fuel, 63, 616-620.

13



REFERENCES (continued)

Wiehe, 1.A., 1993, A Phase-Separation Kinetic Model for Coke Formation, Ind. Eng. Chem. Res., 32
(12), 2447-2454.

14



Tablel. Elemental Analysis Data and H/C Atomic Ratios

Weight Percent H/C
Residuum C H N S Total Atomic Ratio
Boscan 833 95 08 57 99.3 14
MaxCL2 846 99 06 49 100.0 14
Lloydminster 834 98 05 55 99.2 14
Redwater, B.C. 868 99 07 21 99.5 14

Table2. Asphaltene Contents and Heithaus Parameters

X: Wt%n-C7 Y. Wt % Cyclohexane Heithaus Parameters

Residuum Asphaltenes  Soluble Asphaltenes P, Coin

Boscan 17.6,17.6,17.7 305,317 0.698 0.466
MaxCL2 17.0 29.7,30.6 0.664 0.447
Lloydminster 16.9 34.2 0.621 0.340

Redwater, B.C. 8.9 34.0 0.655 0.301
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Table3. WRI Residua Coking Indexes and Free Solvent Volumes

WRI Coking Indexes Nes
Residuum YIX  pJCy, (1-1.6°1/(1-p)*P /1.2)
Boscan 18 15 0.22
MaxCL2 18 15 0.32
Lloydminster 2.0 1.8 0.40
Redwater, B.C. 3.8 2.2 0.66

Table4. Comparison of Room-Temperature and Heated (70 EC) Asphaltene Yields

Weight Percent n-Heptane Asphaltenes

Residuum Room Temperature Heated (70 EC)
Boscan 19.8 17.6,17.6
MacCL2 19.2 17.0

Redwater, B.C. 11.7 8.9
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Table5. CokeYieldsat 400 EC (wt % Coke)

Residence Time, Minutes

Residuum 30 45 60 15 0 100 120 150
Boscan <0.3 3.1 4.2 7.9 9188 111 121 14.8
MaxCL2 - - - - <0.3 6.4 9.9 12.0
Lloydminster - - - - <0.3 2.2 54 8.9
Redwater, B.C. - - - - <0.3 <0.5 <0.5 6.2
Table6. CokeYieldsat 450 EC (wt % Coke)
Residence Time, Minutes

Residuum 5 15 30 60 N0 120

Boscan 7.4 185 27.8 31.0 33.3 39.4

MaxCL2 0.8 13.7 22.1 30.8 33.4 36.5

Lloydminster <0.5 9.3 17.2 277 31.3 35.8

Redwater, B.C. <0.5 9.2 16.5 253 29.8 34.4
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Table7. CokeYieldsat 500 EC (wt % Coke)

Residuum
Boscan
MaxCL2
Lloydminster

Redwater, B.C.

Residence Time, Minutes

15

36.5

37.1

30

36.8

38.0

33.7

33.9

45

45.6

41.4

40.4

39.0

60

46.6,46.4

44.8

39.1,39.2

38.2

Table8. Weight Percent Cokevs. N5 Line Slopesand Interceptsat 400 EC

Time, min

150
120
100

90
75
60
45

3

-18.9
-36.5
-49.3

-55.5
-64.7
-73.9
-86.0

y=mcXx+Db
b
Actual
18.0
20.6

22.0

Extrapolated
21.1

22.1
204
22.0

0.954
0.966
1.000

Nesaty=0

0.95
0.56
0.45

0.38
0.34
0.28
0.26
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Table 9. Weight Percent Cokevs. N5 Line Slopes and I nterceptsfor Boscan,
MaxCL 2, and Lloydminster Residua at 450 EC

y=mcx+b
Time, min m b (N=0) r

120 -20.2 43.7 0.982
90 -10.6 36.0 0.808

60 -17.7 35.4 0.861

30 -58.8 40.8 1.000

15 -51.0 29.8 0.999

5 -66.0 219 1.000

Table 10. Weight Percent Cokevs. N I nterpolated Line Slopes and
Inter ceptsfor Boscan, MaxCL 2, and Lloydminster Residua at 450 EC

Time, min m
120 -14
20 -16

60 -26
30 -48
15 -65

5 -90

y=mcx+b

b (Nes=0)

41
38
38
36
35
28°

2Calculated from slope and coke yield at N5 = 0.40
® Calculated from slope and coke yield at N = 0.32

19



Table11l. Weight Percent Cokevs. N5 Line Slopesfor Lloydminster
and Redwater, B.C. Residua at 450 EC

Time, min

120
90
60
30
15

5

y=mcx+b

m b (Nes=0)°
-5.38 38.0
-5.77 33.6
-9.23 314
-2.69 18.3
-0.38 9.4

0 0

32.6
27.8
22.2
15.6
9.0

Table 12. Coke Formed at 45 and 60 Minutes at 500 EC and Conradson Carbon Values

Residuum

Boscan

MaxCL2

Lloydminster

Redwater, B.C.

Average
Wt % Coke +16
46.2 (45.6,46.6, 46.4)  28.9
43.1 (41.4, 44.8) 26.9
30.6 (40.4,39.1,39.2) 24.8
38.6 (39.0, 38.2) 24.1
26.2 (5= 2.2)

Average:41.9 (s=3.5)

CCR. Wt %

18.9

22.3(21.4, 23.2)

16.4 (16.2, 16.5)

18.2 (17.7, 18.7)

19.0 (s=2.5)
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Table 13. Slopesof Wt % Cokevs. Time Lines (wt %/min) and Correlation Coefficients

Residuum 400 'C 450 °C 500 °C
Slope r Lower Slope r Upper Slope 1 Slope
Boscan 0.124 0.9814 0.909 0.9831 0.124 0.97/75 514
MaxCL2 0.178 0.8960 0.829 0.9722 0.0950 0.9987 3.17
Lloydminster 0.146  0.9922 0.675 0.9869 0.135 0.9979 258
Redwater, B.C. 0.207  1.000 0.646 0.9836  0.152 1.000 1.74
Table 14. Estimated Activation Energies of Coke Formation
Activation Energy E’, cal/mole

Residuum Primary Wt % Secondary Wt %

Coke Formation  Primary (450 "C)  Coke Formation Total (500 "C)
Boscan 38,000 27.0 83,000 58.1
MaxCL2 30,000 28.5 78,000 63.6
Lloydminster 30,000 24.5 66,000 62.5
Redwater, B.C. 22,000 22.5 54,000 59.9
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Figure 1. Coke Formed with Boscan Residuum at Various Timesat 400 EC
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Figure 2. Wt % Cokevs. Free Solvent Volumeat 400 EC

24




Slope of Wt % Coke vs. O ¢

100 |- / ® Actual
- / O Extrapolated

120/
-140 |-
/

-160 ] | ] | ] | ] | ] | ] | ] | ]
0 20 40 60 80 100 120 140

Residence Time, min

Figure 3. Slope of Coke Formation Linesvs. Residence Timesat 400 EC
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Figure4. Three-Dimensional Coke Formation Predictability Map at 400 EC
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Figure 6. Slope of Coke Formation Linesvs. Residence Timesfor Boscan, MaxCL, and
Lloydminster Residua at 450 EC
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Figure7. Three-Dimensional Coke Formation Predictability Map at 450 EC
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Figure 9. Coke Formed with Boscan Residuum at Various Times at 500 EC
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Figure 10. Carbon Residuevs. H/C Atomic Ratio Relationship
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Figure 11. Three-Dimensional Coke Formation Predictability Map at 500 EC
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Figure 12. Coke Formation Linesfor Boscan Residuum
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Figure 13. Coke Formation Linesfor MaxCL Residuum
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Figure 14. Coke Formation Linesfor Lloydminster Residuum
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Figure 15. Coke Formation Linesfor Redwater, B.C. Residuum
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Figure 16. Activation Energy and Free Solvent Volume Correlation

39



