6.0 CYCLAR PILOT PLANT WORK

A total of 18 Cyclar pﬂot plant runs were conducted. Table 6.1
presents an overview of the experimental program. Feed composition,
_temperature, pressure, and space velocity were varied in the study.
The data-reduction procedure is described in Appendix A. Detailed
results for each Cyclar pilot piant run are in Appendix B.

6.1 CATALYST

The Cyclar catalyst formulation was not a variable in this pro-
gram. Fresh loadings of Cyclar catalyst from the same batch of com-
mercial prototype material were used in each pilot plant test. After
every run, the carbbn level of the spent catalyst was measured. The
results are reported as received, without adjustment for LHSV or
conversion-level differences. The carbon level for Cyclar Run 3 was
chose‘n‘ as the reference and assigned a value of 1.00. A1l other
spent-carbon levels are compared with this reference as a weight ratio.
This ratio is referred to as the "relative carbon on spent catalyst"”
listed in Table 6.1. A value of 0.5 would indicate that the spent cata-
lyst contained half the carbon of the Run 3 spent catalyst.

6.2 INTERPRETATION OF PILOT PLANT DATA

A fixed-bed once-through pilot plant was used to model a
multistage commercial unit with recycle of unconverted feed. Unlike the
'pi1ot plant, commercial Cyclar is a moving-bed system. Spent catalyst
s continuously removed from the last reactor, regenerated, and then
returned to the first reactor. Despite these differences, the pilot
plant is able to give tremendous insight into how the commercial unit
will function. This section describes the pilot plant test methodology
and the effect of variables on performance. These parameters are sum-
marized in Table 6.2.
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6.2.1 Pilot Plant Test Methodologqy

A1l pilot plant runs in this program used the same test method-
ology. The electric heating elements surround1ng the reactor were ad-
Justed to achieve and then maintain a specified reactor-inlet tempera-
ture. This inlet temperature was held constant throughout the run. All
the 1iquid product from a given period was collected (composite sam-
ple), and separator overhead gas samples were analyzed hourly by
on-line GC and then averaged for each period.

The LPG conversion was defined as the disappearance of LPG (all
C3-Cs hydrocarbons). The LPG may be converted to hydrogen, fuel gas
(C; and C2), or aromatics. The gradual increase of LPG in the separator
overhead reflects catalytic activity loss due to coke formation. As
less LPG is converted, the production rate (grams/hour) of aromatics
will decline. This decline does not mean that selectivity is lower,
because selectivity pertains only to LPG converted out of the C3-Cs
range. In general, aromatic selectivity increases as conversion de-
clines in Cyc]aripilot plant tests.

Conversion and selectivity results are all in units of weight-
percent (wt-%) in this report. For each period, the LPG conversion is
the wt-% of the LPG that entered the reactor and was converted to some-
thing other than LPG. The selectivity data indicate what wt-% of the
converted Material became fuel gas.(fuel gas selectivity), hydrogen
(hydrogen selectivity) or liquid product (aromatics selectivity). The
sum of these three selectivities is 100 wt-% by definition.

Liquid produét from each test period was analyzed to determine the
distribution of the aromatic product. The results are expressed as a
wt-% of all Cg+ hydrocarbons detected. Trace aromatics present in the
separator off gas are considered liquid product, although they only
have a minor impact on the results.

6-2




6.2.2 Evaluation of Results

When evaluating a run, the first area to consider is catalytic
activity and stability (temperature performance). As stated previ-
ously, Cyclar pilot plant tests are run at constant reactor-inlet
temperature. The conversion obtained for each period measures activ-
ity. The rate of conversion decline as a function of time reflects
stability. Figure 6.1 shows three hypothetical cases that serve as
examples of good and bad temperature performance.

Activity and'stabi1ity are both important catalyst properties.
High activity means high LPG conversion and, therefore, less uncon-
verted feed recycle in a commercial unit. The temperature required to
obtain a given conversion is important because this variable affects
commercial fixed costs (such as heater design and metallurgy) and
operating costs (utilities consumption).

Stability measures how fast a catalyst deactivates. In a fixed-
bed commercial unit, a pilot plant stability assessment would be used
to estimate run Yength. When modeling a CCR process like Cyclar with a
fixed-bed pilot plant, stability assesses the rate of continuous cat-
alyst regeneration that is needed to maintain optimum catalyst per-
formance. Lower stability means a larger and, therefore, more expensive
regenerator and also higher catalyst costs.

Besides conversion stability, the coke level on spent catalyst
provides critical information for designing the CCR section of a com-
mercial unit. The carbon level of the spent catalyst (wt-% carbon)
affects regenerator design. Two catalysts with the same end-of-run
conversion will not necessarily have the same spent-catalyst carbon
Jevel.

Midrun comparisons are particularly meaningful data from a fixed-
bed pilot plant for modeling a moving-bed CCR system, such as in the
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Cyclar process (see Section 2.2.3). This comparison approximétes an
average catalytic performance between that of fresh catalyst {regener-
ated catalyst to reactor 1) and spent catalyst (catalyst from the fina)
reactor). The exact choice of the pilot b]ant midpoint is not pivotal
because a cdmmercia] CCR section operates independently of the reactor
section.

Product selectivities and seTectivity stability are important

‘ ~catalyst-performance parameters. The amount of desired products (aro-

matics and hydrogen) produced relative to the undesired side product
(fuel gas) and the changes in selectivities as conversion dechnes are
critical factors for ‘commercial operation.

A fixed relationship ex1sts between aromatics, hydrogénv,‘and fuel

. gas selectivities.  As Cyclar makes aromatics from propane, it simul-

taneously produces hydrogen in an amount determined by stoichiometry.
Hydrogen selectivity increases with aromatics selectivity. In the
Cyclar process, yield loss is from cracking reactions'that form fuel
gas (Cj + Cp hydrocarbons). Therefore, fuel gaé selectivity moves in-
versely to aromatics selectivity. These fixed relationships simplify
comparing selectivity differences between runs.

The last performance consideration discussed here is the Tiquid-
product distribution.. Cyclar produces priinari'ly benzene (Cs);' toluene
(C7), and xylenes plus ethylbenzene (Cg). Also produced is a heavy
aromatic product that is referred to as Ag+ (nine or more carbon number
aromatics). The composition of the aromatic product varies according
to the feedstock and process conditions.

Liguid-product composition is important for a variety of reasons.
If the Cyclar unit were in an aromatics complex, benzene and xylenes
would be more valuable than toluene and Ag+ aromatics. If the Cyclar
product were blended into a gasoline pool, the benzene content would be

6-4




critical, given possible environmental regulations placing strict ceil-
ings on benzene levels in gasoline.

6.3 PURE COMPONENT PILOT PLANT WORK

Most of the pilot plant work conducted during the development of
the Cyclar process has focused on pure propane or butane feedstocks.
Pure paraffin feedstocks were run in this program to establish base-
case performance as well as to examine the effects of process pressure.
Runs were also performed with propylene and n-butene to investigate
performance with pure olefin feeds.

6.3.1 Propane Feedstock at Base-Case Conditions (Run 1)

Pure propane was run at previously established base conditions
(Run 1). As shown in Figure 6.2, Run 1 displayed good activity and
stability.

Aromatics, hydrogen, and fuel gas selectivities are plotted as a
function of time for Run 1 (Figure 6.3). Based on previous experience,
the selectivities and selectivity stabilities were as expected for this
catalyst. Selectivity was relatively insensitive to time on-stream
(and, therefore, conversion). Selectivity to aromatics improves
slightly as the run progresses and as the catalyst activity declines

via coking.

The liquid-product distribution (Figure 6.4) was as expected for a
:vpropane feedstock. A direct route to benzene (dimerization of a C3
molecule) and the Ag aromatic (propylbenzene, a C3 trimer) exists, but
the significant production of toluene (C7) and xylenes (Cg) reveals
that other mechanisms, such as transalkylation and dealkylation, are
also important.
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6.3.2 Butane Feedstock at Base-Case Conditions {Run 9)

A pure butane feedstock was run at base-case conditions (Run 9),
which were identical to those used for propane in Run 1. As indicated
in Figure 6.5, butane conversion is higher for any given test period
(butane is more reactive), and butane results in slightly better-
stability.

Midrun results from propane and butane feeds tested at base con-
ditions are compared in Table 6 3. Butane gives higher total aromatics
selectivity.

Aromatic-product breakdowns at similar conversion levels are com-
pared for propane and butane feeds (Figure 6.6). Butane tends to make
an aromatic product leaner in benzene and. richer in xylenes than pro-
pane. This result is expected because the most direct route to benzene
would result from the dehydrocyclodimerization of two propane mole-
cules. A similar reaction for two butane molecules would tend to make
Cg aromatics (xylenes + ethylbenzene).

6.3.3 Pressure Increase with Pure Component Feeds (Runs 8-and 10)

The effect of pressurg on Cyclar performance was investigated in
Runs 8 and 10. The only change from base conditions was a pressure in-
Crease to P2 (1.5 x base pressure). For each feed, higher process pres-
sure was shown to improve conversion. Higher conversion at elevated
pressure is more pronounced for propane (Figure 6. 7) than butane
(Figure 6.8) because propane has a swgn1f1cant1y Tower conversion at Pl
than butane.

Higher pressure benefits conversibn,_but it has an adverse impact
on aromatics selectivity. Aromatics selectivity plotted as a function
of conversion for propane (Figure 6.9) and butane (Figure 6.10) shows
that the selectivity offset was not attributable to the conversion
differential. Selectivity was relatively stable in both tests.
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Liquid-product distributions obtained at Pl and P2 are compared
for propane (Figure 6.11) and butane (Figure 6.12). The propane-feed
product shows a shift from benzene to xylenes as pressure increases.
Butane feed shows a shift from benzene to alkyl aromatics.

6.3.4 Pure Olefin Feeds

Runs were conducted with pure propylene (Run 11) and butene (Run
12) to provide information for Direct Cyclar yield estimates. Both runs
were performed at P2, which is 1.5 times the base pressure. Pure olefin
feeds were diluted with nitrogen via on-line blending. The criterion
for nitrogen blending was to have a similar mol1-% pure component olefin
as Direct Blend 1 (see Section 4.3) but to replace all other hydrocar-
bons with nitrogen. This space velocity effectively maintained-LHSV 1
(of Direct Cyclar) with respect to the pure component without the com-
plications introduced by multiple reactants in the feed. Olefins are
known to be extremely reactive, and the Cyclar catalyst would be too
unstable if a pure olefin feed were run at base conditions without
nitrogen dilution.

6.3.4.1 Propylene Feed (Run 11)

Before comparing propylene and propane test results, the two types
of conversion must be defined. Propylene conversion is the disappear-
ance of propylene (C3Hg) across the Cyclar reactor. Propylene hydroge-
nated to propane shows up as propylene conversion. LPG conversion is
the disappearance of LPG, defined here as all C3-Cg molecules. The
hydrogenation of propylene does not constitute LPG conversion.

In commercial Cyclar, LPG is recycled back to the feactor. This
recycle means that LPG conversion is of primary concern because conver-
sion of propylene outside of the LPG range unburdens the recycle loop
but the conversion of propylene to propane does not. Generally, this
report discusses conversion to products other than LPG.
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For the pure component olefin feed study, looking at the component
conversion as well as the LPG conversion must be examined. In Run 11,
the propylene conversion was nearly complete throughout the run, but
the LPG conversion dropped steadily (Figure 6.13). Although propylene
remains extremely reactive, olefin hydrogenation becomes increasingly
significant as the catalyst deactivates. This point is demonstrated in
Figure 6.14. The propane content of the reactor effluent is shown to
increase steadily, but the 1ight ends (Cy and C2) formed by cracking
tend to stay relatively constant and then decline toward the end of the
run,

Midrun results show propylene has better aromatic-product selec-
tivity than does propane (Table 6.4). The high selectivity results
because the propane dehydrogenafion step of the Cyclar reaction pathway -
(see Section 2.2.2) is bypassed. The aromatics selectivity and LPG con-
version advantage for propy1éne was maintained throughout the run, as
shown in Figure €.15. '

Liquid-product compositions (Figure 6.16) indicaie.a shift from
benzene to xylenes and heavy aromatics with propylene. Propylene is
likely to form an intermediate trimer, which then converts to a nine-
carbon aromatic.

Results with a propylene feed are d1rect1ona11y cons1stent com-
pared to praopane. However, mak1ng strict compar1sons is not possible
because of a difference in test methodo]ogy (n1trogen dilution, see
Section 4.3).

6.3.4.2 Butene Feed (Run 12)

In most respects, butene behaved similar to propylene. Butene is
‘very reactive, and LPG conversion drops with respect to butene conver-
sion (Figure.6.17). In Run 12, even the butene conversion began to
drop at the end of run (EOR). This result is consistent with the
extremely high EOR coke level (7.9 x base) for the spent catalyst
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(Table 6.1). Hydrogenatfon of butene to butane became more prevalent
with time (Figure 6.18). The reactor effluent shows an increasing level
of butane (hydrogenation product), with a decreasing level of C; and C»
(cracking and dealkylation products).

Midrun results for butene and butane are compared in Table 6.5.
Just as with the C3 olefin, butene resulted in significantly better
aromatics selectivity than its paraffin analog. As was the case with
propylene, butene aromatics selectivity is superior to that of paraffin
at any conversion measured (Figure 6.19). A liquid-product distribution
shift from benzene toward xylenes and heavy aromatics is observed for
butene (Figure 6.20). The shift is similar to that observed with propy-
lene. This shift is another indication that olefins may tend to form
trimers as an intermediate which increases the production of Ag+
aromatics.

Again, the key difference in test methodology between the pure
component paraffin and olefin tests must be stressed. Nitrogen was
blended on-line with the olefin. The olefin versus paraffin compari-
sons are made to help interpret some of the Direct Cyclar results
discussed next.

6.4 DIRECT CYCLAR PILOT PLANT STUDY

The pilot plant work described in Section 6.3 was all done with
pure component feeds. The Direct Cyclar study was performed with LPG
feed blends. The blends, which are described in Section 4.3, vary in
carbon number distribution as well as olefinicity. A common feature of
the Direct Cyclar blends was the high olefin level, ranging between 38
and 73 wt-% of the pilot plant feedstock.

6.4.1 Direct Cyclar at Base Conditions (Run 3)

Direct Cyclar Blend 1 (DB1) was run at base conditions in Run 3.
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Compared to propane, DBl results in s1fght1y higher conversion (Figure
6.21). Conversion was not as high as expected, considering fhat DBl
contains butane, propylene, and butene. A1l three converted more than
propane in the pure component work. Aromatics selectivity with DBl was
higher than with propane (Table 6.6), which was as expected based on
pure component results. Fina11y, the liquid-product distribution
shifted from benzene to xj]enes and Ag+ material as expected (Figure
6.22).

6.4.2 Direct Cyclar Pressure Study (Runs 3, 5, and 6)

In the Cyclar process, conversion increases with pressure (fFigure
‘ 6.23), and conversion stability improves. At Pl, the LPG conversion
decline was about 4 wt-% per test period. The conversion.decline was
sTightly over 2 wt-% per test period at P3. -

Aromatics Ee]ectivity declined with increasing pre§§ﬁre as demon-
strated in Figure 6.24. Despite the decline, the aromat{Eé selectivity
for DBl was still good at P3 (3 x base pressure). fhis result was
encouraging because Direct Cyclar operated at higher presshre (highef'
conversion) and still maintained high aromatics seﬁeétivity with
‘respect to a paraffin feedstock. A shift in the 1iquid-gr§§uct distri-
bution from benzene to xylenes and heavy aromatics (Figy?é 6.25) was
consistent with the pure component results. |

6.4.3 Pressure Study at Reduced Temperature (Runs 2, 4, and 7)

The same pressure sequence described previously was repeated at
520°C, a 20°C reduction from base temperature. At base pressure, the
temperature reduction lowered initial activity but improved stability
- so that the conversion coincided for periods 6 through 9 (Figure 6.26).
As pressure increased (Figures 6.27 and 6.28), the stability advantage
of the lower temperature operation gradually disappeared. At P3, a
nearTy constant conversion offset was observed throughout the run. The




rates of conversion decline become similar because higher temperature
operation has better stability at elevated pressure.

The decline at elevated pressure of aromatics selectivity is
plotted in Figure 6.29. A comparison of Figures 6.24 (540°C) and 6.29
(520°C) reveals that the total aromatics selectivity was relatively
insensitive to temperature. The conversion benefit from the tempera-
ture increase of 520°C to 540°C was not offset by a measurable loss in
aromatics selectivity.

Pressure affected the Yiquid-product distribution similar to that
at 540°C at 520°C (Figure 6.30). As pressure increased, less benzene
and more xylenes and heavy aromatics were present. Comparing the pro-
duct distributions at 520°C and 540°C shows some interesting results.
Lower temperature suppresses the relative amount of benzene in the
Tiquid product at the base pressure, but the levels begin to converge
at P3 (Fighre 6.31). Heavy aromatics formation has equivalent sensi-
tivity to pressure changes at 520°C and 540°C, as shown in Figure 6.32.

6.4.4 Variation in Feedstock Olefinicity (Runs 6, 17, and 18)

Three Direct Cyclar blends (DBl, DB2, and DB3 as described in
Section 4.3 of this report) covered a range of 38 to 73 wt-% olefins in
~the pilot plant feed. A1l three feedstocks were evaluated at the same
conditions. Aromatics selectivity improved as the feed olefinicity in-
creased (Table 6.7).

Conversion stabilities for the three Direct Cyclar feeds at iden-
tical conditions were plotted (Fiéure 6.33). Each feed resulted in sim-
ilar stability for the first six periods. However, conversion stability
deteriorated after this point depending‘on feed olefinicity. Stability
deterioration was also observed for butene feed (Run 12), as described
in Section 6.3.4. Relative spent carbon levels (Table 6.1)rcorrelate
to feed olefinicity as well as the point of departure from the midrun
deactivation rate. Higher olefin levels lead to higher coke levels.



An increase in feed o1efin1city causes a shift from benzene to
xylenes (Figure 6.34). Tne heavy aromatics in the liquid product were
the same at 38 and 73 wt-% olefins.

6.4.5 Direct Cyclar Spent-Catalyst Coke Levels

The effects of temperature and pressure on the end-of-run coke
level of the catalyst are shown in Figure 6.35. As might be expected,
more coke was produced at the higher temperature. Surprisingly, the
coke level was observed to increase with pressure. This result runs
counter to the trends observed with reforming catalysts, where high
hydrogen partial pressures promote catalyst stability and low levels of
coke production. |

_Figure 6.32 shows the effects of temperature and pressure on Ag+
aromatics yields. These trends were directionally consistent with the
coke 1e9e1s. However, as feed olefinicity increased, the values for
Ag+ aromatics (Figure 6:34) in the 1iquid product did not explain the
trend in coke levels (Figure 6.36)} Possibly the oligomerization pro-
cess described previously is different with high olefin feeds. Perhaps
in this case, olefin polymerization (forming tars and then polymeric
coke) progresses along with the heavy aromatics condensation route to
coke. ‘

6.5 . INDIRECT CYCLAR PILOT PLANT STUDY

Four Indirect Cyclar runs were conducted. Two process variables,
LHSV and pressure, were investigated. The Indirect-Cyclar feed blend
had a low olefin level, as indicated in Section 4.4. The low olefin
level in a commercial unit would result from a Huels CSP unit upstream
of the Cyclar unit. waeVer, some olefins are present in the combined
feed, which contains olefins introduced from the recycle stream.
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6.5.1 LHSY Effect at P1 (Runs 13 and 14)

A 25% increase in space velocity lowered conversion about 8 wt-%,
as would be expected (Figure 6.37). Perhaps more important, the space
velocity increase did not change the aromatics selectivity (Figure
6.38). Figure 6.38 shows that if the capacity of a commercial unit is
pushed, aromatics selectivity would not suffer from the space velocity
change. The LHSV increase also had~hargina1 impact on the liquid-
product distribution, as shown in Figure 6.39. Slightly less benzene
is made at higher space velocity.

€.5.2 LHSY Effect at P3 (Runs 15 and 16)

Space velocity was doubled at P3, and the LPG conversion was sig-
nificantly Tower. The 25% LHSV increase at Pl caused the conversion to
shift, but stability appeared unchanged. The 100% LHSV increase at P3
altered the conversion stability and reduced conversion (Figure 6.40).

On average, aromatics sélectivity was considerably better at the
higher space velocity (Figure 6.41). However, where the conversions
overlap, near 77 wt-% LPG conversion, the selectivities are about the
same. In this case, aromatics selectivity is a significantly more pro-
nounced function of conversion. The conversion shifted with the LHSV
change, and a new region of the same selectivity versus conversion line
was explored at the high space velocity. The composition of liquid pro-
duct obtained at different LHSV's was almost identical (Figure 6.42).

6.5.3 Pressure Effect at LHSY 2 (Runs 14 and 15)

The pressure increase from Pl to P3 produced all the expected
trends, based on pure component and Direct Cyclar findings. Higher con-
version and greater stability were achieved at P3 (Figure 6.43). The
aromatics selectivity decline shown in Figure 6.44 was expected. Final-
ly, higher pressure induced a shift in the liquidfproduct distribution
from benzene to xylenes and heavy aromatics (Figure 6.45).



6.6 CONCLUSIONS

Some of the following conclusions are based on pure component work
and apply to Cyclar in general. These conclusions are also consistent
with both the Direct and Indirect Cyclar results. Conclusions specific
to either Direct or Indirect Cyclar are drawn separately.

6.6.1 Butane vs. Propane

° Butane is more reactive than propane; for any given test
period (at identical process conditions), butane con-
version is higher. Conversion stabilities are similar,
with perhaps a slight advantage with butane.

. Butane feedstock results in higher aromatics selectivi-
ties than did propane.

° The 1iquid product made from butane has less benzene and
more xylenes than did the liquid product made from
propane.

° The hydrogen-to-carbon weight ratio for butane (C4Hjg)
is lower than that for propane (C3Hg). Therefore, the
theoretical maximum hydrogen selectivity (weight basis)
for butane is lower than that of propane. This result
explains why the pilot plant hydrogen selectivities for
propane and butane are about the same despite the higher
aromatics selectivities obtained with butane.

6.6.2 Paraffins vs. Olefins

) Olefins are extremely reactive. With respect to the re-
activity of the corresponding paraffin, the conversion

.of a pure olefin feed is significantly higher. As a run
progresses, conversion out of the C3-Cg range declines,
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6.6.3

6.6.4

but olefin hydrogenation increases. Therefore, the ole-
fin content of the reactor effluent remains low through-
out the run.

Olefins result in higher aromatics selectivities than do
the corresponding paraffin at all conversion levels.

The liquid product made from an olefin has less benzene
and more xylenes and Ag+ aromatics than does liquid
product made from a paraffin.

Effect of Pressure

An increase in pressure results in higher conversion.
Higher pressure suppresses aromatics and hydrogen selec-
tivities.

~ An increase in pressure shifts the liquid products dis-

tribution. Less benzene and more xylenes are present in
1iquid product made at higher pressure.

Direct Cyclar Conclusions

Direct Cyclar pilot plant testing demonstrates that pro-
cessing highly olefinic Cyclar feedstocks is technically
feasible.

With respect to more paraffinic feeds, Direct Cyclar
(olefinic) feeds result in higher aromatics selec-
tivities:

A 20°C inlet temperature reduction (to 520°C) improved
conversion stability at Pl with respect to 540°C oper-
ation. As pressure is increased, the conversion stabil-
ity observed with lower temperature operation disap-
pears. )

Aromatics and hydrogen selectivities were about the same
at 520°C and 540°C inlet temperatures. At Pl, the liquid
product from the 520°C.run has less benzene and more



6.6.5

xylenes than does that made with a 540°C inlet tempera-

ture. As pressure increases to P3, the liquid products
become closer in composition.

Olefinic feeds lend themselves to higher pressure oper-
ation, which capitalizes on higher conversion. With re-
spect to base case Cyclar (paraffin feed and low process
pressure), the detrimental effect of pressure on aro--
matics se]ectivity is offset by the improved aromatics
selectivities for olefinic feeds.

Spent catalyst carbon levels are higher for Direct
Cyclar. This disadvantage at least partially offsets the
aromatics and hydrogen selectivities advaniages dis-
cussed above. Spent-catalyst carbon levels correlate
well with feed olefinicity.

Pressure also has an effect on spent-catalyst carbon
levels. Higher pressure resuits in more spent-catalyst
carbon.

Indirect Cyclar Conclusions

Indirect Cyclar results are similar to pure paraffin re-
sults.

An LHSV study demonstrates that LHSY changes shift con-
version, with minimal impact on conversion stability.
LHSY variation does not affect aromatics or hydrogen
selectivities, when adjusted for conversion.

Increased pressur:s improves conversion and conversior

stability but lowsrs aromatics selectivity.




TABLE 6.1

Overview of Direct and Indirect Cyclar Pilot Plant Runs

Relative Carbon
Run No. Feed {a) Diluent Rx Temp, *C Pressure {(b) LHSV (c) on Spent Catalyst (d)

) Propane -- 540 Pl LHSY 1 0.5

2 DB - 520 Pl LHSV 1 0.6

3 DBl .- 540 Pl LHSV 1 1.0

4 DB! -- 520 P3 LHSV ] 1.5

5 DB .- 540 P3 LHSV 1 2.7

6 DB .- 540 P2 LHSV 1 1.5

7 DB1 .- 520 P2 LHSV 1 1.2

8 Propane - 540 P2 LHSV 1 0.4

9 Butane -- 540 P1 LHSY 1 0.5

10 Butane - 540 P2 LHSV 1 0.7

11 Propylene Nitrogen 540 P2 LHSV 1A 1.2

12 Butylene Nitrogen 540 P2 LHSV 1B 7.9

13 1B1 Ethane 540 Pl LHSV 1 0.7

14 1B] Ethane 540 Pl LHSV 2 0.7

15 1B1 Ethane 540 P3 LHSV 2 0.6

1 1B] Ethane 540 P3 LHSV 3 0.6

17 DB2 .- 540 P2 LHSV 1 3.8

18 - DB3 -- 540 P2 LHSV 1 7.3
Notes: -

(a) DBl., DB2, and DB3 refer to Direct Blends 1, 2, and 3 as described in
Section 4.3. DBl and DB2 are Arge-type blends, and DB3 is a
Synthol-type blend. IBl is an Indirect Cyclar blend (Arge type).

(b) P2 = 1.5 x Pl
P3 = 3.0 x Pl
(c) LHSV 2 = 1.25 x LHSV 1

LHSY 3 = 2.50 x LHSV 1
= with respect to propylene content of DB
= with respect to butene content of DBI

(d) Run No. 3 carbon chosen as reference and defined as 1.00. A1l
other runs are weight ratios with the Run No. 3 carbon level in the
denominator. :
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TABLE 6.3

Comparison between Propane and Butane Feedstocks
at Base Conditions

Feedstocks
Propane Butane
Run No. ' 1 9
Temperature, °C 540 540
Pressure Pl P1
LHSV, 1/hr : . LHSV 1 LHSY 1
Midrun Conversions, Wt-%
C3=. -- --
C3 67.4 --
Cq= -- --
Cq -- 95.7
Cg= -- --
Cs -- --
C3-C5 - . 64.3 77.2
Midrun Selectivities, Wt-%
Hy ' 5.2 4.8
C; + Cp 37.0 30.8
Benzene 19.2 17.1
Toluene 24.2 28.2
Xylenes + EB 9.9 13.9
Cg+ Aromatics ’ : 4.5 5.2
4

Total Aromatics 57.8 64.
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TABLE 6.4

Comparison between Propane and
Propylene Feedstock Results

Feedstocks
Propane Propylene
Run No. ’ 8 11
Temperature, °C 540 540
Pressure ‘ P2 P2
LHSY, 1/hr : LHSV 1 LHSY 1
Midrun Conversions, Wt-%
C3= -- 99.2
C3 75.8 --
Ca= -- -
Csq -- --
Cg= - --
Cs -
C3-Cg 73.5 90.1
Midrun Selectivities, Wt-%
Hp 4.3 2.1
C] + C | 41.7 25.3
Benzene 16.1 18.3
Toluene 22.6 30.8
Xylenes + EB : 10.1 14.8
Cg+ Aromatics 5.2 8.7
Total Aromatics 54.0 72.6
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TABLE 6.5

Comparison between Butane and
__Butylene Feedstock Results

Feedstocks
Butane Butylene
Run No. 10 12
Temperature, °C ‘ 540 540
Pressure P2 P2
LHSY, 1/hr LHSV 1 LHSV 1
Midrun Conversions, Wt-%
C3= -- -
C3 -- --
Cq= -- 100.0
Ca 98.9
Cg= -- --
Cs -- --
C3-Cg 81.7 84.1
- Midrun Selectivities, Wt-%
Ho 4.1 1.8
€ + Cp ' 34.8 25.1
Benzene 15.3 14.8
Toluene 26.5 31.4
Xylenoe + EB 13.3 18.1
Cg+ Aromatics | 6.0 8.8
Total Aromatics 61.1 73.1
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TABLE 6.6

Comparison between Propane and
Direct Blend ] Feedstock Results

Feedstocks
Propane Direct Blend 1
Wt-% Paraffins 100 62
Wt-% Olefins 0 38
Run No. 1 3
Temperature, °C 540 540
Pressure Pl Pl
LHSV, 1/hr LHSV 1 ~ LHSV 1 -
Midrun Conversions, Wt-% ,
3= -- 92.5
C3 67.4 28.5
Ca= : -- 98.2
Cq -- 83.3
Cg= -- 100.0
Csg -- 100.0
C3-Cg 64.3 : 65.1
Midrun Selectivities, Wt-%
Ho 5.2 4.1
Cp + 0 37.0 26.0
Berzene 19.2 17.5
Toluerne - 28.2 30.2
Xylenas + EB .9 15.8
Cg+ Aromatics 4.5 6.4
Total Aromatics 57.8 69.9
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TABLE 6.7

Effects of Direct Cyclar Feed Olefinicity

Feedstock D81 DB2 pB3
Wt-% Olefins 38.04 46.88 72.77
Run No. 6 17 18
Temperature, °C 540 540 540
Pressure P2 P2 P2
LHSY, 1/hr LHSV 1 -LHSVY 1 LHSV 1

Midrun Conversions, Wt-%

C3= 95.6 86.1 97.0
C3 50.7 39.3 -19.3*
C4= 92.0 88.9 99.4
Ca 99.0 89.5 62.2
Co= 100.0 100.0 --
Cs 100.0 100.0 -
C3-Cs 76.8 77.8 73.3
Midrun Selectivities, wt-%
Ho 3.5 3.7 3.2
C; + Cp 31.0 26.7 22.2
Benzene 16.0 15.2 14.9
Toluene 27.9 29.5 32.1
Xylenes + EB 14.1 15.9 18.7
Cg+ Aromatics 7.5 9.0 8.9
Total Aromatics 65.5 69.6 74.6

*  Negative number indicates accumulation across reactor rather than
conversion.
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FIGURE 6.2
Propane Feedstock at Base Case Conditions
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FIGURE 6.3
Aromatics, Hydrogen and Fuel Gas Selectivities
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FIGURE 64

Aromatics Breakdown for Propane FeedstocCk
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FIGURE 6.5
Propane vs Butane Temperature Performance
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FIGURE 6.6

Aromatics Breakdown for Propane and Butane Feeds
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FIGURE 6.7

Effect of Pressure on Conversion
Pure Propane Feedstock
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FIGURE 6.8

Effett of Pressure on Conversion
Pure Butane Feedstock
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FIGURE 6.9

Effect of Pressure on Aromatic Selectivity
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FIGURE 6.10

Effect of Pressure on Aromatic Selectivity
Butane Feedstock
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FIGURE €.11

Effect of Pressure on Liquid Product
Propane Feedstock
() = wt-X of Liquid Product
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FIGURE 6.12

Effect of Pressure on Liquid Product
Butane Feedstock
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FIGURE 6.13
Propylene vs LPG Conversion

Conversion, wt-%
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FIGURE 6.14

Hydrogenation of Propylene
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FIGURE e.15j'

Aromatic Selectivity vs LPG Conversion
Propane / Propylene Comparison
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FIGURE 6.16

Effect of Olefins on Liquid Product
Propane vs Propylene Feedstock
() = wt-X of Liquid Product
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FIGURE 6.17 ,
Butene vs LPG Conversion
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FIGURE 6.18

Hydrogenation of Butene
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FIGURE 6.19

Aromatic Selectivity vs LPG Conversion
Butare / Butene Comparison
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FIGURE 6.20

Effect of Olefins on Liquid Product
Butane vs Butene Feedstocks
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FIGURE 6.21

Direct Blend 1 Temperature Performance
Comparison to Propane Feedstock
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FIGURE 6.22

Direct Cyclar Blend 1 Liquid Product
Comparison to Propane ot Bose Conditions
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FIGURE 6.23

Effect of Pressure on Conversion
Direct Blend 1

LPG Conversion, wt-J%
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FIGURE 6.24

Effect of Pressure on Aromatic Selectivity
Direct Blend ¢ at 540 C Rx Inlet
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FIGURE 6.25

Effect of Pressure on Liquid Product
Direct Blend 1 / 38 wt-X% Olefins in Feed
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FIGURE 6.26

Effect of Temperature on Conversion
Direct Blend { Feedstock
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FIGURE 6.27

Effect of Temperature on Conversion

LPG Conversion, wt-%
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FIGURE 6.28

Effect of Temperature on Conversion
Direct Blend 1 Feedstock at P3
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FIGURE 6.29

Effect of Pressure on Aromatic Selectivity
Direct Blend 1 at 520 C Rx Inlet
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FIGURE 6.30

Effect of Pressure on Liquid Product
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FIGURE 6.31

Benzene in Liquid Product
Direct Blend 1 Feedstock
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FIGURE 6.32

A+ Material in Liquid Product
Direct Blend ! Feedstock
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FIGURE 6.33

Effect of Olefin Level on Conversion
Direct Cyclar Blends 1.“2 and 3
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FIGURE 6.4

Effect of Feed Olefinicity
On Liquid Product Distribution
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FIGURE 6.35

Spent Catalyst Coke
Impact of Temperature and Pressure

Relative Carbon at EOR
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FIGURE 6.36

Spent Catalyst Coke vs Feed Olefinicity
Direct Cyclar Feed Blends
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FIGURE 6.37

Effect of Space Velocity on Conversion at Pl
Indirect Cyclor
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FIGURE 6.38

EFFect of LHSV on Aromatic Selectivity at Pl
Indirect Cyclor
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FIGURE 6.39

Indirect Cyclar Liquid Product
Effect of LHSV at Pl
() = wt-% of Liguid Product
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FIGURE 6.40

Effect of Space Velocity on Conversion at P3
Indirect Cyclar
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FIGURE 6.41

Effect of LHSV on Aromatic Selectivity ot P3
Indirect Cyclaor
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FIGURE 6.42

Indirect Cyclar Liquid Product
Effect of LHSV ot P3
() = wt-X of Liquid Product
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FIGURE 6.43

Effect of Pressure‘ct LHSV 2
Indirect Cyclar
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FIGURE 6.44

Effect of Pressure on Aromatic Selectivity
Indirect Cyclar
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FIGURE 6.45

Indirect Cyclor Liquid Product
Effect of Pressure on Composition
() = wt-2 of Liquid Product
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