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Introduction

Duringthe months of April and May, 1992, experimental workon Task I, "Elucidation

of HydrogenTransfer Reactions in Coprocessing" was completed. The research was reported

in detail in the April and May status reports. A manuscript that fully describes that work is

currently under preparation and will be included in the final report. The title of the manuscript

is "An Investigation of Hydrogen Transfer in Coprocessing Using Model Donors and Reduced

Resids." This manuscript covers work that was performed in both Task I and Task 1I of'this

contract.

During June 1992, a manuscript entitled "An Investigation of Hydrogen Transfer from

Naphthenes During Coprocessing" was prepared. This manuscript fully describes the first part

of the work that was performed on Task I in this project. The manuscript follows.
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ABSTRACT

Hydrogentransfer from naphthenesto aromatics, coal, resid, and coal plus residhasbeen

investigated at 430"12 in a N2 atmosphere. The reaction of perhydropyrene (PHI') with

anthracene (ANT) resulted in the formation of pyrene (PYR) and dihydroanthracene. The

weight percents of the products formed varied according to the initial ratio of ANT/PHP with

a minimum appearing at a 2:1 weight ratio. Increased reaction times and high ANT/PHP ratios

also yielded tetrahydroanthracene (THA). Reactions of Illinois No. 6 coal from the Argonne

Premium Coal Sample Bank:with PHP, ANT, and PYR resulted in higher coal conversion with

PHP and lower with ANT and PYR. Reactions of PHP with resid resulted in less retrogressive

reactions occurring in the resid thanwith either PYR or ANT. Apparent hydrogen transfer from

coal or resid to ANT and PYR was observed. Combining PHP with ANT or PYR with coal,

resid or coal plus resid yielded higher conversions and less retrogressive reactions. Hydrogen

transfer occurred from PHP to ANT or PYR and to the coal and resid as evinced by the

increased conversion.
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INTRODUCTION

The coprocessing of coal with petroleum residuum involves the simultaneous conversion

of coal to liquid products and the upgrading of resid to higher quality products. These two
t

feedstocks are quite different in composition with petroleum resid being hydrogen-rich with a

hydrogen to carbon (H/C) ratio in the range of 1.4 to 1.6 while coal is hydrogen deficient with

a H/C ratio of 0.6 to 0.8. The conversion of coal and the subsequent upgrading of coal liquids

requires the transfer of hydrogento coal. Many different sources of hydrogen are available to

coal duringtypical coprocessing: hydrogen from hydrogen-rich portions of the coal, hydrogen

from aliphatic, naphthenic, or hydroaromatic components in the resid, or hydrogen from the

molecular hydrogen present in the reactor. Hydrogen from hydrogen-_ich portions of coal or

from hydroaromaticcompounds in the coal is fairly labile and available for transfer; however,

the hydrogen in saturatedspecies such as naphthenesis held more tightly and is much more

difficult to donate. If hydrogen were transferredfromnaphthenic components in the resid to

coal during coprocessing, this hydrogen would provide a valuable hydrogen resource for coal

and alleviate some dependence on molecular hydrogen.

This research investigateshydrogen transfer from naphthene type structures in resid to

hydrogenacceptors: aromaticspecies, coal, and the resid itself. Previous research by Clarke

et al. (1984) hadpointed to the possibility that hydrogen transferoccurred between naphthenic

componentsand coal resulting in increased conversion of coal and formation of aromatics from

the naphthenes. In this work, a systematic set of experiments was performed using the

naphtheneperhydropyrene (PHP) reacted with the aromaticpyrene (PYR) or anthracene (ANT)

to evaluate hydrogen transfer from naphthenes to aromatics in an inert atmosphere. Reactions
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were also performed with perhydroanthracene (PHA) synthesized in our laboratory and pyrene.

Reactions were then performed with both naphthenes and aromatics with Illinois No. 6 coal from

the Argonne PremiumCoal SampleBank and with Maya resid individuallyand with the coal and

resid combinatorially. Hydrogen transfer from both the naphthene to the coal and resid and

from the coal and resid to the aromatic was examined in terms of the conversion of coal to

tetrahydrofuran (THF) solubles and the amount of resid remaining THF soluble.

EXPERIMENTAL

Materials, The chemicals used in this study included pyrene and anthracene from

Aldrich Chemical with a purity of 99% or higher and perhydropyrene also from Aldrich at a

purity of 97%. Perhydroanthracene was synthesized by hydrogenating 1.0 g of hexahydro--

anthracene at 380°C for 60 rain in the presence of 1.0 g of presulfided NiMo/AhO3. Analysis

of the synthesized perhydroanthracene by gas chromatography showed only that perhydro--

anthracene was present; no impurities were visible in the chromatogram. The coal used was

Illinois No. 6 from the Argonne Premium Coal Sample Program whose properties are given the

Table 1. The residuumused was Maya Resid from Amoco whose properties are shown in Table

2. The solvents used for the extraction analyses were toluene and tetrahydrofuran (THF) from

Fisher Scientific.

Procedure. Model compound and coprocessing reactions were conductedin small tubu-

lar microreactors of ,--20 cm3charged with nitrogen gas. The reaction conditionsfor the model

reactions were a reaction temperature of 430°C, N 2 at 400 psig introduced at ambient tempera-

ture, and reaction times of 60, 90, and 180 rain. The reactor was well-agitatedat 435 cpm.
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For the single component model reactions, 0.1 g of reactant was charged. For the binary

component model reactions, the amount of individual reactant used ranged from 0.1 to 0.6 g

with the total amount of reactants charged ranging from 0.4 to 1.0 g. Following the reaction,

the products were extracted wit},THF and analyzed by gas chromatography. The gaseous

products from the reaction were analyzed using a Varian 3700 gas chromatograph equipped with

a thermal conductivity detector and a molecular sieve column. The liquid products were

analyzed on a Varian 3400 GC using a HT-5 fused silica column from SGE and FID detection.

The internal standard method with biphenyl as the internal standard was used for quantitation.

Identification of the products was accomplished by GC mass spectrometry using a VG 70 EHF

spectrometer.

The reactions containingcoal and/or resid with model naphthene, aromatic or both were

reacted at the same conditions as the model reactions except the reactions were conducted for

60 min only. Each reactant was charged at a level of 1 g for the single component reactions;

while for the two, three, and four component coprocessing reactions the amounts charged were

2.0, 3.0, and 4.0 g, respectively. After reaction the liquid and solid products were extracted

with toluene to yield toluene solubles and with THF to yield THF solubles or THF insolubles

which were insoluble organic matter (IOM) and ash-free.

Def'mitionsfor Model Systems. The following definitionsof hydrogenation (HYD), de-

hydrogenation (DHYD) and hydrogen efficiency (HEFF) were employed for this work in order

to compare readily the resultsof the different reaction conditions. Percent HYD is defined as

the moles of hydrogen required to produce the liquid as a percentage of the moles required to

produce the most hydrogenated liquid product times 100%. The most hydrogenated prod_t
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from ANT was defined as 1,2,3,4-tetrahydroanthracene (THA). One hundred percent HYD is

defined as ANT hydrogenating to a 100% yield of THA. One hundred percent DHYD is

defined as PHP dehydrogenation to a 100% yield of PYR; thus, the percent DHYD is equal to

the percent yield of PYR. HEFF is the moles of hydrogen accepted by the acceptor to form

partially saturated species divided by the moles of hydrogen donated by the donor times 100%.

For every mole of PYR formed from PHP, 8 moles of hydrogen were donated; for every mole

of dihydroanthracene (DHA) formed from ANT, 1 mole of hydrogen was accepted; and for
i

every mole of THA formed from ANT, 2 moles of hydrogen was accepted. The amount of

hydrogen present in the product gases was the difference in the amount donated and the amount

accepted.

Definitions for Coal and Resid Systems. For this study, coal conversion is defined as

moistureandash free(mar)coal chargedminus IOM divided by maf coal charged and multiplied

by 100. Resid conversion which is that portion of resid remaining THF soluble is defined as

resid charged minus IOM divided by resid charged and multiplied by 100. Coal and resid con-

version is defined as mat"coal plus resid charged minus IOM divided by maf coal and resid

charged and multipliedby 100. Liquid to solid ratio is defined as the amount of toluene (TOL)

solublesdivided by the amount of TOL insolublespresent. Another term, degree of upgrading

(DUP) to TOL solubles which describesthe degree of upgrading or degrading of the system in

terms of the amount of TOL solubles, was defined in order to provide a comparison among the

different reactions with coal, resid, and coal plus resid. DUP is defined as the TOL solubles

in the product minus the TOL solubles in the reactant divided by the upgradable materials.

Upgradable materials are defined as maf coal for coal reactions, resid for resid reactions, and
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maf coal plus resid for the combined reaction. A positive number for DUP indicates that

upgrading occurred while a negative number indicates that retrogressive reactions took place.

RESULTS AND DISCUSSION

Hydrogen Transfer in Thermal Coprocessing

A systematic set of experiments has been performed to evaluate whether hydrogen can

be transferred directly from saturated naphthenes to coal and resid (Owens, 1991). The

experiments performed evaluated the hydrogen transfer from naphthenic PHP to aromatics ANT

or PYR and from naphthenic PHA to PYR. Both sets of reactions were performed in a N2

atmosphere. Reactions were then conducted to evaluate the reaction of PHP with Illinois No.

6 coal, the reactions of aromatics, ANT and PYR, with coal, and the reaction of the combined

system of naphthene and aromatic with coal. The same set of reactions was performed with

Maya Resid: naphthenewith resid, aromatics with resid, and naphthene and aromatic with resid.

The final set of reactions performed involved naphthene, aromatic, coal and resid. Baseline

reactions were also performed with each individual reactant to evaluate the effect of the reaction

conditions on the reactions occurring with the individual species.

Hydrogen Transfer in the Model Reactions

The model systems that were used included the binary combinations of ANT with PHP,

PYR with PHP and PYR with PHA. When reacted individually in N2 at 430°C, neither PHP,

PYR, nor AN'Treacted; however, PHA reacted, forming --20% ANT under these conditions.

For the PYR and PHP system, reactions were performed using only a 1:1 PYR to PHP weight

ratio. Only PYR and PHP were detected in the products and no hydrogen was observed in the
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product gases. Hence, no net change was observed in that reaction system. The reactions of

PYR with PHA were quite limited, because of the small quantity of PHA that was synthesized.

For the PYR and PHA system, reactions were conducted with PYR in excess using a 4:1 PYR

to PHA ratio. Although the PYR and PHA reactions formed small amounts of ANT Oessthan

10%), the yield was less than with the PHA reacted individually. Since no hydrogenated forms

of PYR were observed in the products, PYR did not readily hydrogenate under these conditions

and may even have served as an inhibitor to PHA dehydrogenation.

The initial ANT and PHI' reactions were performed with a 1:1 weight ratio of ANT to

PHP in a nitrogen atmosphere. Reactivity was observed as the production of the partially

saturated DHA from ANT and the formation of the unsaturated PYR from PHP. Hydrogen

transfer occurred in this system since the only hydrogen available was from PHP. This reactive

system was further investigated by performing three sets of experiments at 60, 90, and 180 rain

with weight ratiosof ANT to PHI' ranging from 0.14: - 10. The results from these reactions are

presented in Tables 3 through 5 where the product distribution for the 60, 90, and 180 rain

reactions are given, respectively. Hydrogen transfer occurred at all of these conditions as

evinced by the hydrogenated and dehydrogenatedproducts formed from ANT and PHI',

respectively. At 60 rain reactiontime, 10 to 12 mole % DHA was formed at low weightratios

(0.14:0.5) of ANT to PHP but decreasedby two-thirds at an ANT/PHP weight ratio of 2:1.

The amountof DHA formed increasedsomewhatto 5 and 6 mole % at higher ANT/PHPweight

ratios, but at weight ratios of 5.0 to I0.0 the product of THA was also observed. At longer

reaction timesof 90 and 180 rain THAappearedat somewhat lower ANT to PHPweightratios

and more was formed. PYR was formed from PHI' during these reactions; however, no
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partially saturatedformsof PYR were observed. The amountof PYR formed increased almost

linearly with increasing ANT to PHP ratios at all three reaction times. At the higher ANT to

PHP ratios, the hydrogendonor PHP was limited while ANT was available in excess.

The productionof THAonly occurredwhen higherconcentrations of DHA were present.

DHA has been shown to act both as a hydrogen donor and a hydrogen acceptor under

liquefaction conditions(Bermejoet al., 1990; Bedell and Curtis, 1991). A likely mechanism for

THA productionwas that DHA formed from ANT hydrogenation acted as a hydrogenacceptor

and utilized hydrogenreleased from PHP to form THA.

The productdistributions for ANT and PHP reactionsas a function of reaction time are

given in Table 6. Two nominal weight ratios of ANT to PHP, 4 and 6, were used. Reaction

times ranged from 5 to 120 rain. The amount of DHA formed increased with reaction time.

Only trace amounts of THA were formedbefore 120 min. At 120 min and at both weight ratios

THA was formed, although moreTHA was formed at the higher weight ratio. These results

correspond to those obtained in Tables 3-5. As the reaction time and weight ratio increased,

more THA was produced in the reaction system.

Figures 1 and 2 present the % HYD of ANT and the % DHYD of PHP, respectively,

as a function of the weight ratio of ANT to PHP for the 60, 90, and 180 rain reactions. The

HYD of ANT given in Figure 1 showed a dependence on the weight ratio of ANT to PHP. At

low and high weight ratios, more HYD of ANT occurred than at weight ratios of 2 to 3%. At

weight ratios of 4 or higher, depending on the reaction time, production of THA occurred which

manifested itself as an increase in the HYD of ANT. By contrast, the DHYD of PYR shown

in Figure 2 appeared to increase linearly with increasing weight ratios of ANT to PHP. The
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shortest reaction time of 60 rain on the average yielded less dehydrogenated PHP than the 90

rain reactionwhich was less than in the 180 rain reaction. Hence, the time of reaction affected

the extent of dehydrogenation of PHP. Hydrogen efficiency presented in Table 7 usually ranged

from low to high with a minimum being present at a 2:1 ANT to PHP ratio for the 60 min

reaction. Higher hydrogen efficiencies were observed at higher ANT to PHP ratios where the

stoichiometric weight ratio was approximately 6.3:1. Since PHP donates 8 moles of hydrogen

for every mole of PYR formed and ANT accepts 1 mole of hydrogen for every mole of DHA

formed, the most favorable condition for stoichiometric conversion would be an ANT/PYR

weight ratio of 6.53:1. The observed high HEFF were close to this ratio.

The product gases from the PHP/ANT reactions were analyzed, but no hydrogen was

detected. The maximum amount of hydrogen that would be produced from the complete

dehydrogenationof PHP at the largest amount of PHP charged was 4.4 x 10.2g and at the least

amount would be 7.4 x 10.3g. However, when based on the products formed the amount of

hydrogen present in the gas phase ranged from 0.0 to 2.4 x 10.3 g. Although hydrogen was

present in the product gases, particularly with the systems with low HEFF, the hydrogen could

not be detected.

These data indicate that hydrogen transfer occurred under these conditions, albeit only

a small amount of the naphthene and aromatic species reacted. These results strongly suggest

that under certain reaction conditions hydrogen transfer can occur from naphthenes to aromatic

species. This result may have important implications for coprocessing where a substantial

portion of the resid solvent is composed of naphthenic type structures and coal is composed of

aromatic species.
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Hydrogen Transfer in Coal and Resld Reactions

Hydrogen transferbetweennaphthenesand aromatics was evaluatedin the presenceof

coal and resid individuallyandcombinatorially. As with the model studies, all of the reactions

were performedthermallyin aninertnitrogenatmosphereso that hydrogentransferresultedonly

because of interactionsamongthe reactants.Twelve differentreactionsystems were employed

to evaluate hydrogentransferbetweennaphthenes and aromaticsas shown in Tables 8 and 9.

The reactionswere at leastduplicatedandthe errorobserved is presentedas standarddeviations

in these tables. In addition,Illinois No. 6 coal and Maya resid were reacted individuallyto

provide base lines for their individual conversion and reactivity under the coprocessing

conditionsemployed. It shouldbe notedthat the product distributionsin termsof TOL solubles,

THF solubles and THF insolublesaredependent upon the total numberof componentsused in

a reaction system. The productdistributionsshould only be used for comparisonamongthe set

of components with the same numberof reacting species.

Coal Reaction Systems. The binary coal systems rankedin reactivity in terms of coal

conversion to THF solublesas coal/PHP > coal/PYR > coal/ANT. The reactionof coalwith

PHP gave the highestcoal conversionof 86% as compared to the coal systems with PYRand

ANT, which yielded 38 and 14%, respectively (Table 8). Coal conversion obtainedwith coal

alone, without eithernaphtheneor aromaticpresent, was 30%;therefore,neitherANT norPYR

promoted coal conversion to any extent. In fact, ANT increased the amount of IOM present

substantially, resulting in the very low coal conversion which was less than the coal by itself,

while the coal/PYR systemgave a conversion that was only slightlyhigher than coal by itself.

The substantial increase in coal conversion in the coal/PHP system resulted in part from
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hydrogen transferfromPHP to coal as evidenced by the production of PYR during the reaction

(Table 9).

Both the amount of THF soluble and TOL solubles produced during the reaction ranked

the systems in the same order as the coal conversion (Table 8). The THF solubles were similar

for the three systems, ranging from 14 to 17.5%, but the TOL solubles varied considerably

more, ranging from 50% for the coal/ANT system to 75.5 % for coal/PHP system. Since PYR,

an aromatic, should have a higher solvating power for coal than PHP, a naphthene, the

substantially higher conversion obtained with PHP, compared to PYR must involve hydrogen

transfer. In the PHP/coal reaction, more than 10% PYR was produced (Table 9) indicating that

dehydrogenation of PHP occurred during the reaction. This PYR originated from the PHP since

the GC chromatogram of the coal reacted alone did not indicate any PYR peak. By contrast,

the coal/PYR system did not show any reaction products from the PYR (Table 9). Production

of DHA and THA in the coal/ANT system indicated that hydrogen was transferred from coal

to ANT, since the coal present was the only source of hydrogen.

The ternary systems combined a naphthene and an aromatic with coal and were reacted

under equivalent reaction conditions as the binary systems. Comparison of ternary systems

showed higher coal conversion for the system of COaI/PHP/PYR of 83% than for coal/

PHP/ANT of 73 %, although little difference was observed in their TOL-soluble or THF-soluble

yields. Lower coal conversion with ANT in the system may result from a lower solvating power

for coal than pyrene or a higher propensity for retrogressive reactions. The addition of PHP to

coal/ANT effectively blocked some of the retrogressive reactions of ANT and increased coal

conversion from 13% for the binary system to 73% for the ternary system. Substantial

m,S3:_PORT.Q_X 10



hydrogenation of ANT occurred in the coal/PHP/ANT system resulting in 19.2% DHA and

24.7% THA. More than 15% PYR was formed from PHP during the reaction (Table 9).

The ternary system of coal/PYR/PHP yielded substantial coal conversion, 83 %, which

was quite similar to that obtained for coal/Pl-IP of 86% and much greater than the coal/PYR

system of 38%. However, it is difficult to ascertain if hydrogen transfer occurred between PYR

and PHP. An equal weight amount of each reactant was charged to the reactor, but no net

change in their amounts was observed after reaction. However, the error observed in the

amounts of PYR and PHI' present after reaction was much higher than in other ternary and

binary systems, indicating some variability in the products produced and some possible changes

in the amounts of each product. The chemistry of this ternary system with PHP present was

conducive for coal conversion while the coal/PYR system was not. Hence, the presence of PHP

increased coal conversion by possibly transferring hydrogen to the system.

Resid Reaction System. The binary reactions of the model reactants with resid resulted

in a substantial effect of the different reactants on the solubility of the resid. Without added

reactants in the nitrogen atmosphere, the resid underwent substantial retrogressive reactions

causing 20% of the resid to become THF insoluble (Table 8). The addition of PI-1Presulted in

97 % of the resid remaining THF soluble which was much more than the resid reacted alone.

Neither the addition of ANT nor PYR blocked the retrogressive reactions occurring in the

nitrogen atmosphere. However, the binary system with PYR kept more of the resid THF soluble

(--86%) than did the ANT at 79%. These binary systems yielded less THF solubles but sub-
I

stantially more toluene soluble than the resid did alone. The ranking of the binary resid/model

reactantsin terms:3fmaintainingTHF and toluene solubles was resid/PHP > resid/PYR > resid/ANT.
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In the binary system, PHP transferred hydrogen to the resid with 7% PYR being formed

(Table 9). In the resid/PYR system, neither the resid nor PYR showed any reactivity. But in the

resid/ANT system, ANT underwent substantial hydrogenation, accepting hydrogen from resid

and forming both DHA and THA at 13.4 and 3.8%, respectively. The amount of the hydro-

genated products present showed some variability in the two replicate reactions, but regardless,

even in the reaction with the lower extent of reaction, more than 13% hydrogenated products

were formed. Of the three binary resid reactions, the resid/ANT yielded the least amount of

toluene solubles, intemediate amount of toluene solubles and the most THF solubles. The resid,

in releasing some of its hydrogen to ANT, underwent changes that resulted in less THF

solubility.

Ternary systems involvingresidhad similar resid conversions of 97 %for resid/PHP/PYR

and 98% for resid/PHP/ANT. These conversions were nearly equivalent to resid conversion

obtained with the binary system of resid with PHP. Hence, regardless of the aromatic additive

in the ternary system, addition of PHP to resid enha_ced resid upgrading in the nitrogen atmos-

phere andhelpedto inhibit retrogressive reactions. The amount of toluene and THF solubles pro-

duced during thesereactions werequitesimilar (Table 8). In resid/ANT/PHP reactionmore than

30% of ANT hydrogenated yielding 17.4% DHA and 16.1% THA as products (Table 9). More

than 10% PYR was produced. The HEFF for this ternary system was quite high at 60.6% com-

pared to the binary at 49.7% and quaternary system with resid/coal/ANT/PHP at 22.0%. Since

ANT accepted --60% of the hydrogen released by PHP, 40% of hydrogen released was available

to the resid. The resid/PYR/PHP system, however, showed no net change in the quantity of

PYR and PHP present, although substantial variability in these quantities was observed.
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Coal Plus Resid Reaction System. Quaternary mixtures of resid/coal/PHP and PYRor

ANT yielded similar coal conversions as the ternarysystem although reaction with ANT did

increasesomewhat (Table 8). The amount of TOL and THF solubles present in both quaternary

reactions was quite similar. Substantial hydrogenation of ANT to DHA at 14.0% and THA at

21.5 % occurred while 30% PYR was produced (Table 9). ANT only accepted 22 % of hydrogen

released by PHP thereby leaving substantial hydrogen for uptake by coal and resid. In the

i quaternarysystems with PYR and PHP, no net change in weight percents of PHP and PYR pre-

sent after reaction was observed; however, a large variability in the quantifies was again

observed, which leaves open the possibility that some hydrogen transfer occurred during these

reactions.

Degree of Upgrading. The effect of different added species on the system performance

was evaluated by comparing the degree of upgrading, percent DUP, _curring in each system

(Table 8). The highest degree of upgradingoccurred in coal systems in which PHP was present

and the lowest with ANT present. Likewise, the least amount of degrading occurred in those

resid systems that contained PHP and the most with ANT present. However, for the ternary

systems with eithercoal or resid with PI-1PandPYR or ANT, very little difference was observed

between DUP with PYR or ANT. For reactions with both coal and residuum, combined with

either PYR or ANT, PYR had a slightly positive effect on the system compared to ANT.

SUMMARY AND CONCLUSIONS

The hydrogen donor and accepter ability of both coal and resid has been demonstrated

in this study. In a nitrogen atmosphere and when no other donor was present, both coal and
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resici transferredhydrogen to anthracene, yielding partially saturated products. Reactions of

perhydropyrenealone resulted in no conversion but perhydropyrenereleased hydrogen when

reacted with hydrogenacceptors in a nitrogen atmosphere. Hence, a hydrogen acceptor was

required in order for PHP to act as a donor. Hydrogen transfer from perhydropyrene to

aromatics, coal, and resid occurred as shown by their respective conversion and the formation

of pyrene. Differencesin the relative reactivityof anthracene and pyrene were observed in the

model studies. Anthracene accepted hydrogen readily and quickly from whatever source

(perhydropyrene,coal, or resid)was available while pyrenewas nearly unreactive. Hence, those

coals and/orresidswith reactive structuressuch as anthracene can readilyparticipate in hydrogen

transferreactionswhile those coal or resid materials that primarily contain nonreactive or stable

species like pyrene may not participate as readily in hydrogen transfer reactions. Under the

conditions employed in this study, hydrogen transfer was observed from the naphthene

perhydropyreneto an aromatic anthracene, to Illinois No. 6 coal and to Maya resid.
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Nomenclature

ANT = anthracene IOM = insoluble organic matter
DHA = dihydroanthracene PHP = perhydropyrene
DHYD - dehydrogenation PYR = pyrene
HEFF = hydrogen efficiency THA -- tetrahydroanthracene
HYD = hydrogenation DUP = degreeof upgradingtotoluene
PHA -- perhydroanthracene solubles
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Table 1. Properties Illinois No. 6 Coal

Moisture, % 8.0
|Ash, % 15.5
[Volatile Matter, % 36.9

Bl_tu 10999, % 77.7

i H,_ 5.0
I o,% 13.7
I s, St 4.9
__ __ tl I,,ll ",, '' ,,i ,;,

Table 2. Properties of Maya Resid

i, ,: l, : '" , ,, '"_, , ,',, ' J

Source of Resid Mexico
Specific Gravity, g/cm3 1.0535
RamsbottomCarbon, wt% 26.38

C, wt% 83.7
H, wt% 9.8
S, wt% 5.4
N, wt% ND"
Ni, ppm 118
V, ppm 680

Hexane Solubles, wt% 71.8
Hexane Insolubles, wt% 28.2
Toluene Insolubles, wt% 0

, ., , , .,,., ." , --

• ND --. not detected.
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Table 3. Product Distribution for 60 Minute Anthracene
and Perhydropyrene Reactions

ANT/PHP Product Distribution (mole %)
Weight .................................
Ratio ANT* DHA THA PHP PYR _II II I I I II II lall i i I I i

0.14 87.2 12.8 0.0 99.7 0.3
0.17 86.7 13.3 0.0 99.7 0.3
0.17 86.6 13.4 0.0 100.0 0.0
0.17 87.8 12.2 0.0 99.9 0.1
0.21 89.2 10.8 0.0 100.0 0.0
0.24 89.0 11.0 0.0 99.8 0.2
0.25 90.5 9.5 0.0 99.8 0.2
0.32 90.6 9.4 0.0 99.3 0.7
0.33 88.3 11.7 0.0 99.5 0.5
0.50 89.9 10.1 0.0 98.8 1.2
0.51 93.1 6.9 0.0 98.8 1.2
0.55 93.0 7.0 0.0 98.8 1.2
0.56 92.1 7.9 0.0 98.9 1.1
1.01 93.7 6.4 0.0 97.2 2.8
1.03 94.9 5.1 0.0 98.4 1.6
1.05 94.0 6.0 0.0 98.1 1.9
1.91 95.3 4.7 0.0 97.1 2.9
2.02 96.1 3.9 0.0 96.6 3.4
2.02 96.7 3.3 0.0 97.1 2.9
2.10 95.7 4.3 0.0 97.0 3.0
3.56 96.1 3.9 0.0 98.0 2.0
4.26 96.6 3.4 0.0 98.5 1.5
4.99 94.3 5.7 trace 93.0 7.0
5.02 91.9 6.6 1.5 93.7 6.3
5.89 94.7 5.3 0.0 94.3 5.7
5.94 94.6 5.4 trace 90.3 9.7
6.00 93.9 6.1 trace 89.7 10.3
6.20 93.3 6.7 trace 92.4 7.6
6.36 91.7 6.3 2.0 90.8 9.2
6.54 94.0 5.0 1.0 92.3 7.7
8.16 91.5 6.1 2.4 87.9 12.1
9.25 95.0 4.2 0.8 92.8 7.2
9.98 93.2 5.3 1.5 86.3 13.7

,,,, ' , ,_,,,, ,,,,,, ,,.

° ANT = anthracene; DHA = dihydroanthracene;THA = tetrahydroanthracene
PHP = perhydropyrene;PYR = pyrene



Table 4. Product Distribution for 90 Minute Anthracene

and Perhydropyrene Reactions
, i |, , i ,,,i ,, , •,

ANT/PHP Product Distribution (mole %)
......... !

Weight ...........................
Ratio ANT* DHA THA PHP PYR

I i I i lil ii i I II IIII II I I

0.52 93.5 6.5 0.0 98.4 1.6
0.53 93.5 6.5 0.0 100.0 1.0
0.53 92.1 7.9 0.0 97.9 2.1
1.02 94.9 5.2 0.0 97.5 2.5
1.02 95.3 4.7 0.0 97.1 2.9
1.03 94.5 5.5 0.0 97.8 2.2
1.06 92.9 7.1 0.0 97.8 2.2
1.93 93.3 6.7 0.0 97.0 3.0
2.02 96.7 3.3 0.0 96.6 3.4
2.06 95.7 4.3 0.0 96.5 3.5
3.97 96.1 3.9 0.0 92.2 7.8
4.53 93.6 5.2 1.2 94.5 5.5
4.99 91.9 6.1 2.0 87.2 12.8
5.52 90.3 7.5 2.2 91.2 8.8
6.50 92.1 5.5 2.4 83.3 16.7
7.10 95.7 3.2 1.1 89.5 10.5
8.00 91.5 6.0 2.5 86.8 13.2
8.52 96.8 3.2 0.0 94.1 5.9

Table 5. Product Distribution for 180 Minute Anthracene

and Perhydropyrene Reactions

ANT/PHP Product Distribution (mole %)

Weight .........
Ratio ANT" DHA THA PHP PYR

i I I liB Ili

0.51 89.6 10.4 0.0 98.1 1.9
2.08 96.3 3.7 0.0 93.7 6.3
3.00 96.7 3.3 0.0 95.5 4.5
3.94 93.1 5.4 1.5 94.0 6.0
5.26 95.9 4.1 0.0 89.9 10.1
6.52 93.4 5.4 1.2 93.1 6.9
6.97 85.8 9.0 5.2 78.8 21.2
7.54 87.8 8.3 3.9 76.5 23.5
8.52 91.3 6.9 1.8 83.9 16.1

, ,,, ....

' ANT = anthracene; DHA = dihydroanthracene; THA = tetrahydroanthracene
PHP = perhydropyrene; PYR = pyrene
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Table 6. Product Distributions for Anthracene and Perhydropyrene Reactions
at Different Reaction Times"

Reaction ANT/PIIP Product Distribution (mole %)
Tune Weight .................
(min) Ratio . AN'I* DHA THA PHP FYR

'_ nl I II

5 4.00 97.3 2.7 0.0 100.0 0.0
5 6.11 98.0 2.0 0.0 1043.0 0.0

15 3.95 97.0 3.0 0.0 100.0 trace
15 6.13 96.4 3.6 0.0 I00.0 trace
30 3.99 95.4 4.6 0.0 I00.0 trace
30 5.26 95.8 4.2 0.0 100.0 trace

120 4.53 92.3 6.5 1.2 93.4 6.6
120 6.52 89.3 7.3 3.4 85.0 15.0

• Reaction Conditions: 430°C, 60 minutes, N2 atmosphere.

b ANT = anthracene; DHA = dihydroanthracene; THA = tetrahydroanthracene
PHP = perhydropyrene; PYR = pyrene
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Table 7. Hydrogen Efficiency as a Function of Anthracene
and Perhydropyrene Weight Ratio

, ,_.... ,,, , , ,,, , ,

ANT/PHP' Hydrogen ANT/PHP Hydrogen ANT/PHP Hydrogen
Weight FdTickncy Weight Efficiency Weight Efficiency
Ratio 60 Minutes Ratio 90 Minutes Ratio 180 Minutes
l I lI III IIIIII I I l III

0.14 - 0.52 33.6 0.51 41.7
0.17 - 0.53 41.7 2.08 21.2
0.17 - 0.53 28.4 3.00 30.1
0.17 - 1.02 27.0 3.94 62.9
0.21 - 1.02 19.4 5.30 34.3
0.24 1.03 33.9 6.52 85.9
0.25 - 1.06 35.3 6.97 90.4
0.32 60.6 1.93 45.6 7.54 87.4
0.33 116.0 2.02 41.3 8.52 81.6
0.50 46.0 2.06 46.0
0.51 38.1 3.97 33.0
0.55 35.7 4,53 81.1
0.56 40.2 4.99 72.2
1.01 31.2 5.52 llO.O
1.03 51.1 6.50 74.5
1.05 55.0 7.10 54.2

1.91 33.3 8.00 108.2
2.02 28.5 8.52 59.1
2.02 27.5
2.10 44.9

3.56 95.6
4.26 137.9
4.99 104.2
5.02 105.5
5.89 73.4
5.94 76.1
6.00 88.2
6.20 125.6
6.36 106.5
6.54 83.2
8.16 111.3
9.25 111.3
9.98 104.0

......

• ANT = anthracene; PHP = perhydropyrene.
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Table 8. Coal and Resid Reaction Products from Thermal Coprocessing Reactions"

i i i _ ,, . _ _ Ill _ I Ill 11 I

TOL THF Degree of Liquid to
• Solubles Solubles IOM Converison Upgrading Solid

System (_) (%) (5,) (5) (%) Ratio
I I I I III [ I I I I II II II III I I III

Coal/PHP 75.5-1-2.2 c 17.5+0.7 7.0+ 1.5 85.8-1-3.2 24.0±3.4 3.1
Coal/ANT 50.0-l-3.1 14.0+ 1.7 36.0± 1.3 13.4±7.3 -9.0± 1.1 1.0
Coal/PYR 58.4± 1.6 15.2±2.7 26.4± 1.1 38.3-1-3.7 7.6±4.6 1.4

i i. i i am m i ,,., i ul, i

CoaFANT/PHP 83.8± 1.0 8.2+0.9 8.05:0.1 73.0± 1.3 26.8± 19 5.2
CoaL/PYR/PHP 87.7± 1.3 7.1 ±0.7 5.2 ±0.5 83.4± 1.2 29.1 ±8.7 7.2
,, , , .. |.

Resid/PHP 92.3±0.3 6.2±0 1.5±0.2 97.4-1-0.5 -47.6± 1.9 12.0
Resid/ANT 77.8± 1.0 9.4-1-0.2 12.8±0.8 78.7-t- 1.7 -69.1 ±2.8 3.5
Resid/PYR 79.5±3.6 12.6±3.2 7.9±0.5 85.5± 1.3 -55.4±4.1 4.0

Resid/ANT/PHP 96.1 ±2.1 3.0±2.1 0.9±0.1 97.6 -46.5± 1.3 24.6
Resid/PYR/PHP 94.8 ±0.5 4.1 +0.3 1.1 ±0.2 97.1 +0.5 -45.1 ±9.7 18.4

,"'L "

Resid/ANT/PHP/Coal 83.1 ± 1.2 6.9±0.9 10.0±0.4 80.6+0.1 -6.4±6.5 5.0
Resid/PYR/PHP/Coal 85.5±0.8 6.5±0.5 8.0±0.4 83.6±0.9 6.7-1-18 5.9

Coal 4.0± 1.6 31.2±0.7 64.8±2.3 30.4±3.8 4.3± 1.7 0.4
Resid 43.8 35.2 21.0 80.5 -61.8±2.4 0.8

._ .......... JL i

• Reaction Conditions: 430°C, 60 minutes, N2 atmosphere
b ANT = anthracene; PHP = perhydropyrene; PYR = pyrene
c Standard deviations
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Table 9. Reactive Products From Model Donor and Acceptor Reactions
in Thermal Coprocessing"

|, |l ,.

Hydrogen
System ANTi' DHA THA PHP PYR F_Miciency

CoaI/PHP __c .... 89.8+2.2 10.2+2.4 NAc
Coal/ANT 89.6+0.1 d 7.3-t-0.1 3.1:1:1 .... NA
Coal/PYR ...... 100.0520 HA

Coal/ANT/PHP 56.2-1-1.0 19.2-1-2.3 24.7521.4 84.3520.9 15.7520.8 49.7
Coal/PYR/PHP ...... 55.4+8.0 44.6528.0 NA

Resid/PHP ...... 93.0+ 1.5 7.0± 1.4 NA
Resid/ANT 82.8-1-4.2 13.4:!=4.4 3.8+0.2 .... NA
Resid/PYR ........ 100.0520 NA

Resid/ANT/PHP 66.5 17.4 16. I 89.6 10.4 60.6

Resid/PYR/PHP ...... 47.8+5.3 52.4+5.4 NA

Resid/ANT/PHP/Coal 64.5+0.4 14.0520.4 21.5+0.1 69.7+ 1.5 30.3+ 1.6 22.0
Resid/PYR/PHP/Coal ...... 52.5+ 13.3 47.5-1-13.3 I_A

Coal .......... NA
Resid .......... NA

...... ,

• Reaction Conditions: 430"C, 60 minutes, N2 atmosphere.
b ANT = anthracene; DHA = dihydroanthracene; THA = tetrahydroanthracene

PHP = perhydropyrene; PYR = pyrene
None of the compound is present.

dStandard deviations.

NA = not applicable.
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