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Task I. Elucidation of Hydrogen Transfer Reactions in Coprocessing

The objectiveof this taskwasto attaina fundamentalunderstandingof the hydrogen

transferreactionsthatoccurduringcoprocessingandto elucidatetheir roleandimportancein

achievingupgradedproducts.

Subtask I.A. Hydrogen Transfer from Cycioalkanes

Introduction

The research conducted during this quarter evaluated hydrogen transfer from

hydroaromatics and cyclic olefins to aromatics under thermal and catalytic conditions. The

reactions under study involved thermal reactions of a cyclic olefin, isotetralin 0SO), with

aromatics, anthracene (ANT) and pyrene (PYR). These reactions completed a set of experiments

with hydrogen-rich species and aromatics previously reported that included cycloalkanes of

perhydropyrene (PHP) and perhydroanthracene (PHA), hydroaromatic donors, tetralin CFET)

and dihydroanthracene (DHA), cyclic olefins, hexahydroanthracene (HHA) and ISO, and

aromatics, PYR and ANT.

Catalytic reactions performed this quarter used a sulfur catalyst that had been shown by

Rudnick to affect the hydrogen transfer from cycloalkanes to aromatics and/or coal. Rudnicld,2 . .

investigated the dehydrogenation of alicyclic compounds converting them to the corresponding

aromatic compounds in a process in which the alicycliccompounds served as hydrogen donors.

Thiophenol and thiol were effective catalysts and helped promote the conversion of alicyclie

compounds to aromatic compounds. For example, decahydropyrene was converted to pyrene,

4,5-dihydropyrene or 4,5,9,10-tetrahydropyrene. The reactions were performed at elevated
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temperatures (440°C) and in the liquid phase; when necessary superatmospheric pressure of an

unspecified gas was used to maintain the reactants in the liquid phase.

This invention was illustrated by the following example. Perhydropyrene (PHP) was

reacted with benzophenone as a model hydrogen aeceptor. The reaction conditions were

temperature of 4400C and residence time of 60 minutes. No pyrene was formed from PHP

under these conditions. The same reaction was performed in the presence of thiophenol at 0.51

weight percent. The result showed that the products contained 94.7% diphenylmethane, the

hydrogenated product of benzophenone, and some pyrene present. This work was repeated in

our laboratory during this quarter.

The research performed in our laboratory focused on evaluating the effect of a sulfur

catalyst on the transfer of hydrogen from cycloalkanes like perhydropyrene (PHP) to aromatics

like anthracene under catalytic conditions. The catalyst used in this study was sulfur generated

from thiophenol present at a concentration level of 2000 ppm of sulfur. The reactions were

performed under two temperature conditions, 380 and 440"C; both thermal and catalytic

reactions were performed for comparison. In addition, the individual cycloalkane and aromatic

compounds were reacted under these conditions so that a direct comparison of the effect of

temperature and of catalyst on the reaction products formed could be made.

Hydrogen Transfer from Cyclic Olef'ms

The research performed during this quarter focused on examining reactions of ISO with

ANT and PYR which were performed in both nitrogen and hydrogen atmospheres. The cyclic

olefin and aromatic were introduced at ratios of 1 to 1 and 5 to 1 weight ratio of ISO to ANT

and of ISO to PYR. The reactions were conducted in small tubular microreactors made of 316



t

!

stainlesssteel and equippedwith a metering valve for introducing eitherhydrogenor nitrogen

into the system. The reactionconditions were a reaction temperature of 380°C, reaction time

of 30 or 90 minutes,agitationat 435 cpm and 400 psig H2or N 2 charged at ambientconditions.

All reactions were duplicatedand some were replicated more times. The reaction products were

analyzedbygas chromatographyusing the internal standardmethod for quantitation. Qualitative

analysiswas performed bycomparing retention times with authentic compounds or by GC mass

spectrometry analysis.

ISO was reacted individuallyand combinatorially with ANT and PYR. ISO was reacted

individually first under these reaction conditions and completely converted forming the reaction

products of naphthalene (NAP), 1,2-dihydronaphthalene (1,2-DHN), 1,4-dihydronaphthalene

(1,4-DHN) and tetralin frET) as shown in Table 1. The primary product was NAP, with more

NAP being formed under nitrogen than under hydrogen. The secondary product was

dihydronaphthalene with the 1,4-DHN being the predominant isomer.

Total conversion of ISO was also achieved when ISO was reacted with ANT at both 1

to 1 and 5 to 1 weight ratiosof ISO to ANT in both hydrogen and nitrogen atmospheres (Table

1). NAP was the primaryproduct at both ratios but more NAP was produced at the 1 to 1 ratio

than at the 5 to 1 ratio. In the 5 to 1 ratio reaction, - 20 mole % TET was formed which was

double that formed in the reaction with the 1 to 1 ratio. At both ratios, a small amount of

decalin (DEC) was formed. Hence, at the higher ratio less dehydrogenation of ISO occurred.

ANT underwent some hydrogenation in a hydrogen atmosphere as shown in Table 2.

The primary product was dihydroanthracene (DHA). However, considerably more

hydrogenation of ANT occurred in the presence of ISO in both atmospheres. In the reactions

Nb4$/QU ARTi_L Y. RI_P 5
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witha 1 to 1 ratio, more than 70% of the ANT convertedto DHA and tetrahydroanthracene

(THA)with the predominantproductbeing DHA. More than 90% conversionoccurred in the

5 to 1 ratio, with moreconversion occurring in hydrogen than in nitrogen. DHA was the

predominantproductin the 5 to 1 ratio,althoughfive times moreTHA was formed in nitrogen

than in hydrogen.

Thereactionof ISOwith PYR yieldeda productdistributionfromISO thatcontainedthe

samemolecularspecies as theISO reactionswith ANT as also shownin Table 2. However, the

productdistributionwas more variablein the two differentatmospherewith PYR present than

with ANT present. With the 1 to 1 ratio of ISO to PYR, 66% NAP was formed in nitrogen

while only 57% was formed in hydrogen. 1,4-DHN was the predominantproductfrom ISO in

bothatmospheresbut morewas produced in hydrogenthan in nitrogen. With the 5 to 1 ratio

of ISO to PYR, less NAP (48%) was formed in nitrogen than in hydrogen where 58% was

formed. 1,4-DHNwas thesecondaryproductin nitrogenwhile TET was the secondaryproduct

in hydrogen.

When reactedby itself, PYR show_ no reactionin eithernitrogenor hydrogen (Table

3). By contrast,in the presenceof ISO_substantialreactivity of PYRwas observed. More than

12%conversionof PYRto dihydropyrene(DHP) andtetrahydropyrene(THP)was obtainedwith

a 1 to 1 ]SO to PYR ratio. More conversionoccurredin hydrogen than in nitrogen, but DHP

was the primaryproduct in each atrdosphere. Reaction of PYR with ISOat a 5 to 1 ISO to PYR

ratio yielded more than 40% conversion in hydrogen and more than 30% conversion in nitrogen.

DHP was the primary product in both atmospheres but THP and hexahydropyrene (HHP) were

also formed.

Nb48/QUARTERLY.REP 6
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One lastsetof reactionswere performedin which the reactiontime for the reactionof

ISO with ANT and]SO withPYR wasincreasedfrom 30 to 90 minutes. The productsachieved

were the sameastheshorterreactionof 30 minutesbut morereactionoccurredafter 90 minutes

as shownin Tables4 and5.

A comparisonof the percenthydrogenationof the aromaticsin the differentreaction

systemsis given in Table6. The percenthydrogenationis definedas the numberof moleof

hydrogenrequired to achievethe liquid productsas a percentageof the molesof hydrogen

neededto produce the mosthydrogenatedproduct. More hydrogenationwas observed in the

hydrogenatmospherethan in the nitrogenatmosphereand more at 90 minutes than at 30

minutes.

Reaction of Perhydropyrene with Benzophenone

The reactions of perhydropyrene (PHP) with benzophenone (BEN) used in the European

patents by Rudnick1'2were replicated in our laboratory. The reaction conditions given in the

patent were followed as closely as possible. The conditions were a reaction temperature of

440°C, reaction time of 60 minutes, and a catalyst of thiophenol being present at 0.51 wt%.

The PHP and BEN were introduced in 0.42 mole ratio of BEN to PHP. The reactions were

.- performed under nitrogen at 400 and 1250 psi charged at ambient temperature and under

hydrogen at 400 and 1250 psi charged at ambient temperature.

The reactions under nitrogen allowed for evaluating the hydrogen transfer directly from

the cycloalkane, PHP, to the acceptor, BEN. The reactions were performed thermally and

catalytically as presented in Table 8. At both pressures more reaction of the BEN was observed

mm+]Qu.,='mu.+',,',m_:P 7



in the catalytic reaction than in the thermal reaction. The reaction product was diphenylmethane

(DPM). In the most reactive case, only slightly more than 5% DPM was produced.

Under the hydrogen, more conversion of BEN to DPM occurred than the nitrogen

atmosphere. As with the reactions in nitrogen, the catalytic reactions with hydrogen showed

more conversion of BEN than did the thermal reactions. The higher pressure of hydrogen also

resulted in more reaction of BEN than did the reactions at lower hydrogen pressure. The most

reaction was observed in the catalytic reaction with hydrogen charged at 1250 psi at ambient

temperature where more than 30% of the BEN was converted to DPM. This reactivity is
i

demonstrated in Figure I where the mole percent of DPM produced from the reactions of PHP

and BEN is presented at the different reaction conditions.

Regardless of the amount of BEN reacted, the amount of PHP reacted was never any

more than 1.5% of the PHP charged. The reaction products were hexahydropyrene (HHP) and

pyrene (PYR). The PYR was only observed in the reactions with a nitrogen atmosphere. The

reaction conditions of these experiments did not replicate the conditions of the patent exactly

since the conditions were not explicitly stated in the patent. Of the eight reaction conditions

tested, none of the reactions came close to achieving the 94 % DPM production described in the

patent.

Thermal and Catalytic Reactions of Perhydropyrene with Anthracene at 380"C

Thermal and catalytic reactions of perhydropyrene (PHP) and anthracene (ANT) were

performed individually and combinatorially at 3800C. The catalytic reactions were performed

with 2000 ppm sulfur introduced as thiophenol. The reactions were performed under both

_S_QU_I_RLY.REP 8



hydrogenand nitrogen atmospheres• The product distributionsobtained under these various

reactionconditions at 380°C are given in Table 9.

Thethermal and catalytic reactionsof PHP yieldedno productsunder either atmosphere.

By contrast, ANT produced morethan 11% DHA in a thermalreactionwith hydrogen andless

than 0.5 % DHA with nitrogen. The presence of sulfur in the reaction increa_ the amount of

DHA in both atmospheres to 16.7% for hydrogen and 1•9%for nitrogen.

The combined reactionof PHP with ANT in a 1 to 1 ratio yielded some products in the i

thermal and more in the catalytic reaction. As in the individual reactions, the hydrogen

atmospherehad a substantial effect on the reactivity of ANT but had little effect on PHP. The

additionof 2000 ppm sulfur catalyst increased the amount of hydrogenation of ANT to DHA

underboth atmospheres. The catalyst also increased the amount of dehydrogenation of PHP.

Under the thermal conditions, PHP only produced pyrene (PYR) as a product, while under

catalytic conditions, hexahydropyrene(HHP) was formed in larger amounts than PYR.

The reaction of PHP with ANT in hydrogen at a 5 to 1 PHP to ANT ratio showed a

substantialeffect with the catalyst. ANT yielded 16%DHA under thermal hydrogen conditions

but nearly 44.5 % DHA under catalytic conditions. A large increase was also observed in

nitrogen where only 2.5% DHA was formed thermally but more than 17.6% was formed o •

catalytically. For PHP, HHPwas producedin the catalyticreactionwhile only PYR was formed

thermally. Hence, substantialamounts of hydrogen were transferredfrom PHP to ANT under

catalytic reaction conditions.



Thermaland Catalytic Reactions of Perhydropyrene with Anthracene at 440°C

The higher reaction temperature resulted in more reaction productsfrom ANT as shown

in Table 10. Under a hydrogenatmosphere and reacted both thermally and catalytically, ANT

hydrogenatedto DHA, THA and OHA while under nitrogen only DHA was formed. The effect

of the sulfurcatalyst at 440"C was not as pronounced at it was at 380"C. A small increase in

the amountof hydrogenationoccurred for ANT. No effect of the catalystor increasedreaction

temperature was observed on PHP in the individual reactions.

In the thermal and catalytic reactions with 1 to 1 PHP to ANT ratio, ANT hydrogenated

to DHA under hydrogen and nitrogen. In both the thermal and catalytic reactions, the amount

of DHA formed was larger than in individual reaction of ANT; this increase was particularly

apparentin the nitrogen atmosphere. Hence, some hydrogen transfer was occurring from PHP

to ANT. The effect of the catalyst was minimal at 440"C in the reaction with hydrogen, but

the catalystpromoted an increase in DHA in the catalytic nitrogen reaction forming 5.9% DHA

compared to i.2 % in the thermal nitrogen reaction. PHP yielded HHP in both the thermal and

catalytic reactions at 4400C. Increased conversionof PHP and increased amounts of HHPwere

formed in the catalytic reactions for both the nitrogenand hydrogen atmospheres.

In the combined PHP to ANT reactions at a 5 to 1 ratio of PHP to ANT, no effect of the

catalyst was observed in the reactions using a hydrogen atmosphere; however, the catalyst did

promote hydrogenation of ANT to DHA and small amount of increased reactivity of PHP in the

nitrogen atmosphere.
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hydrogen acceptor. The values from this calculationare given in the column designated as
l

Definition 1 in Table 16. The results from definitionone are shown in Figure 5. The higher

temperaturereactionsshowedhigheramountsof gaseous hydrogenincorporatedinto the ANT

reaction products than did the lower temperature reactions. The second definition used

subtractedthe moles of hydrogenaccepted by the hydrogenacceptorin nitrogenfrom the moles

of hydrogenacceptedby the acceptorin hydrogen. The resultsfrom definition2 are shownin

Figure 6. This definition also showed that the acceptor ANT in the higher temperature reaction

accepted more gaseous hydrogen than did the ANT in the lower temperature reactions.

Summary

ISO, a cyclic olefin, was an effective hydrogen for aromatic species at 380"C. ANT,

a readily hydrogenated aromatic under these reaction conditions, showed substantial reactivity

in the presence of ISO both in hydrogen and nitrogen atmosphere. PYR, a more difficult to

hydrogenate aromatic species, did accept hydrogen from ISO. PYR showed 6.02 and 17.3%

hydrogenationin hydrogen and 4.11 and 13.2%hydrogenation in nitrogen when lSO was present

in 1 to 1 and 5 to 1 weight ratios, respectively. These results are in contrast with those obtained

from PYR in the presence of TET where essentially no hydrogenation of PYR occurred.

Likewise, ISO had a substantial effect on the hydrogenation of ANT yielding 18 to 19%

hydrogenation at the 1 to 1 ratio in both hydrogen and nitrogen and - 24% hydrogenation at

the 5 to 1 ratio in both hydrogen and nitrogen. By contrast, less than 5% hydrogenation of ANT

was the highest hydrogenation observed in the reactions with TEl" and ANT. The percent

hydrogenation of the aromatics, PYR and ANT, increased with time in the presence of ISO in

both hydrogen and nitrogen atmospheres. Similar results were obtained with the cyclic olefin,

i ii



HHA, that were reported previously. HHA yielded substantially more hydrogenation of PYR

in a hydrogen atmosphere than did DHA.

The effect of the sulfur catalyst on promoting hydrogen transfer from the cycloalkane
i

perhydropyrene to the aromatic anthracene was greater at 380°C than at 440°C. The impact of

the sulfur catalyst was more obvious in a nitrogen than in the hydrogen atmosphere. The same

statement is true also for the reactions with a 1 to 1 of PHP to ANT than with the 5 to 1 ratio.

However, promotion of hydrogen transfer from PHP to BEN by thiophenol was only partially

successful when compared to the results obtained by Rudnick.

References

1. Rudnick, L. R.; Mobil Oil Corp., USA, "Hydrogenation," Eur. Pat. Appl. EP195539
A2 24 Sep 1986a.
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Table 1. Product Distributions for Reactions of Isotetralin and Isotetralin with Anthracene
for 30 Minute Reactions

J I i [I

Product Distributions, mole %
..... ' ' i i i ill i i ii ii i

CondiSons NAP 1,2-DHN 1,4-DHN TET 150 DEC
I I I I III I I I I II I

ISO

H2 51.91(1.33) 4.05(0.35) 34.13(0.89) 9.91(I. 10) 0.00(0.0) 0.00(0.00)
N2 57.47(0.18) 3.38(0.52) 32.33(0.27) 6.79(0.80) 0.00(0.0) 0.00(0.00)

ISO/ANT (1: l)
H2 63.52(0.11) 8.47(0.22) 16.11(0.13) 10.28(0.10) 0.00(0.0) 1.58(0.08)
N2 63.02(0.63) 8.74(0.15) 15.93(0.43) 10.76(0.14) 0.00(0.0) 1.51 (0.01)

J • i,, , ,,,, i

ISO/ANT (5:1)
H2 51.48(0.68) 12.13(0.29) 11.09(0.30) 22.30(0.58) 0.27(0.03) 2.69(0.12)
N2 51.37(0.35) 12.73(0.07) 12.67(0.71) 20.31 (0.25) 0.19(0.07) 2.68(0.04)

ISO/PYR (1:1)
H2 56.91(0.66) 4.27(0.05) 30.00(0.43) 7.90(0.98) 0.00(0.0) 0.89(0.06)
N2 66.17(1.86) 3.69(0.10) 22.83(1.22) 6.37(0.58) 0.00(0.0) 0.92(0.05)

, , , , ,. ,, i

ISO/PYR (5:1)
H2 57.54(1.52) 9.37(0.21 ) 12.41 (2.45) 18.60(1.27) 0.00(0.0) 2.04(0.18)
N2 48.13(0.30) 9.39(0.16) 25.75(0.44) 14.87(0.27) 0.00(0.0) 1.81 (0.09)

Reaction conditions: 380°C, 435 cpm, 30 minutes, 400 psig H2 or N2 charged at ambient conditions.

ANT = anthracene, ISO- isotetralin, NAP = naphthalene, 1,2-DHN = 1,2-dihydronaphthalene, 1,4-DHN = 1,4-
dihydronaphthalene
TET = tetralin, DEC = decalin.

Numbers it_ parentheses indicate standard deviations.



Table 2. Product Distributions for Reactions of Anthracene and Anthracene
with Isotetralin for 30 Minute Reactions

Product Distributions, mole %
iml i i ,i ii

Compound/
Conditions ANT DHA THA

I I I I Ill I II I I IIII ]

ANT

H2 88.31(1.07) 11.68(1.06) 0.00(0.00)
N2 99.53(0.76) 0.47(0.16) 0.00(0.00)

, i

ISO/ANT (l" l)
H2 25.84(1.07) 71.31(1.06) 2.83(0.10)
N2 29.51(0.49) 67.69(0,.39) 2.79(0.12)

, , , , , ,, ,,

ISO/ANT (5:1)
H 2 1.18(0.28) 98.08(0.30) 0.72(0.05)
N 2 7.90(0.71) 86.60(0.70) 5.48(0.08)

,,, ,,,,, ,, ,, i ,

Reaction conditions: 380°C, 435 cpm, 30 minutes, 400 psig H2 or N2 charged at ambient
conditions.

ANT = anthracene, DHA = dihydroanthracene, THA = tetrahydroanthracene,
ISO = isotetralin.

Numbers in parentheses standard deviations.



Table 3. Product Distributions for Reactions of Pyrene and Pyrene with Isotetralin
for 30 Minute Reactions

!,!: : ,,,, L"' ,' I,,, i , , r , I , ,

Product Distributions, mole %
, =, ,, , , , i, , , , ,, ....

Compound/
Conditions HHP THP DHP PYR

I I I - I I II I II

PYR

H: 0.00(0.00) 0.00(0.00) 0.00(0.00) 100.00(0.00)
N: 0.00(0.00) 0.00(0.00) 0.00(0.00) lO0.O0(O.O0)

ISO/PYR (l: I)

H: 0.00(0.00) 0.74(0.02) 16.60(0.72) 82.65(0.74)
N2 0.00(0.00) 0.00(0.00) 12.34(0.89) 87.64(0.89)

. .,.,,, ,., ,,,, ,

ISO/PYR (5:1)
H: 2.25(0.18) 4.56(0.23) 36,03(0.63) 57.15(0.64)
N: 2.20(0.18) 2.59(0.27) 27.80(1.21) 67.52(1.51)

..... , , , , , • ,, ,,,, ,,,,, , , ,, , ,

Reaction conditions: 380°C, 435 cpm, 400 psig H z or N 2 charged at ambient conditions.

THP = tetrahydropyrene, HHP = hexahydropyrene, DHP = dihydropyrene, PYR = pyrene.

Numbers in parentheses indicate standard deviations.
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Table 4. Product Distributions of Isotetralin with Anthracene or Pyrene
for 90 Minute Reactions

. , . .. , .., .., ,,,, , , . , .

Product Distributions, mole %
, . ,.., , , , ,, , li,rl i i, i , i . , i i, , ,, , ,, , , ,,, , i || |,i ,,|,,, ,

Conditions NAP 1,2-DHN 1,4-DHN TEl" ISO DEC
i i iii i i i i ill I lllil i i

ISO/ANT (1:1)

H2 79.81(0.59) 5.36(0.30) 0.46(0.05) 12.90(0.30) 0.00(0.00) 1.44(0.03)

N 2 81.53(0.65) 5.45(0.45) 0.40(0.07) ! 1.18(0.20) 0.00(0.00) 1.42(0.07)

ISO/PYR (5:1)

H2 5&07(0.01) 9.12(0.16) 13.91(0.70) 17.73(0.S5) 0.00(0.00) 1.13(0.02)
N 2 52. 87(0.56) 9.07(0.07) 20.30(0.60) 16.52(0.89) 0.00(0.00) 1.20(0.09)

Reaction conditions: 380°C, 435 cpm, 90 minutes, 400 psig H 2 or N 2 charged at ambient conditions.

ANT = anthracene, PYR = pyrene, NAP = naphthalene, 1,2-DHN = 1,2-dihydronaphthalene,
1,4-DHN = 1,4-dihydronaphthalene, TET = tetralin, ISO = isotetralin, DEC = decalin.

Numbers in parentheses indicate standard deviations.

__,nuu,v.m_ 18
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Table 5. Product Distributions of Isotetralin with Anthracene or Pyrene
for 90 Minute Reactions

J "" ,,, ill1 i , :_ iL: ii i , i i i ill i i i i ii j _

Product Distributions, mole _,

Compound/
Conditkms OHA THA DHA ANT

ISO/ANT (1:1)

H2 0.t30(0.00) 6.64(0.31) 75.84(0.82) 17.49(0.61)
N= 0.013(0.00) 5.23(0.25) 66.18(0.10) 28.57(0.20)

HHP THP DHP PYR

ISO/PYR (5:1)

H2 2.51 (0.37) 4.36(0.28) 35.98(0.28) 57.14(0.52)

N2 2.31(0.16) 3.05(0.33) 30.04(0.76) 64.27(1.24)

Reaction conditions: 380°C, 435 cpm, 90 minutes, 400 psig H2 or N2 charged at ambient
conditions.

ANT = anthracene, DHA = dihydroanthracene, THA = tetrahydroanthracene,
OHA = octahydroanthracene, HHP = hexahydropyrene, THP = tetrahydropyrene,
DHP = dihydropyrene, PYR = pyrene, ISO = isotetralin.

Numbers in parentheses indicate standard deviations.



Table 6. Percent Hydrogenation of Aromatics Obtained in Reactions with
Hydrogen-Rich Species

i

' _",' , ,.,,, ,, , ,, ,,, J,|'l,' ,' _ '" .,,,, ,,T,,".i ' , ,,, ,,_,_ 'I , ......... I I' II llfllll

Percent Hydrogenation, %

Condition H_ N2
il II Ill illll l[ I I I I I

HHA/PYR (1:1) 13.59(0.23) 8.14(0.84)

HHA/PYR (5:1) 30.35(0.97) 10.40(2.48)

DHA/PYR (1:1) 2.46(0.18) 1.63(0.85)

DHA/PYR (5:1) 11.27(0.35) 8.58(2.17)

VET/ANT (1:1) 4.53(0.26) 0.25(0.05)

TET/ANT (5:1) 4.45(0.25) 2.64(0.15)

VET/PYR (1:1) 0.00(0.00) 0.00(0.00)

TET/PYR (5:1) 0.41(0.09) 0o16(0.01)

ISO/ANT (1:1) 19.24(0.27) 18.32(0.14)

ISO/ANT (5:1) 24.88(0.07) 24.39(0.18)

ISO/PYR (1: I) 6.02(0.25) 4. l 1(0.30)

ISO/PYR (5:1) 17.30(0.27) 13.20(0.75)

PHP/ANT (1:1) 3.07(0.27) 0.45(0.17)

PHP/ANT (5:1) 3.97(0.41) 0.60(0.04)

For calculation, octahydroanthracene was considered the most hydrogenated liquid product

for anthracene and hexahydropyrene was the most hydrogenated product for pyrene.
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Table 7. Percent Hydrogenation of Isotetralln with Anthracene or Pyrene
at 30 and 90 Minutes

,_,',, , , , i i _ , ,, , , i i , i ,, i, i , _H ii _

.... Percent Hydrogenation, % ,

Time System H_ N2
II I I I' li IHI I

30 ISO/ANT (1"1) 19.24(0.27) 18.32(0.14)
,,, , ,

90 ISO/ANT (1"1) 22.28(0.12) 19.17(0.08)
, , ,, ,, , ,

30 ISO/PYR (5:1) 17.30(0.27) 13.20(0.75)
, ,, , ,, ,

90 ISO/PYR (5:1) 17.42(0.50) 14.47(0.63)
: ,, ,, , ,..,. ,
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Table 8. Product Distributions for Thermal and Catalytic Reactions of Perhydropyrene with Benzophenone at 440°C

Product Distributions, mole %
" iiii ii ii i ii i ,i i ,ii ,,, , i i, ,, ii , , ,, , ,, l i , , , , ,, ...... ,,, ,, ,,,

Compoumd/Comlifio_ BEN DPM PHP HHP PYR

PHP/BEN

N= (400 psi) thernml 98.78(0.47) 1.21 (0.46) 99.70(0.07) 0.29(0.07) 0.00(0.00) _,
N= (400 psi) catalytic 95.15(1.16) 4.84(I. 15) 99.06(0.06) 0.74(0.04) 0.19(0.03)

N=(1250psi) therm.l 99.28(0.06) 0.71(0.05) 99.55(0.02) 0.44(0.03) 0.00(0.00)
N2 (1250 psi) catalytic 94.78(0.15) 5.20(0.15) 98.88(0.10) 0.85(0.07) 0.25(0.04)

H2 (400 psi) thermal 91.18(0.69) 8.81(0.69) 99.95(0.06) 0.05(0.06) 0.00(0.00)
H=(400 psi) catalytic 83.56(0.76) 16.43(0.76) 99.35(0.16) 0.64(0.15) 0.00(0.00)

H, (1250 psi) thermal 81.78(0.63) 18.21(0.62) 99.62(0.03) 0.37(0.03) 0.00(0.00)
H2 ( 1250 psi) catalytic 69.79(1.27) 30.20(1.27) 99.28(0.03) 0.64(0.03) 0.06(0.01)

,m i ,,, ,

Reaction conditions: 440°C, 435 cpm, 400 or 1250 psig H2 or N2 charged at ambient conditions.
BEN = benmphenone, DPM - diphenyimethane, PHP = perhydropyrene, HHP = hexahydropyrene, PYR = pyrene.
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Table 9. Product Distributions for Thermal and Catalytic Reactions of Perhydropyrene with Anthracene at 380°C

Compound/Conditions ANT DHA PHP HH P
I I I I I

PHP thermal

H2 100.0(0.0) 0.0(0.0) 0.0(0.0)
N2 100.0(0.0) 0.0(0.0) 0.0(0.0)

i

PHP 2000 ppm
H2 100.0(0.0) 0.0(0.0) 0.0(0.0)
N2 I00.0(0.0) 0.0(0.0) 0.0(0.0)

ANT thermal

H2 88.31 ( 1.07) 11.68( 1.06)
N 2 99.53(0.76) 0.47(0.16)

ANT 2000 ppm
H2 83.33(1.50) 16.66(1.50)
N2 98.12(0.58) 1.87(0.57)

PHP/ANT (1 •1) thermal
H2 87.66(1.10) 12.32(1.10) 99.26(0.73) 0.0(0.0) 0.73(0.78)
N2 98.16(0.66) 1.82(0.67) 99.22(0.13 ) 0.0(0.0) 0.77(0.14)

PHP/ANT (1:1) 2000ppm
H2 80.65(2.11) 19.33(2.11) 97.20(0.02) 1.92(0.06) 0.86(0.06)

N2 96.17(0.06) 3.82(0.06) 97. !4(0.07) 2.39(0.71) 0.46(0.06)
,, i ,

PHP/ANT (5: !) thermal
H_ 84.11(1.6"7) 15.88(1.67) 99.90(0.01) 0.0(0.0) 0.10(0.01)
N2 97.46(0.81 ) 2.53(0.82) 98.61 (0.17) 0.0(0.0) 1.38(0.18)

PHP/ANT (5:1) 2000ppm

H2 55.55(2.41) 44.44(2.41 ) 99.12(0.12) 0.78(0.11) 0.08(0.01)
N2 82.36(0.37) 17.64(0.34) 98.85(0.16) 0.95(0.13) 0.19(0.07)

. ,. . ,, ,

Reaction conditions: 380°C, 435 clml, 400 psig H2or N2 charged at ambient conditions. Reactions were performed thernudly and catalytically.
Catalytic reactions contained 2000 ppm of sulfur introduced as thioplumol.
ANT = anthracene, DHA = dihydroanthracene, HHP = bexahydropyrene, PYR = pyrene, HHP - hexahydropyrene.
Numbers in parentheses represent standarddeviations.
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Table 10. Product Distributions for Thermal and Catalytic Reactions of Perhydropyrene with Anthracene at 440°C
,,, ,, , , , • , II II I I III I II I

Cmm_oumd_omdNio_ ANT DHA THA OHA F_P _ Iql
i II III II I I I I I i

I_IP tScrmmd
I._ 1oo.o_o.o) o.o(0.o) o.o(o.o}
N, 100.0_0.0) 0.0(0.0) 0.O(0.0)

,,, • ,el

PHP 2000 ppm
14, Ioo.o(o.o) o.o(o.o) o.o(o.o)
N, 100.0(0.0) 0.0(0.0) 0.0(0.0)

ANT d_nmml
1_ 43.5o(o.78) 54.o4(0.84) 1. t1(0.05) 1.32(0.03)
Nz 99.32(0.08) 0.67(0.08) 0.0(0.0) 0.0_0.0)

,6_ 2_wJ0plpm
39.28(1.34) 57.50(1.25) 2.23(0.08) 0.97(0.0)

N2 98.50(0.14) !.49(o. 14) o.o(o.o) o.o(o.0)

PHP/ANT (1: !) dzmml
14z 37.97(2.68) 61.76(2.56) 911.96(0.62) 0.95(0.69) 0.00(0.16)
N_ 98.79(0.17) 1.19(0.17) 98.20(0.29) 0.79(0. !5) 1.00(0.22). . ., ,

PHP/ANT (!:1) 2000 ppm
141 40.29(0.77) 59.70(0.76) 97.31(0.16) 2.67(0.16) O.O(NO.O0)
Nz 94.07(0.17) 5.91(0.50) 97.84(0.91) 1.69(0.58) 0.45(0.53)

PHP/ANT (5: i) d_

Ht 38.12(0.65) 61.87(0.65) 99.48(0.11) 0.45(0.12) 0.05(0.01)
N_ 89.57(0.76) 10.41(0.76) 99.37(0.10) 0.55(0.07) 0.07(0.05)

PHP/ANT (5:1) 2000 ppm
41.9SI.2_ 58.0_1.30) _._0.05) 0.51(0.02) 0.0q0.0_)

Nz 86.99(0.91) 13.00(0.90) 99.05(0.19) O.lO(O.19) O.14(0.01)
,,,=,,,, ,. , ' ', .i ' " ii . .

ileactiom condi6em: 440"C,435qlm, 4001_ I'[1of Nzchmledmmnbi_teomdiliom. P4tc6muwenpefformedllzoml_ midcMalyiimily.
_ nactiom oootak_ 2000 ppm mdfw inuod_ m _
ANT = aodmmcme.DXA - dibyd_.THA - smzi53_.OHA - oc_hydfmnd_-aceme,PELP= pe_ydrqpyrme.HHP = heudhydfolpyleo_PYR" pyeme
Numbm _, p.mmdm,_ nap,umt,,mhml d_,mSom.
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Table 11. Definitions of Calculated Terms

Percent Hydrogenation

Moles of hydrogen required to achieve the liquid products as a percentage of the moles of hydrogen
needed to produce the most hydrogenated product.

Calculation of Moles of Hydrogen Used by a Hydrogen Acceptor

(Moles of hydrogen accepted by the hydrogen acceptor) = (moles of product x moles of hydrogen
used)

Calculation of Moles of Hydrogen Released from Hydrogen Donor

(Molesof hydrogen released from the hydrogen donor) = (hydrogen released from the hydrogen donor
- hydrogen used by the hydrogen donor) = (moles of product x moles of hydrogen released) - (moles
of product x moles of hydrogen used)

Calculation of Hydrogen Efficiency

Hydrogenefficiency = (moles of hydrogenaccepted by the hydrogen acceptor) divided by (molesof
hydrogen released by the hydrogen donor)

Calculation of the Amount of Gaseous Hydrogen that was Accepted by Hydrogen Acceptor

I. Amount of hydrogen accepted that came from gaseous hydrogen = moles of hydrogen accepted
by hydrogen acceptor - moles of hydrogen released from the donor.

II. Amount of hydrogen accept_ that came from gaseous hydrogen = moles of hydrogen accepted
by hydrogen acceptor under a hydrogen atmosphere - moles of hydrogen accepted by hydrogen
acceptor under a nitrogen atmosphere.



Table 12. Percent Hydrogenation of Thermal and Catalytic Reactions of
Perhydropyrene with Anthracene

I _ rl" Pi,, III I _ _ ' _._ml _T' I II I I I III II

H2
380 °c Thermal

PHP/ANT (1"1) 3.08(0.28) 0.46(0.17)
PHP/ANT (5:1) 3.97(0.42) 0.63(0.02)

380°C Catalytic

PEP/ANT (1:1) 4.83(0.53) 0.96(0.14)
PEP/ANT (5:1) 11.11(0.60) 4.40(0.09)

4400C Thermal

PHP/ANT (1:1) 15.44(0.64) 0.30(0.04)
PHP/ANT (5:1) 15.47(0.16) 2.60(0.19)

440°C Catalytic

PHP/ANT (1"1) 14.93(0.19) 1.48(0.13)
PHP/ANT (5' 1) 14.51 (0.33) 3.25(0.22)

PHP = Perhydropyrene ANT = Anthracene



Table 13. Moles of Hydrogen Released from the Hydrogen Donor

Moles of HydrogenReleasedx 10_

H_Atmosphere N2 Atmosphere

3800C Thermal

PHP/ANT (1"1) 0.27(0.02) 0.28(0.05)
PHP/ANT (5:1) 0.18(0.01) 0.25(0.02)

380°C Catalytic

PHP/ANT(1' 1) 0.75(0.01) 0.71(0.16)
PHP/ANT (5:1) 1.05(0.14) 1.44(0.22)

440°C Thermal

PHP/ANT (I"I) 0.24(0.13) 0.55(0.09)
PHP/ANT (5:1) 0.61(0.13) 0.77(0.15)

440°C Catalytic

PHP/ANT (1"1) 0.61(0.03) 0.55(0.27)
PHP/ANT (5:1) 0.67(0.08) 1.18(0.22)

= ' , ' ' ,,, i ,,,,[, , , .,. ,,, , l : , , , . , , I

PHP = perhydropyrene ANT = anthracene
;
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Table 14. Moles of Hydrogen Accepted by the Hydrogen Acceptor

Moles of Hydrogen Released x 10_
I I IIIII I I I IIIIII I I I I

H_ Atmosphere N_ Atmosphere

3800C Thermal

PHP/ANT (1:1) 0.69(0.05) 0.10(0.03)
PHP/ANT (5:1) 0.88(0.09) 0.14(0.00)

380°C Catalytic

PHP/ANT (1:1) 1.09(0.11) 0.21 (0.03)
PHP/ANT (5:1) 2.49(0.13) 1.00(0.00)

440 °C Thermal

PHP/ANT (1"1) 3.46(0.14) 0.06(0.00)
PHP/ANT (5"1) 3.46(0.03) 0.58(0.04)

4400C Catalytic

PHP/ANT (1"1) 3.34(0.07) 0.33(0.02)
PHP/ANT (5" I) 3.27(0.09) 0.72(0.05)

i f i ' i , , i ' i ,,,,,,,i i ill "'"r"

PHP = perhydropyrene ANT = anthracene



Table 15. Hydrogen F.Mielency

IlIIIIIIIII Ill I I I I I I I I I I I I - -- II III I I I L

............... Hyd,,r°g_,Efficiency .......

H_Atmosphere N2,AtmOSphere
380°C Thermal

PHP/ANT (I: I) 2.57(0.22) 0.35(0.09)
PHP/ANT(5'I) 4.91(0.84) 0.57(0.07)

380°C Catalytk

PHP/ANT (1"1) 1.44(0.18) 0.31(0.91)
PHP/ANT (5"1) 2.38(0.28) 0.70(0.12)

440°C Thermal

PHP/ANT (l'l) 19.31(14.13) 0.13(0.04)
PHP/ANT (5'l) 5.88(1.27) 0.78(0.15)

4400C Catalytic

PHP/ANT(1"1) 5.48(0.30) 0.77(0.49)
PHP/ANT (5"1) 4.91(0.55) 0.64(0.17)

PHP = perhydropyrene ANT = anthracene
Hydrogen efficiency = moles of hydrogenused by the ,hydrogenacceptor

moles of hydrogen relea.q_ by the hydrogen donor



Table 16. Moles of Hydrogen from Gaseous Hydrogen

I IIIIII II I I III I II I II L IIII I

Definition I (moles x 104) Definition 2 (moles x 10¢)
H_ H2

.................... i ii liil lil

3800C Thermal

PHP/ANT (1:1) 0.41(0.05) 0.59(0.08)
PHP/ANT (5"1) 0.70(0.10) 0.74(0.09)

i

380°C Catalytic

PHP/ANT (1:1) 0.32(0.12) 0,88(0.14)
PHP/ANT (5"1) 1.43(0.12) 1,49(0.13)

4400C Thermal

PHP/ANT(1"1) 3.21(0.27) 3.40(0.14)
PHP/ANT (5"1) 2.85(0.13) 2.88(0.07)

440"C Catalytic

PHP/ANT (1"1) 2.73(0.03) 3.01(0.09)
PHP/ANT (5' 1) 2.58(0.04) 2.55(0.14)

PHP = perhydropyrene ANT = anthracene
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Figure i. Mole Percent of Diphenylmethane Produced from
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C1= PHP/ANT 380"C thermal C2= PHP/ANT 380"C catalytic
C3= PHP/ANT 440"C thermal C4= PHP/ANT 440"C catalytlc

Figure 2. Percent Hydrogenation of Thermal and Catalytlc
Reactions of Perhydropyrene with Anthracene



C1= PHP/ANT 380"C thermal C2= P_P/ANT 380"C cataIytlc
C3= PHP/ANT 440"C thermal C4= PHF/ANT 440'C catalytic

Figure 3. Moles of Hydrogen Released by Hydrogen Donor
during Thermal and Catalytic Reactions of
Perhydropyrene with Anthracene



C1= PHP/ANT 380"C thermal C2= PHP/ANT 380"C catalytic
C3- PHP/ANT 440"C thermal C4= PHP/ANT 440"C catalytlc

Figure 4. Hydrogen Efflclency of Thermal and Catalytic
Reactions of Perhydropyrene with Anthracene
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C1= PHP/ANT 380"C thermal C2= PHP/ANT 380'C catalytic

C3= PHP/ANT 440"C thermal C4- PHP/ANT 440"C catalytic

Figure 5: Hydrogen which came from Gaseous Hydrogen in Thermal and Catalytic Reactions

of Perkydropyrene with Authiacene (definition one)
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Figure 6: Hydrogen which came from Gaseous Hydrogen in Thermal and Catalytic
Reactions of Perkydropyrene with Authracene (definition two).
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