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INTRODUCTION 

coal slurry to the reaction temperature before entering the reactor chain. In practice, the 
preheater actually serves as the first reactor because significant chemical and physical changes 
t&e p!ace in the coai siurry as it heats to the reaction temperature. Investigations of these 
changes were carried out at the Fort Lewis and HRI pilot plants.'" In addition to the actual 
preheaters, microautoclave experiments were used to simulate the HRI preheater as well as the 
preheater at the Wilsonville pilot plant." These studies have shown that much of the conversion 
of the coal into initial products is complete by the time the slurry exits the preheater. 

The purpose of a preheater in a coal liquefaction plant is to raise the temperature of a 

All of the preheater studies described above were carried out in the absence of dispersed 
catalysts; the coal did not contact the catalyst until it entered the first packed-bed reactor. In 
this arrangement, the slurry was at reaction temperature when it contacted a preactivated 
catalyst. With dispersed catalysts, the catalyst precursor is added to the initial slurry and travels 
through the preheater with the coal. For the precursor used in this investigation, no work has 
been performbd which shows whether the short time in the preheater is sufficient to form an 
active catalyst. If the catalyst did activate, would it have any effect on the coal breakdown 
reactions taking place in the preheater? The purpose of this study was to look at these issues. 
Microautoclave experiments were employed in which the loadings of coal, solvent, hydrogen, 
and catalyst were similar to those used in large-scale coal liquefaction preheaters and in which 
the heat-up was performed in a manner that reasonably approximated the timdtemperature 
histories of the large units. In addition to routine microautoclave liquefaction product 
characterization procedures, extraction with N-methyl-pyrrolidone and thermogravimetric 
analysis were used to gain more insight into the reactions occurring as coal dissolves and begins 
to liquefy. 

EXPERIMENTAL 

modified to allow controlled submersion of the reactor into the heated sand bath.' This was 
accomplished by restricting the airflow to the pneumatic lift on the sand bath. A fairly 
reproducible internal timdtemperature profile was obtained that resembled the available data 
from the Fort Lewis and Wilsonville pilot plant preheaters. A comparison of these data is shown 
in Figure 1. The solids concentration of 36.6% and slurry fraction loading of 0.4 used in these 
experiments were also representative of values used in these preheaters. For the 
microautoclaves used in these experiments, 7.0 g of coal and 11.0 g of solvent were used. In 
experiments without solvent, only 7.0 g of coal was placed in the reactor. 

The reactor used in these experiments was a previously described microautoclave system 

The coal used in this study was DECS-17 (Blind Canyon) coal, a bituminous coal from 
the Penn State Sample bank. The solvent used was a coal-derived vacuum gas oil (VGO) 
produced by Exxon in its bench-scale coal liquefaction reactor; this material had a boiling range 
of 274 - 510°C and was 100% soluble in cyclohexane.6 The catalyst used in this study was a 
dispersed MoS, formed by the decomposition ofMo(CO), in the presence of H2S.' The 
precursor was added at a concentration of 1000 ppm Mo relative to the dafcoal in the catalytic 
experiments. A Iy3%H2S gas mixture was used in most experiments at a cold pressure of 7.1 
MPa (6.9 MPa hydrogen). One experiment was performed with an equivalent pressure of 
nitrogen. Also, thermal and catalytic experiments were carried out without solvent at higher 
(13.8 MPa) and lower (3.4 MPa) hydrogen pressures. 

Experiments consisted of filling the reactor then raising the temperature to 425"C, along 
the profile given in Figure 1, followed by an immediate quench. Several experiments were 
performed in which the reactor was held at 425'C for 60 minutes following heat-up before being 
quenched. The products were initially fractionated by sequential extraction with THF and 
cyclohexane. The THF-insoluble fractions were hrther fractionated using a modification of 
published NMP extraction procedures."' Small amounts (0.6-0.7 g) of the THF insolubles were 
refluxed under nitrogen with 90 ml ofNMP (BASF) for 1 hour. The solution was centrifbged at 
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500xg for 60 minutes. The supernatant was collected and the residue resuspended in 90 ml of 
fresh NMP. The refluxinglcentrifugation was repeated 4 times. The combined supernatants 
were filtered through a 5 pm Mitrex Teflon filter. The residue was washed onto the filter paper 
with acetone then the filter cake was washed with water and dried overnight in a vacuum oven. 
The liltrate was concentrated to about 20 ml volume by rotary evaporation. Acidified water 
(500 ml of 0.002 N) was then added dropwise overnight with stirring to precipitate the I"- 
soluble material. This solution was filtered through a second Teflon filter, which was then 
washed with acetone and dried overnight in a vacuum oven. 

TGA experiments were carried out on the cyclohexane-insoluble, NMP-soluble, and 
NMP-insoluble fractions using a DuPont 951 TGA. An open quartz pan was suspended from 
the end of the balance arm and filled with 10-15 mg of sample. The TGA was purged with 
nitrogen then held at 150°C to remove adsorbed water. The temperature was then raised to 
900°C at a rate of lO"C/min. At that point, air was introduced into the TGA and the 
temperature held at 900°C until a constant weight was achieved. The amount of volatile 
material in the sample was equal to the weight lost as the sample was heated to 900°C. The 
weight loss following the introduction of air represented the loss of fixed carbon from the 
sample through oxidation. The weight of the material remaining in the pan following oxidation 
was the ash content of the sample. Figure 2 shows a typical curve generated by the TGA from 
an MMP-insoluble fraction. 

RESULTS 

THF, and NMP conversion results are reported on a Yodafcoal basis. The TGA results for the 
NMP insoluble fractions are also given in Table 1. Because ofthe differences in conversions and 
the presence or absence of catalyst, there are large differences in ash contents of the NMP 
insoluble fractions. For easier comparisons the percentages of volatile matter and fixed carbon 
are reported on an ash-free basis. 

w i v a t i o n  E x o e n m  
The Mo(CO), precursor has been extensively investigated in the microautoclave system. 

Under slow heat-up conditions (approximately 1 h), hydrogen transfer to the DECS-17 coal was 
shown by a corresponding increases in THF conversion. This occurred at temperatures as low 
as 325"C, with a pronounced increase in activity at 37OOC.' These experiments were performed 
without an added solvent, which would tend to mask the effect of the catalyst. Whether similar 
activation occurs under preheater simulation conditions was addressed by performing both 
thermal and catalytic experiments, again in the absence of solvent. 

The list of experiments, conditions, and conversions is given in Table 1. Cyclohexane, 

The first series of experiments listed in the table are the 
solvent-free experiments. Hydrogen for the liquefaction reactions could only come from either 
the coal structure or the hydrogen gas phase in these experiments. Since coal conversion is 
known to be dependent on the amount of available hydrogen, the results should be dependent on 
the hydrogen pressure in the reactor if hydrogen gas is used in the reactions. For the thermal 
case, increasing (JF449) or decreasing (JF451) the hydrogen pressure in the reactor had no 
effect on conversions over the base pressure experiments (JF412, JF450). The fixed carbon 
content of the NMP insolubles was also the same in all three cases, further indicating that the 
reactions taking place are independent of hydrogen pressure. Holding the reactor at the reaction 
temperature for an additional 60 minutes (JF420) resulted in no additional conversion to NMP 
soluble material, showing that the initial coal decomposition takes place rapidly. The slower 
secondary reactions continue to take place during the additional time at reaction temperature 
with a minor increase in THF conversion and a significant increase in cyclohexane conversion. 
The fixed carbon content of the NMP insolubles increases as these secondary reactions take 
place, again showing that hydrogen from the coal structure is used in these reactions rather than 
gas-phase hydrogen. 

The corresponding set of experiments in which Mo(CO), 
was included in the reaction show much different results from the thermal set. At the base 
hydrogen pressure, experiments E413 and E447  show greater conversion to NMP, THF, and 
cyclohexane soluble products compared with the thermal experiments. This immediately 
indicates that the catalyst precursor has become at least partly active when exposed to only this 
short heat-up profile. This is important, because it shows that a preactivation step may not be 
needed for certain dispersed catalysts in large-scale liquefaction processes. The large disparity 
between the NMP and THF conversions for these two experiments carried out under identical 
conditions has not yet been resolved. 
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In  addition to determining if the catalyst was activated, the hypothesis that the role of the 
catalyst was to make gas-phase hydrogen available for the liquefaction reactions was also tested. 
This was accomplished by performing experiments at both a lower (3.4 MPa, JF448) and a 
higher (13.8 MPa, JF445) hydrogen pressure. The drastic increases in NMP and THF 
conversion in going to the higher pressure indicate that this hypothesis is probably correct, but 
the wide variance in the intermediate pressure experiments must be considered. Even at the 
lowest pressure, however, the NMP conversion is greater than those found in all thermal 
experiments. 

The presence of the catalyst continues to have an effect on conversions, as seen from the 
60-minute catalytic experiment (JF417). The NMP conversion has been affected by the longer 
reaction time showing a small increase; this was not seen in the thermal experiments. As was 
seen in the thermal 60-minute experiment, however, there is an increase in the fixed carbon 
content of the NMP insoluble fraction and greatly increased THT and cyclohexane conversions. 

One additional insight can be gained by comparing the TGA results of the thermal and 
catalytic experiments. The fixed carbon content of the NMF' insolubles was 58% f 2% 
regardless of the amount ofNM€' conversion. This shows that the volatile matter in the h" 
insolubles is not preferentially broken down into soluble product, but that the more condensed 
structures are equally reactive. 

of a P r W  
The second set of experiments listed in Table 1 are those performed using the VGO 

solvent. These experiments represent the actual simulations of a liquefaction preheater, where a 
s h y  of coal and a coal-derived solvent are in contact with a hydrogen gas phase as the mixture 
is pumped through the preheater. In an initial set of experiments, not reported in the table, the 
VGO was tested under thermal and catalytic conditions without coal present. Elemental 
analysis, average molecular weights, 'H and "C Nh4R of the treated and untreated VGO 
showed no differences, indicating that the VGO itself is not reactive under these conditions. As 
discussed below, however, there is adduction of the VGO to the coal material in some of the 
coal plus solvent experiments. 

The solvent serves as an additional source of hydrogen for the liquefaction reactions. 
The dramatic increases in NMP and THF conversions over both the thermal and catalytic 
solvent-free experiments show how important this source of hydrogen is for these reactions. 
The importance of having good hydrogen transferring solvents during the heat-up phase of the 
coal liquefaction process has long been recognized. 

Thermal experiments were carried out under three sets of conditions in 
which VGO solvent was used. The baseline preheater simulations (JF410, JF415, JF453, IF455) 
had an average of 88% conversion to NMP solubles and 68% conversion to THF solubles within 
the five minute heat-up to 425°C. Cyclohexane conversions for these experiments.are lower 
than those for the solvent free experiments, however. The reason for this is that the amount of 
VGO present is subtracted out of the cyclohexane solubles collected at the end of the 
experiment. Some of the VGO solvent adducts to larger molecular weight coal molecules, 
however, and becomes insoluble in cyclohexane. This type of solvent behavior has been 
reported before with complex  solvent^.^ 

Performing the same experiment under 6.9 MPa of nitrogen, with no hydrogen gas 
present (lF414), produces the same NMP and THF conversions. This again shows that the 
presence ofthe hydrogen gas is not important in the thermal experiments. An experiment was 
also performed holding the coal and solvent at 425°C under 6.8 MPa of hydrogen for 60 
minutes following the heat-up(JF459). A disproportionation occurs over time, with retrograde 
reactions causing a decrease in the NMF' conversion while secondary reactions increase the THF 
and cyclohexane conversions. The cyclohexane conversion, however, remains lower than that 
achieved in the solvent-free experiments held for 60 minutes due to reaction ofthe solvent with 
the coal. The NMF' insoluble material is also becoming more condensed, with the fixed carbon 
content increasing almost 20%. 

7 From the previous solvent-free results, it is presumed that the catalyst 
makes hydrogen gas more readily available for liquefaction reactions. Interestingly, however, 
this has no effect on the NMF' conversion catalytic preheater simulation experiments (TF452, 
JF454, JF456). The presence of the solvent alone provides sufficient hydrogen for this phase of 
coal dissolution. The additional hydrogen provided by the catalyst does increase the THF and 
cyclohexane conversions. The catalyst, however, does not prevent solvent adduction reactions 
because the solvent-free experiments had greater cyclohexane conversions. Fixed carbon 

. .  . 
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contents of the NMP insolubles from the catalytic and thermal experiments are the same, 
indicating that the presence of the catalyst does not change the amount of hydrogen extracted 
from the coal structure during the liquefaction reactions. 

In the 60-minute experiment with catalyst present (JF460), the retrograde reactions 
which took place without catalyst are prevented. There remains some use of hydrogen from the 
NMP insoluble material, because the amount of fixed carbon in this fraction still increases. In 
terms of conversion relative to the zero-minute experiment, there is a slight increase in the NMP 
solubles with larger increases in both the THF and cyclohexane solubles when the reaction is 
continued for 60 minutes. 

CONCLUSIONS 

experiments: 1) The initial coal breakdown reactions occur very rapidly, and 2) greater than 
90% of the total conversion for a system is achieved in the preheater. 

This study confirmed two conclusions from earlier preheater and preheater simulation 

For its own objectives, this study showed that dispersed catalyst precursor added to the 
slurry becomes active as it passes through the preheater. Experiments under different hydrogen 
pressures indicate that hydrogen gas does not participate in liquefaction reactions under thermal 
conditions, but seem to indicate that the molybdenum catalyst makes hydrogen from the gas 
phase available for these reactions. Hydrogen provided by the solvent is more easily used than 
hydrogen supplied by the catalyst, but the coal itself remains a significant source of hydrogen. 

The use ofNMP extraction to determine conversion is a valuable method for analyzing 
liquefaction results. NMP's ability to solubilize more of the coal material than THF gives 
insights into the formation and breakdown of this material. Especially important is the fact that 
no NMP-soluble material is formed above what would be produced in the preheater even after 
60 minutes of additional reaction. The occurrence of retrograde reactions is also easily detected 
by increases in the NMP insoluble material. 

The usefulness of thermogravimetric analysis to characterize solid products from the 
liquefaction reactions is also demonstrated. Determination of the fixed carbon contents showed 
that volatile material in the insoluble fraction is not preferentially converted to lighter products in 
the initial reactions. The use of hydrogen from the coal structure in the initial and secondary 
reactions was also identified through the TGA work. 

Further work needs to be performed, first to determine the cause of the large variation 
between experiments JF413 and JF447, and second to apply this analysis to coals of lower rank, 
which would be more susceptible to retrograde reactions. 
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Table I 
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Figure 1. Comparison of microautoclave heating profiles with those 
from the Fort Lewis and Wilsonville pilot plants. 
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Figure 2. TGA curve of the NMP-insoluble material from experiment 
JF456 which contained both solvent and catalyst. 
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1. INTRODUCTION 
Add-catalyzed mal depolymeiization has been widely studied as a way to liqu& coal 

under milder conditions’4. However, it is usually very di5cult to rewver completely the 
acid catalyst from solids or pioducts. HFBF,, which has been recognized as a 
BronstedlLewis superacid catalyst for Fdedd-Crafts reactions : isomerization and 
separation of m-xylene, and formylation of aromatic compounds on an industnal 
scale(hhtsubishi Gas Chemical Co., Ltd.). HFBF, mixtures m fully recoverable 
fiom the product by distillation only, and can be reused, because their boiling points are 
veiy low (HF: 19.9C, BF,: -101°C). Olah studied coal liquefaction using the HF-BF,-Hz 
system and HF-BF,-isopentane6. We also reported that HF and KFBF, in the presence of 
toluene depolymerized coal more efXaently at 100-150°C thmugh the acidcatalyzed 
transalkylation reaction of coal‘. 

In the present study, solubilization of coals of diffemt rank were carried out at 50- 
150°C in order to evaluate recyclable superacid HFBF, as catalyst for &bent 
depolymerization of coal of Merent lank via an ionic reaction. The depolymeri-zation of 
coals in the acidcatalyzed reaction process was considered in terms ofthe chemical shc tu re  
of coals and behaviors of oxygen containing functional groups. 

Table 1 Elemental analyses of the treated coals. 
Elemental analyses(wtf6 daf base) ash  

,Run  C H  N O,,, (a%) 
Yallourn 65.6 4.6 0.6 29.20 1. 3 
Taiheiyo 73.3 6.4 1.2 19. 1 13.7 
M i  i ke 82. 0 6. 7 1. 2 10. 1 14. 7 

2. EXPEIUMENTAZ, 
Yallown lignite, Taiheiyo subbituminous a n d m e  bituminous coal were used, gmund 

to a diameter of 0.25mm less and d&d in a vacuum at  110°C for 24hRable 1). The 
liquefaction was canied out in a hastelloy-C miuoautoclave of 100 ml capacity. Coal 
(5 g) and toluene or isopentane(20ml) were placed in the dry ice-methanol cooled 
autoclave. First, the reactor of autoclave was evacuated by vacuum pump; then the 
HF (0-5.82 g/gaal) and BF, (0-2.19 g/g-coal) were introduced to the coal-solvent 
slurry while dry ice-methanol cooling conhued Gaseous hydrogen (5.1 m a )  was 
introduced to autoclave after BF, when instead of toluene or isopentane. The autoclave 
was then heated to 50-150°C at a heating rate of 1.5”cm;l for 3 h under 
autogenous pressure with vigorous stining. After the reaction, gaseous HFBF,, solvent 
and volatile fraction h m  toluene in the autoclave were depressurized and absohed 
into ice-water at 90-110°C under flowing nitrogen gas (100-150 mUmin) with stirring 
(300rpm) for 2h.. The contents of the autoclave were slowly poured into cool water, and 
then were gradually neutralized with an cwl aqueous solution (5 wt%) of Na2C0,. 
The productswereflteredandwashed in water withsonication. Washing withan 
aqueous methanol solution (30-50 ~01%) was repeated 3 times in order to remove mall 
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amount of neutralized product NaF and dimer of toluene. The solid product was vacuum - 

h ied  at 110°C for 2411. Reaction conditions are summaized in Table 2. Calculation ! 
to obtain the yield ofsolubles and weight increase has been desclibed in detail elsewheitG. 

The ploducts were extracted with benzene, THF and pylidine in a sequential 
Soxldet extractor. Oxygen-containing functional groups were determined by the method 
ofHatanli et al. This determination has been desclibedin detail elsewhere'. 

Tlie '3C-CP/MAS solid-state NMR spectra were measured with a chemagnetics at 

75.58 MHZ. The following operating pamete r s  were used : a spectral width of 30 
N z ,  a 90 proton pulse of 5 )IS, an aquisition time of 34.130 ms, a pulse repetition t ime 
of 4 s and an accumulation of 4000 sons. 

3. RESULTS AND DBCUSSiGN 
3.1 Effects of reaction temperature 

The effects of itaction tempeiatuit on coals so lubht ion  in the presence of 
HFBF, (7 mol%) are shown in Figure 1. The reaction at even 50°C showed higher 
extractability than original coals. The itaction at 100°C greatly increased extractability, 
especially M e  bituminous coal could solubilize almost completely. The reaction at 150°C 
resulted in high extractability as described. Pyridine soluble yield in the treated coals at the 
lower reaction tempeiatuie of 50 and 100 "C was inaeased with increasing of carbon content 
in coal . However, the extractability of pmduct from any coal was not changed at  the itaction 
tempeitum? of 150°C. 
3.2 Effects of stabilizer 

The extractability of the pioducts treated with Mereat h d s  of stabilizer are shown in 
Figwe 2. Extractability of products from Yallourn lignite depend veiy much upon the kinds 
of stabilizer. Although it can scluhilize neruy completely by the itaction with toluene 
isopentane and hydyogen showed lower extractability such as 49 and 20 wt%, iespectively. 
Differences of extractability in the case of Taiheiyo subbituminous coal was smaller than 
Yallouin lignite. And the products from Miike bituminous mal was not signdicantly 
changed with kind of stabilizer. 
3.3 Oxygen containing functional gmups 

The distribution of oxygencontaining functional gmups in the oiiginal coals and the 
treated coals is summaized in Table 3. Oxygencontaining functional groups were divided 
into 4 gmups(mboxylic, hychuxyl, m6onyl group and Orest). Orest is mostly ascribed to 
ether groups such as Ar-CH,O-R, Ar-0-Ar and Ar-0-R. Most of the oxygen-containing 
functional groups decreased after the reaction. Decreasing of ether bonds, carboxylic 
and hydroxyl groups were increased with increasing of reaction temperatuit. This highly 
deoxygenation duiing reaction a t  150°C would be cause of high extractability of products. 
The reaction with isopentane under HFIBF, at 150 T retained more hydroxyl groups and 
ether bond in the products than did the reaction with toluene, indicating that these oxygen 
containing functional groups remained restricted extractability, leading that lower coal 
depolymeiization. In contrast. Miike bituminans coal inhenently have small amount of 
oxygen containing functional groups, and their decreasing after reaction was substantially 
small, therefore behaviouis of oxygen containing functional groups in Miike coal did not 
contribute the solubilization reaction. 

These results indicated that Miike bituminous coal comparatively easy to produce 
llighly soluble products even at any reaction conditions because of small amount of oxygen 
containing functional gmups. In contrast, Yalloum lignite which have molt mount  of their 
functional groups and its content in products depend on the reaction condition such as kind 
of stabilizer and reaction temperature. 
3.4 CP/MAS-Y! NMR sp€&a 

Table 4 summarizes the carbon distributions of original coals and treated coal fium 
the maction with HF IBF, under gaseons hydrogen. The carbon atoms were classified into 



7 categoiies as shown. Oiiginal Yallourn lignite have more aromatic carbons bound to 
oxygen (phenolic-OH), oxygen fmctional gmups C=O, COOH and other bond (-O-CH,-), but 
less methylene bridges and taminal CH, content when compared with those of Truheiyo 
subbituminous and Miike bituminous coal. After die reaction, decreasing of methylene 
biidges in the Yallouin treated coal was the lowest by less 5 %. In contrast, Taiheiyo and 
M e  coal showed more ieduction of methylene biidge. The Yalloun beatedcoal have more 
ammatic mbons bound to oxygen and oxygen containing functional groups than those of 
pioducts i?om otheis. These iesults indicated that the impiovement of exixactabhty of 
Taiheiyo and Miike coal was asciibed to the cleavage of methylene and other biidges in thtir 
coal, while lower extractability of Yalloum treated coal was caused by small cleavage of 
methylene biidge and a sigdicant amount of oxygen containingfunctional groups. 
4. CONCLUSIONS 
1. Solubilization of hgher-rank coals, Miike bituminous coal, by any reaction conditions was 
almost lugher than those of lower rank coals 
2. Solubilization of lignite, Yalloum coal, depend upon ieaction conditions, it was gxeatly 
changed by the stabilizer and reaction temperabe. 
3. The ieaction with toluene as stabilizer sigdcantly solubilized even Yalloun lignite coal 
because of more cleavage of ether groups and deoxygenation. 
5. REFERENCES 
l.Heredy,L,A andNeuwol&,M,B, 

Fuel 1962,41,21 

Table 2 Reaction condition of the treated coals. 
Temp. HF BF, solvent W1 

50 5.8 1. 10 toluene 31 
RUn ( 0 0  (9) (9) (%) 

Fuel 197G, 55, 1G2 Y -2 100 5.8 1.18 toluene 44 

2. LarsenJW. andI<uemmerle,E.W. y-l 

3. I<uniagai,H., Sllimomura,M. and y-3 150 5.8 1.26 toluene 97 

1986,13,97 Y - 5  150 5.4 1.38 y -7 

198G, 14,161 T-1 50 5. 10 1. 38 toluene 18 

Saiada,Y. Fuel Process.TectmoL y-4 150 5.8 1.24 isopentane 32 

4. Fawsiu,M. Fuel ProCess.Techno1. 

100 4.92 1.28 toluene 35 5.Olah,G.h,Bmce,M.R., Edelson, T-2 
150 5.8 1.39 toluene 71 

E.H. and HusainA Fuel 1984, T-3 
T-4 150 5.5 1.38 isopentane 24 
T-5 150 5. 82 1. 38 H2 -14 63,1130 

G. Shunizu,K. and Saito,I. Energy & 

Fuels, 1997.11, 115. M- 1 50 5.46 1.4 toluene 11 
M-2 100 5.46 1.4 toluene 9 
M-3 150 5.82 1.4 toluene 113 
M-4 150 6.06 1.25 y -3 - 

0 
65  70 75 80  85 

Carbon content(%) 

Figure 1 Eff~xt of reaction temperature on extractability 

Reaction mndition: 3 h, toluene 

of treated mal with HFiEF,. 
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Figure 2 Effect of stabilizer on extractability 
of treated coal with HF/BF,. 

Reaction condition: 150°C, 3h 

Table 3 Distribution of oxygen containing functional group i n  
original coal and the treated coals. 

Reaction conditions w t %  
Run Temp. HF BF, solvent COOH OH G.0 O,=, Total 

("0 (9) (€3 
Yallourn 4. 1 5.7 4.5 14.9 29. 2 
Y-1 50 5.8 1. 10 toluene 1.9 5.0 2 8  12.8 22 5 
Y-2 100 5.8 1. 18 toluene 2.3 2.9 4.2 '8.4 17.8 
Y-3 150 5.8 1.26 toluene 0.6 1.8 4.5 6.5 13.4 
Y-4 150 5.8 1.24 isopentane 0.8 3.9 4.5 9.0 18.0 

Taiheiyo 0. 6 5. 3 3.4 9.8 19. 1 
T-1 50 5.10 1.38 toluene 1.0 5. 1 2.8 3.7 1 2 6  
T-2 100 4.92 1.28 toluene 0.5 6. I 2.9 3.0 12 5 
T-3 150 5.8 1.39 toluene 0. 7 3.4 2.8 1.7 8.6 
T-4 150 5.5 1.38 isooentane 1.2 4.6 3.4 4.3 13.5 

Miike 0. 1 3. 3 1. 1 3.6 8. I 
M-2 100 5.46 I. 4 toluene - 1.7 1.9 3.8 7.4 
M-3 150 5. 82 1.4 toluene - 0.7 2.5 3.4 6.6 
Content of oxygen functional groups and total 
oxygen were corrected with weight increase. 
Om: ether or  ester groups 

Table 4 carbon distribution i n  original and treated coals by M .  
coorl, G O  Phenolic C-O Arc AI-H G-G- a- .a i  -(H -- -4 

(ppd (220-171) (171-149) (149-128) (128-93) (75-50) (5;-22) (22-0) 
Yallourn 7.1 12.9 17.2 27.2 9. 4 22.3 3.9 

Y-5 8.5 14.6 18.7 26.0 6.6 18.8 6.8 
Taiheiyo 4.3 8.2 15.3 24.4 7.0 34. 1 6. 7 

T-5 3.7 9.6 18.4 29.7 7.8 22.9 7.9 
Miike 4.3 8.3 15.7 24.4 5.9 325 8.9 
M-4 3.6 10.0 21. 7 31. 5 6. 5 18.6 8. 1 
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PYROLYSIS OF COAL WITH HYDROGEN ATOMS 
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Keywords: coal hydropyrolysis, hydrogen atom, low pressure 

ABSTRACT 

The reactions of coal directly with hydrogen atoms are very important for understanding the 
mechanisms of coal liquefaction and coal hydrogasification. In the present study, Taiheiyo 
coal was reacted in a low pressure TG with hydrogen atoms(induced by microwave discharge 
cavity) and hydrogen gas under a pressure range of 1.0 - 50.0 torr, and a temperature range of 
20 -lOOO“%, with heating rates of 5-20 %/min. The yields of char, gas and liquid were 
measured and analyzed by TG-MS and GC-MS respectively. The results showkd that the 
conversion of coal with hydrogen atoms was higher than that under low pressure of hydrogen 
gas. More liquid and gas products were obtained in the reaction with hydrogen atoms. It was 
observed that in the presence of hydrogen atoms, CO was more produced at a relative low 
temperature. Alkylated naphthalene compounds in the liquid yield were less produced in the 
reaction with hydrogen atoms than in the atmosphere of hydrogen gas. 

INTRODUCTION 

It is recognized that reactions of coal hydropyrolysis has a significant effect on the yield and 
distribution of end products such as coal-derived liquids, gases, coke, or pollutant emissions in 
the processes of coal liquefaction and coal hydrogasification under various conditions. In usual 
coal hydropyrolysis, thermal decomposition of coal occurs first and tar and some light 
carbonhydrogen compounds release avaround 400-500 ‘C. After the temperature is increased to 
that hydrogen decomposes, then the hydrogen atoms react with wal, coal-derived pyrolysates 
and char, yielding products with a rather wide molecular distribution. Therefore the mechanism 
in hydropyrolysis is much more complex comparing with in pyrolysis. To investigate the 
reactions of coal directly with hydrogen atoms are very important for understanding the 
mechanism of hydropyrolysis. However, the information on reaction of coal directly with 
hydrogen atoms is limited. Amano et al.’) investigated rcactions between carbonized coal and 
hydrogen atoms using a discharge flow apparatus in a temperature range of 130-250 c under 
lTorr pressure. They found that oil yielded in the presence of hydrogen atoms has a different 
composition from that in the absence of hydrogen atoms , while a similar composition with that 
of middle fraction of petroleum distillate. In their another study2’, it was found that the liquid 
products contain more monocyclic alkanes, which is rather different from the liquid products 
yielded in conventional coal liquefaction. In addition, the liquid products contain little 
compounds of heteroatoms. 

Hydropyrolysis require more detailed chemical information to predict the distribution of final 
products. Especially the reactions of coal directly with hydrogen atoms are needed to be further 
investigated under a wide conditions. The present study investigated coal reactions in the 
presence and absence of hydrogen atoms by means of vacuum TG/MS. Gas components of CH,, 
CO and C02 were quantitatively measured and their variations with temperature were observed. 
The liquid products obtained at different temperatures were analyzed and compared in different 
atmospheres. 

EXPERIMENTAL 

A vacuum thermogravimetry(TG, Rigaku, Thermo plus TG8120) was used to observe the 
variation of coal weight, as shown in Figure 1. About 4.0 mg(-100 mesh) of Taiheiyo coal was 
placed in a quartz pan(415m) which was inserted into a quartz tube reactor. The pan was heated 
from ambient temperature to 1000 “c at a linear heating rate of 5 chin. The oven temperature 
was measured and controlled at the bottom of the pan by using a thermocouple. The pressure in 
the TG balance chamber was evacuated and controlled at less than 1.0 torr by a rotary vacuum 
pump and an adjustable valve. 

Ultimate analysis data of Taiheiyo coal are 74.1 C, 6.4 H, 1.3 N, 18.0 0 (by difference), 0.2 
S(wt%, daf) and 14.2% ash(dry base). 
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Hydrogen gas was introduced to the TG chamber at a flow rate of 1.0cm3/min(standard 
temperature and pressure, STA). Hydrogen atoms were induced by passing hydrogen gas 
through a microwave discharge cavity(2450 MHz). The discharge cavity was located at an 
introduction tube which was l0cm above the quartz reactor. Total distance between the 
discharge cavity and the coal sample was about 20cm which ensured the influence of pkasma ,and 
UV from the discharge on the coal sample could be negligible. To prcvent recombination of the 
hydrogen atoms, boric acid solution was coated in the inner surface of the reactor. For 
comparison, helium gas was also used under the same conditions as hydrogen gas was used. 

The produced gas were analyzcd by a mass spectrometer(MS, Balzers QMG112A). A 
turbomolecular pump(Balzers TMH/U 260 ) was used for evacuating the MS chamber up to lo“ 
tom. MS conditions were set as follows: electron ionization voltage 70eV, mass range scanned 
1-110 amu, scan sweeping time 52s. Each spectrum smnncd was recorded and stored by 
computer t!!m.;&~ a IviS interface(VTI, Are0 Scan 1600MS/RGA). 

Argon gas at a flow rate of 0.01 cm’/min (STA) was used as internal standard. Relation 
between ion intensity and flow rate of CH,, CO and COz was calibrated. Therefore the gas 
products could be quantitatively measured through the ion intensity ratios of argon to CH,, CO 
and COz. Before the experiment began, the background ion intensity was recorded and then 
subtracted during data treatment. 

The liquid products were collected in a sample tube packed by Tenax powder. The sample 
tube was inserted in a U-tube immersed in a dryice trap. Using a flash thermal desorption cold 
trap injector, the liquid products were analyzed by a gas chromatography(GC, HP-6890). 

RESULTS AND DISCUSSION 

1) Coal conversion 

Coal weight variations with temperature in different atmospheres are described in Figure 2. It 
can be seen that the differences of weight variations in hydrogen gas, helium gas and discharged 
helium gas atmospheres are not so significant, where the weights decrease rapidly at around 
400 “c and the coal conversions at 800 “c are about 50%. It reflects that hydrogen gas almost 
does not affect the pyrolysis reactions under low pressure. It also reflects that the discharge has 
scarce effect on pyrolysis in the present experiment, comparing the profilas between in the 
helium gas and in the discharged helium gas. However, the weight decreases rapidly at around 
300 “c. in the hydrogen atom atmosphere and remarkable higher coal conversion, more than 
60% at 800 c, is observed with temperature increase. This result suggests that hydrogen atoms 
promote significantly the pyrolysis reaction at a lower temperature. 

2) Gas products 

CH,, CO and COz gas yield rate profiles with temperature in the absence and presence of 
hydrogen atoms are shown in Figure 3. In the hydrogen atmosphere, as shown in Figure 3(a), 
CH, reaches the maximum at around 500 “c, CO has an increase tendency with temperature and 
COz increases to the maximum before 400% then decreases. In the reaction with hydrogen 
atoms, as shown in Figure 3(b), thc profile patterns are quite different comparing with Figure 
3(a). CH, has two peaks at around 200°C and 400“c. In particular, CO has a sharp increase at 
200 “c then a small peak at 400 g:. CO, increases to the maximum at 200 “c then decreases. 

Mechanism is not exactly understood why CO increases so much. It is not likely that the shift 
reaction should be responsible for much CO yielded, since CO, increases not so dramatically as 
CO in the present experiment. The clarification of the mechanism is needed. 

3) Liquid products 

Figure 4 shows total amounts of BTX or monocyclic hydrocarbon compounds obtained at 
different temperatures in the absence and presence of hydrogen atoms. It can be seen that the 
amounts in the reaction with hydrogen atoms are much more than those in the hydrogen 
atmosphere with temperature increase. Comparing the amounts at 400 “c and 600 “c in 
different atmospheres, the amount increases about 5 times at 400 “c while about 2 times at 
600 “c. Combining the gas yields produced before 300 “c as shown in Figure 3(b), this 
reflects partly that why coal weight decreases rapidly at 300 “c in the reaction with hydrogen 
atoms as shown in Figure 2. It can also be seen that relatively more BTX cornpounds are 
produced at 800°C in the reaction with hydrogen atoms. From the liquid product distribution, 
more monocyclic compounds and less naphthalene compounds were yielded in the reaction with 
hydrogen atoms than in the hydrogen atmosphere. 
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In the reaction of coal with hydrogen atoms, it was observed that tar was less produced 
comparing with in hydrogen atmosphere under the Same condtions. 

Exact amount of hydrogen atoms generated are not known. It was estimated’’ about 10% of 
the hydrogen was in atomic state near the discharge cavity when 2450 MHz microwave 
discharge was applied. Even less amount of hydrogen atoms exist, the impact on the pyrolysis is 
profound from the present experiment. 

4) Effects of  pressure and heating rate 

Pyrolysis was also carried (’ut in a wider experimental conditions in the hydrogen atmosphere. 
Increasing the pressure from 1 torr to 10, 20 and 45 torr showed a decrease in gas products. 
Increasing the heating rate from 5 ‘ C h i n  to 10 and 20 C h i n  resulted in an increase in gas 
products. It implics that the effed of heating rate on the gas products of small molecules is 
probably different from the effect on the larger molecular compound products(amu values larger 
than 50) as observed by Yun et al.’) where they found that the pyrolysate diseibutions of 
primary pyrolysis readions in Pittsburgh No. 8 coal are independent of heating rate over a 
magnitude of 102-104 “c/s when monitoring the 50-200 amu mass range. 

CONCLUSIONS 

Pyrolysis of Taiheiyo coal in the reaction with hydrogen atoms was investigated and 
compared with pyrolysis in the hydrogen atmosphere. The result showed that the conversion of 
coal with hydrogen atoms was higher than that with hydrogen gas, and more liquid and gas 
products were obtained in the former case. It was observed that in the presence of hydrogen 
atoms, CO was more produced at a relative low temperature. More monocyclic compounds and 
less naphthalene compounds were yielded in the reaction with hydrogen atoms than in the 
hydrogen atmosphere. 
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ABSTRACT 
Coliquefaction of Tanitoharum coal with PP, PS, high-density PE was carried out using 

red mud plus sulfur as the catalyst, at 430 "C for 60 min under 7 MPa inital pressure of 
hydrogen. There existed almost linear relationship of coal concentration in coal/plastics 
mixture with conversion to THF-soluble (THFS) or oil yield for the mixture of coal/PP, 
coal/PS or coal/PE in case of tetralin. Observed oil yield at 75 % of coal concentration 
for any coal/plastics mixture was slightly larger than that calculated. The use of decalin 
gave lower values of conversion, yields of THFS in VR and oil, particularly at coal 
concentration of 75% for the coal/PE mixture, compared to those calculated, while a 
similar tendency as to interaction in respect of conversion, yields of THFS in VR, oil, and 
gas was observed for the mixture of coal/PP and coal/PS. However, when the coal was 
reacted with mixed plastics of PP, PS and PE at coal concentration of 50 %, the 
interaction observed for the coal/PE mixture disappeared, and higher oil yield than that 
calculated was obtained. The results suggested interaction between PE and the other 
plastics (PP, PS) is larger than that between coal and PE. It is also suggested from the 
results for the coal/PP mixture that radicals from PP cracking was used for stabilization of 
radicals from the coal and PP, instead of hydrogen donated from gas and solvent. 
Higher values of conversion and oil yield for the use of decalin were obtained, compared 
to tetralin. The results indicated that a good hydrogen donor solvent would not be 
necessary in case of the use of catalyst for coliquefaction of coal with waste plastics. 

Keywords: coal liquefaction, model compounds, waste plastics 

1. INTRODUCTION 
Under conventional direct coal liquefaction process, large amount of hydrogen gas is 

consumed to stabilize radical fragments from thermal cracking of coal. At present the 
price of produced coal liquid dose not compete with that of crude oil, due to not only the 
severe operating conditions, but also the expensive production cost of hydrogen gas. 
Coprocessing of coal with heavy oil containing high concentrations of sulfur and heavy 
metals, has been investigated to improve the economical feasibility". On the other hand, 
large amounts of waste plastics is being generated in Japan, mostly not recycled. The 
shortage of landfilling site has become more serious in recent years. Thus, 
coliquefaction of coal with heavy oil and waste plastics would be an attractive process of 
overcoming environmental problems and further enhancing economical feasibility. 
However, few studies have reported on this reaction, due to the complicated reaction 
system2). We have conducted a model experiment of coliquefaction of coal with waste 
plastics using dibenzyl as a coal model compound to clarify the reaction mechanism, and 
investigated interactions between coal and plastics, and between the plastics, in respect of 
conversion, product distribution and composition of distillate oil3). 

In this study, catalytic coliquefaction of coal with model plastics was conducted under 
the same reaction conditions as those for the model experiment. Interaction between the 
coal and plastics was investigated in respect of conversion, product distribution, and Hz 
transferred from gas or solvent, and the reaction mechanism involved was discussed. 

2. EXPERIMENTAL 

Catalytic coliquefaction of Tanitoharum coal (-100 mesh, C 75.91, H 5.66, N 1.62, S 
0.37, 0 16.44 (wt% daf (dry ash free) base)) with model plastics (PP, PS, high-density 
PE) and their mixture ( l / l / l  by weight) was carried out at 430 "C for 60 min in a 500-ml 
magnetically stirred autoclave. Tetralin or decalin was used as the solvent. Red mud 
(total Fe 28.37 wt%) plus sulfur (1/1 by weight) was used as the catalyst. Weight ratio 
of (daf coal + plastics)/solvent/red mud was 100/150/3/3. Gas atmosphere was 7 MPa 
initial pressure of hydrogen gas. After the reaction, the measurement of gas volume and 
GC analysis were conducted for the product gas. Main part of the product liquid (plus 
any unconverted solid reactant and catalyst) was separated into distillate oil (-538 "C) and 
vacuum residue (+538 "C, VR) by vacuum distillation. The product liquid in part was 
subjected to Soxhlet extraction with hexane, tetrahydrofuran (THF) sequentially. 
Conversion to hexane & THF-soluble (THFS), yields of oil, hexane & THF-soluble in 
vacuum residue (THFS in VR), gas, and hydrogen gas consumption were measured, 
based on the weight of daf coal plus plastics by conventional methods. The composition 
of the distillate oil was analyzed using FID/GC. H2 transferred from solvent was 
calculated from mass balance of naphthalene, decalin for the use of tetralin as the solvent 
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i or tetralin, naphthalene for the use of decalin, before and after the coliq~efaction~). 

3. RESULTS AND DISCUSSION 

Coliquefaction of coal with PP, PS or PE using tetralin 

In Fig.1, conversion to THFS, yields of oil, THFS in VR, and gas for coliquefaction of 
Tanitoharum coal with each of PP, PS or PE using tetralin were plotted against coal 
concentration in coal/plastics mixture. 

Without any coexisting reactant, for each of the coal, PP, PS and PE, conversion of 
99.7, 100. 100, 31.9 wt%, oil yield of 37.4, 76.4, 94.0, -1.2 wt%, yield of THFS in VR of 
41.1, 13.9, 2.9, 28.8 wt%, and gas yie!d of 11.9, 10.1, 4.0, 3.9 wt%, respectively were 
obtained. PE was most difficult to be converted to THFS and oil amung thc reactants, 
while PS was almost converted to oil. For PP, conversion was very high, and larger 
yield of THFS in VR was produced, compared to PS. Gas producted from PP was 
largest among the plastics. For the coal, oil yield was much lower than those for PP and 
PS, in spite of very high conversion, and production of THFS in VR was largest among 
the reactants. 

In case of coliquefaction, there existed almost linear relationship of coal concentration 
with conversion to THFS or oil yield. Oil yield at 75 % of coal concentration for the 
mixture of coalmP, coal/PS or coal/PE was higher by 4.9, 4.8, 3.3 wt% respectively than 
that calculated (arithmetic mean value of results for each reactant). As to THFS in VR, 
almost linear relationship against coal concentration was obtained for the mixture of 
coal/PS or coal/PE, but observed values for the coalPP mixture were higher than those 
calculated. As to gas yield, observed values for any coal/plastics mixture were lower 
than those calculated. The difference between the calculated value and the observed 
value was very large for the coal/PP mixture, compared to the other coal/plastics mixture. 

Fig2 shows H2 transferred from gas and solvent in this reaction as a function of coal 
concentration in coal/plastics mixture. 

H2 transferred from gas or tetralin (mmol/g-daf reactant) was 15.5,4.6 for the coal, 4.4, 
1.9 for PP, 6.6, 3.1 for PS, and 0.94, 0.62 for PE, respectively. HZ transferred from gas 
or tetralin for coal was largest among the reactants. It was observed that larger amounts 
of H2 from gas or tetralin was transferred for PS than for PP. The amounts of HZ 
transferred was small for PE. However, it is thought by considering the difference in 
conversion between PP and PE that the values for PE would become similar to those for 
PP when 100 wt% of conversion is obtained for PE. 

For the coal/PE mixture, almost linear relationship of Hz transferred with coal 
concentration was recognized. For the coal/PS mixture, H2 transferred from gas were a 
little larger than those calculated, while H2 transferred from tetralin were a little lower 
than those calculated. No difference in total of Hz transferred between the observed 
value and the calculated value was observed. For the coal/PP mixture, HZ transferred 
from gas or tetralin was lower than that calculated. The results from Figs. 1 and 2 for 
the coalPP mixture suggest that radicals from PP cracking would be used for stabilization 
of radicals from the coal and PP, instead of hydrogen donated from gas and solvent. 

In the model experiment of 
coliquefaction of dibenzyl (DB) as a coal model compound with model plastics using 
tetralin and the same catalyst, conversion and yield of THFS in VR were higher than 
those calculated, suggesting that radicals from DB decomposition would secondarily 
attack PE3’. However, the tendency for the coal/PE mixture as seen in Figs. 1 and 2 is 
different from that in the model experiment. On the other hand, the mixtures of coal/PP 
and coal/PS showed almost the same tendencies as those from the model experiment. 

Coliquefaction of coal with PP, PS or PE using decalin 

In Fig.3, conversion to THFS, yields of oil, THFS in VR, gas, and HZ transferred for 
coliquefaction of the coal with each of PP, PS or PE using decalin were plotted against 
coal concentration in coal/plastics mixture. 

Without any coexisting reactant, for each of the coal, PP, PS and PE, conversion of 
96.6, 100, 100, 77.3 wt%, oil yield of 42.6, 83.3, 92.5, 15.6 wt%, yield of THFS in VR of 
36.4, 3.7, 3.5, 57.8 wt%, gas yield of 12.9, 14.5, 5.0, 3.9 wt%, and total of Hz transferred 
from gas and decalin of 18.8, 9.8, 7.7, 2.1 mmol/g-daf reactant, respectively were 
obtained. Here, (H2 transferred from gas)/(total H2 transferred) were.3-7 %. Thus, H2 
transferred from decalin were small, compared to tetralin. The use of decalin instead of 
tetralin remarkably accelerated PE decomposition. This result indicates that the increase 
in hydrogen donorbility of solvent inhibits PE decomposition, probably due to more rapid 
stabilization of radicals from PE cracking by hydrogen donation from solvent. For PP, 
yiled of THFS in VR decreased, while yields of oil and gas increased a little. For PS, 
there was no large difference observed between decalin and tetralin, in respect of 
conversion, yields of THFS in VR, oil and gas. For the coal, the use of decalin instead 
of tetralin gave a little lower conversion, while oil yield became a little larger. 

In case of decalin, considerably different coliquefaction behavior was obtained for the 

Decomposition of PE proceeds as radical chain reaction. 
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coal/PE mixture, compared to tetralin. Conversion, yields of oil and THFS in VR were 
lower than those calculated, although there existed linear relationship of coal 
concentration with gas yield and total of H2 transferred. The differences in conversion, 
yields of oil and THFS in VR between the observed value and the calculated value were 
very large at coal concentration of 25 %. The differences were not observed in case of 
tetralin. Hydrogen donation from hydrogen donor solvent to radicals is much faster than 
that from hydrogen gas even for catalytic coal liquefaction. For the use of decalin, 
radicals from cracking of the coal and PE would exist for longer time, compared to 
tetralin, resulting in larger interaction between radicals to polymerize to give THF- 
insoluble fraction. On the other hand, in the model experiment of coliquefaction of DB 
with model plastics using decalin and the same catalyst, PE decomposition proceeded 
more effectively with coexistence of the coal model compound, giving higher values of 
conversion and oil yield3'. Thus, the results in Figs. 1-3 indicate that the coal would 
interacted with PE in a different way, compared to the coal model compound of DB. In 
case of coliquefaction of the coal with PP, almost linear relationship of coal concentration 
with conversion or oil yield was obtained. Yield of THFS in VR were higher than those 
calculated, while gas yield and total of H2 transferred were lower than those calculated. 
The tendency for the coal/PP mixture was same, compared to that for the use of tetralin. 
The differences in total of H2 transferred between the observed value and the calculated 
value became larger than those for the use of tetralin. From the results, more effective 
use of radicals from PP cracking for stabilization of radicals from the coal and PP instead 
of hydrogen could be expected. For the coal/PS mixture, there existed almost linear 
relationship of coal concentration with conversion, yield of THFS in VR. Oil yield and 
total of H2 transferred were a little higher than those calculated, while gas yield was lower 
than that calculated. The tendency in respect of conversion, yields of oil, THFS in VR 
and gas was similar to that for the use of tetralin. 

Coliquefaction of coal with mixed plastics of PP, PS and PE 
Table 1 shows results of coliquefaction of the coal with mixed plastics of PP, PS and 

PE using tetralin or decalin and the same catalyst. Coalhixed plastics was 1/1 and 
PP/PS/F'E was l / l / l .  Two kinds of calculated value (cal' : arithmetic mean value of 
results from the coal/PP, the coal/PS and the coal/PE (1/1 mixture), caI2 : arithmetic mean 
value of results for each reactant) are also shown in this table. 

Coliquefaction using tetralin gave a little higher gas yield, lower values of conversion 
and yield of THFS in VR, compared to call. On the other hand, conversion and THFS in 
VR also became lower, compared to caI2 but gas yield was larger. There existed almost 
no difference in oil yield between the observed value and the calculated value, not 
depending on the way of calculation. Coliquefaction using decalin gave the same gas 
yield, higher values of conversion and oil yield, and a little lower yield of THFS in VR, 
compared to cal'. On the other hand, almost the same conversion, lower ields of THFS 

indicate that PE decomposition proceeded more effectively with the coexistence of PP 
and/or PS during coliquefaction of the coal with the mixed plastics, although PE 
decomposition inhibited by coexistence of the coal in case of coliquefaction of the coal 
with PE alone. It is also suggested that the results ieflected larger interaction between 
PE and the other plastics (PP, PS) than that between coal and PE. Lower gas yield in 
case of tetralin or decalin, compared to caI2, as seen in Table 1 was probably due to 
inhibition of gas production by the coexistence of PP, also shown in Figs.1 and 3. Total 
of H2 transferred for the use of tetralin or decalin was only a little lower, compared to caI2, 
due to the low concentration of PP in coal/plastics mixture. 

As also seen in Table 1, higher values of conversion and oil yield for the use of decalin 
were obtained, compared to tetralin. The results indicate that a good hydrogen donor 
solvent would not be necessary in case of the use of catalyst for coliquefaction of coal 
with waste plastics. 
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INTRODUCTION 
We have reported ( I )  that the extraction yield with carbon disulfide I N-methyl-2-pyrrolidinone 
(CS2 I NMP) mixed solvent (1:l by volume), which gave very high extraction yields for 
bituminous coals at room temperature (2). increases by the addition of a small amount of 
tetracyanoethylene (TCNE) to the solvent. The yield of the room temperature extraction of Upper 
Freeport coal with the 1:l CS2 I NMP mixed solvent increases from 59 wt% (daf) to 85 wt% (da0 
by adding only 5% (based on coal) of TCNE to the mixed solvent. p-Phcnylenediamine(PDA) is 
also an effective additive for the mixed solvent extraction (3). 

We have also found (4) that when the extracts obtained with the CS2/NMP mixed solvent were 
fractionated with pyridine to yield pyridine insoluble (PI) and soluble fractions, part of PI became 
insoluble in the mixed solvent. The addition of a small amount of TCNE, 
tetracyanoquinodimethane (TCNQ or p-phenylenediamine to the mixed solvent, PI became soluble 
in the mixed solvent. 

While, swelling and viscoelasticity behaviors of coal shows that coal has a kind of macromolecular 
network structure. The changes of this network structure were often quoted to explain the changes 
of reactivity and product selectivity of coal by heat or solvent treatment. But the nature of the 
macromolecular network structure are still unknown. Although covalently connected crosslinking 
structures are often assumed,the evidencces for them are not enough. Recent works, including our 
results, suggest that for some bituminous coals, large associates of coal molecules i.e.. non- 
covalent (physical) network are a better network model, than the covalent one. Coal extracts and 
coal-derived liquids are known to readily associate between themselves to form complex associates 
(5-8). 

Solubility limit of coals, Le., how high extraction yields can be obtained without the breaking of 
covalent bonds is one of the key points to clarify a kind of network bonds, Le., covalent or non- 
covalent (physical) networks. If coal consists of highly developed covalent networks and low 
molecular weght substances occuluded in them, coal extractability is low, as observed in the 
extraction with conrentional solvents such as pyridine. However, 85wt% of the extraction 
yield obtained for CS2 I NMP I TCNE solvent system described above suggests that Upper 
Freeport coal has little covalent networks. The reversibility of the effect of TCNE on the 
solubility increase for coal extracts (PI) was observed, indicating that no covalent bond breakings 
occur during this extraction(8). 

In this study the effect of electron acceptors and donors on extraction yield of coal, and solubility of 
the extract component (PI) in the mixed solvent was shidied. Formation of charge-transfer 
complex of TCNE with coal extracts was also investigated. Mechanisms for the enhancement of 
the extraction yield and the solubility by the additives are discussed. 

EXPERIMENTAL 
Extraction of coals with CS2 I NMP mixed solvent 
Six Argonne coals were used. The as-received coal samples (2.5 g) were extracted with 60 ml 
CS, I NMP mixed solvent (1: I .  volume ratio) and an electron donor under ultrasonic irradiation for 
30 min at room temperature (2). PDA, N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPDA), 
aniline and melamine were used as an electron donor. The quantity of electron donor was 10 - 100 
mglg-coal.For exhaustive extraction the extraction was repeated (usually 3 times) until the color of 
the extract solution almost disappeared. Extraction yields were determined from the amount of the 
residue, after the correction for water content in the coals. 

Solubili ty of PI in  CS2 I NMP Mixed Solvent 
The extracts obtained by the extraction of Upper Freeport (Argonne Premium coal, 86.2 wt% 
C(da0) and Zao Zhuang (Chinese coal, 87.8 wt% C(daf)) coals with the CS2 I NMP mixed solvent 
were fractlonated to acetone soluble (AS). pyridine solubldacetone insoluble (PS) and pyridine 
insoluble (PI) fractions, with acetone and pyridine, respectively (2). The yields of PI are about 30 
and 40 wt% (daf coal base), for Upper Freeport and Zao Zhuang coals, respectively. 

Solubility of PI in the mixed solvent with or without an electron acceptor was determined using 
0.4g of PI and 5oml of the mixed solvent at room temperature under ultrasonic irradiation. The 
quantity of an ekmon acceptor added is 8X 10-5 mol to 0.4g of PI. This quantity corresponds to 
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2.5wt% ( IOmg) to 0.4g of PI for TCNE. a centrifugation and filtration of 
the mixture were canied out, and the amount of the insoluble PI was determined. In the solubility 
experiments under nitrogen atmosphere all the procedures before a centrifugation were carried out 
in a glove box filled with nitrogen. The CS,/NMP mixed solvent were also deaerated by passing 
nitrogen gas before use. While, solubility of PS and PI in THF or the mixed solvent with and 
without PDA were examined using 0.2 g of fraction and 50 ml of solvent at room temperature 
under ultrasonic irradiation. The amount of PDA added is 25 mgIg-PS. 

Synthesis of  Pyridiniuni 1,1,2,3,3-pentacyanopropenide (PPCP) 
Pyridinium I ,  I ,2.3,3-pentacyanopropenide (PPCP) was synthesized from TCNE with water in the 
presence of a base (pyridine) in acetone at - 50 'c (9). 

RESULLTA AND DISCUSSION 
Effect of  a Kind of  Electron Acceptors on Solubility of P I  
Table 1 shows the solubility of PI from Zao Zhuang coal in the mixed solvent when various 
electron acceptors were added, together with their electron affinities, which are a measure of their 
electron acceptabilities, i.e., the degree of charge-transfer (donor-acceptor) complex formation with 
an electron donor. Table I shows that only TCNE and TCNQ gave high solubility as expected 
from their high electron affinities.The three electron acceptors which contain chlorine atom, Le., 
DCQ. p-chloranyl and 2, 6-dichloro-p-benzoquinone shows much lower solubilities than those 
expected from their electron affinities. It could not clarify from this experiment whether charge- 
transfer interactions are responsible for the solubility enhancement by the addition of TCNE and 
TCNQ or not. 

IR  Study on Interaction of P I  with TCNE 
Figure 1 shows the result of the solubility experiments of PI from 720 Zhuang and Upper Freeport 
coals in the 1:l CS2 I NMP &xed solvent with or without TCNE. For Zao Zhuang coal a part 
(40.4%) of PI becomes insoluble in the mixed solvent, though PI is a part of the mixed solvent 
extract, but almost completely (97.6%) soluble in the mixed solvent containing TCNE, as already 
reported (4). a similar 
result was obtained. 

Figure 2 shows that FT-IR spectra of soluble and insoluble fractions of PI from Zao Zhuang coal in 
the CS2 I NMP I TCNE solvent indicate the peak at 2200cm" due to nitrile group of TCNE The 
peak is much greater for the soluble PI than the'insoluble PI. We also reported that the peak 
was almost disappeared by washing with pyridine(1). The removal of TCNE retained in the 
soluble PI. by washing with pyridine, resulted in the insolubilization in the CS2 I NMP mixed 
solvent again Le., 31.6% of PI became insoluble, but by the addition of TCNE 99.0% of PI 
became again dissolved in the mixed solvent (8). 

After the irradiation 

For Upper Freeport coal (thedata shown in the parenthesis in Figurel) 

The peak at 22OOcm-' is considered to be that due to a charge-transfer complex of TCNE with the 
aromatic rings of coal (IO, 11). Flowers et al. (11) proposed the formation of TCNE (and 
TCNQ) - coal complex in which TCNE accepts an electron from cooperated delocalized state of 
structure,not from individual independent aromatic structures of coal, since the shift of the nitrile 
peak from pure TCNE, about 36cm" is unusually large, compared to that for TCNE - model 
aromatic compounds complex such as phenanthrene. 

Figure 3(a) shows 1R spectra of the solid obtained by the filtration of the mixture of PS with 
TCNE in acetone. Figure 3(a) shows the peak at 1Mocm'l in addition to that at 2200cm". as 
indicated in the literature (IO). When this sample was washed several times with acetone, acetone 
soluble component was obtained. Its 1R spectrum (Figure 3(b) ) shows that the two peaks at 
15OOcni'and 2200cm.' became predominant, suggesting that they come from some stable 
compound, which is not a charge transfer complex, since the peaks due to PS appeared in Figure 
3(a) drastically decreased in Figure 3(b). Figure 3(c) shows that synthesized pyridinium 
1,1,2.3,3-pentacyanopropenide (PPCP) has a similar spectrum as that of Figure 3(b). According 
to Middleton et al. (9). the hydrate of free PPCP acid, i.e., 1,1,2,3,3-pentacyanopropene dihydrate 
is a strong acid with pKaof 1.9, and has also the peaks at 1Mocni-land 2200cm-1 like PPCP. 
Although pyridine and water which need to get PPCP from TCNE are usually present in coal, we 
can not deny the possibility that other derivatives of PPCP has a similar peaks at IMocm-land 
2200cm- I .  

PPCP was found to have a similar enhancement effect on the solubility of PI as TCNE, as shown 
in Figure 4. At present we consider that PPCP or its acid is formed through interaction of TCNE 
with coal molecules, resulting in the solubility increase of coal molecules. 

Effect of  Oxygen on Solubility of  PI in  CS2 I NMP Mixed Solvent  
drastically decreases the solubility of PI, 

regardless of the presence of TCNE Figure 4 further shows that the addition of PPCP increases 
the solubility to a similar degree as TCNE, and also decreases it under nitrogen atmosphere. 
Mechanisms of the enhancement of solubility by oxygen are not clear, but change of association 
state, Le., change to smaller associates by the presence of oxygen. like TCNE, is conceivable. In  

Figure 4 shows that the removal of oxygen 
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fact,oxygen is known to have charge transfer interaction with electron donors, and with strorlg 
donor oxygen radical anion forms. The occurrence of sonie chemical reaction such as covalent 
bond breaking by oxygen is unlikely, since PI was already i n  enough contact with oxygen during 
the extraction and subsequent solvent fractiouation procedure through which PI was obtained, 
before this solubility experiment. 

Effect of the Addit ion of Electron Donors on the  Extraction Y ie ld .  
I n  Table 2. the yields of the exhaustive extraction of coals studied i n  the mixed solvent with and 
without PDA are given. I t  indicates that the addition of only 25 mg/g-coal of PDA increased 
extraction yield of Upper Freeport coal from 51.4% to 81.3%. The addition of PDA slightly 
increased the extraction yield of high-volatile coals. Increasing tlie amount of PDA to lOOmg/g-coal 
did not increase the extraction yield. 

In Table 3, the extractior. yields of Upper Freeport coal when an electron donor added into the 
n;ixed solvent together with their ionization potentials are given. Table 3 indicates that there is no 
correlation between the ionization potential of the donors and the extraction yield. According to the 
ionization potential of TMPDA. it is expected to show higher extraction yield than those of PDA 
and aniline. However, it doesn't show a significant increase in the extraction yield. 

Effect of PDA o n  the Solubili ty of Extract Fractions of Upper  Freeport Coa l s .  
The solubility of PS fraction of Upper Freeport coal increased 10% in the presence of PDA.PDA is 
also effective on tlie solubility of PI fraction of Upper Freeport coal. When we added only 5 mg I 
0.2 g P 1  of PDA into the mixed solvent, solubility of PI increased from 75.4 to 90.2%. 
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Table 1. 
Zhuang coal in CS,/NMP mixed solvent at room temperatrue 

The effect of the addition of electron acceptors on the solubility"'of PI from Zao 

Electron ncceplor Solubility of 1'1 Electron arhity b) 
(WlX) (ev) 

Noiie 51.0 - 
'l'elmcy~ioelIiyleiie~l'CNE) 99.5 1.2 

2.3-Dichloro-5,6-dicyano-p-benz~uinone(DDQ) 53.8 1.95 

7.7,8,8-l'etrncyiuioqui110diiiie(TCNQ) 81.0 1.7 

I ,2,4.5-Tetracyanobenne 47.1 0.4 
p-Benzoquinone 44.1 0.77 
2,6-Dichloro-p-benzoquinone 37.0 1.2 

34.8 1.37 p-Cliloranil 
') Wt% of PI soluble in the mixed solvent when 8 X IO-' mol of an electron acceptor wns 
added lo  0.41: of PI in 5Om1 of (lie mixed solvent b, Eleckon nmnily of die electron acceptors 



SY.G% 40.4% 97.6% 2.4% . 
(G8.4%) (31,G%) (Y8.7%) ( 1.3%) 

Figure I .  
coals in CSJNMP mixed solvent with or without TCNE 

Solubility of PI from Zao Zhuang and Upper Freeport (shown in paretitliesis) 
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WAVENUMBERS (m') 

Figure 2. IT-IR spectra of soluble(a) and insoluble(b) fractions of  PI from Zao Zhuang coal 

WAVENUhUER.5 kin'') 
0 

. I  

Figure 3. 
its acetone soluble fraction (b).and Pyridinirm 1,1,23.3-pentacyanopropenjde(c) 

IT-IR spectra of the mixture(a) of PS fmni Upper Freeport coal with TCNE, 
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Additives None None TCNE TCNE llllCl’ I’I’CP 
Atiiiosphere N, Air N, Air N, Air 

Figure 4. 
under various conditions 

Solubility of PI from Upper Freeport coal in the CSJNMP niixed solvent 

. Table 2. 
coals with CS,/NMP niixed solvent 

Effect of addition of p-plienyleiiedianuii~PDA) on exliauslive extraction of Argonne 

coal’ PDA extractioii yield 

Upper Freeport none 51.4 
25 81.3 

Blind Canyon none , 36.3 
25 40.4 

(Illg/g-coaI) (wt%,daO 

Lewiston- 
Stocktori 
Pittsburgh No.8 

_. 
none 
25 

none 
25 

24.6 
29.2 
41.5 
M 4  

I . .. . 
Illinois No.6 nolie 29.7 

35 34.8 

Anderson 50 11.9 
Wyodak- none 7.3 

‘as received 

Table 3. 
Upper Freeport coal with CS,/NMP niixed Solvent 

Effect of addition of electron donors‘ on single and exhustive extraction of 

extraction yield ionization potential 
(ev) electron donor (wt%,daf) 

single exhaustive 

31.5 51.4 
61.2 81.3 6.81 

42.3 61.4 6.5 

llolle 

PDA 
aniline 
W D A  
inehiune 62.6 

32.5 12.3 1.7 

Amount of electron donors used is 25 mg/g-coal 
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INTRODUCTION 

Controlled-atmosphere programmed-temperature oxidation, CAPTO, 
has been used. as an effective tool for the quantitative 
determination and characterization of carbon, hydrogen, and sulfur 
in coal‘ and related materials.2 This technique now has been 
applied here to provide unique, new information on the oxidation 
reactivity of sulfur in a variety of unsupported MoS, catalysts and 
of the carbonaceous deposits sometimes associated with them. In 
this application, the CAPTO analysis provides quantitative 
determination of three of the key elements in the structure of the 
working catalysts: sulfur, carbon, and hydrogen. Further, 
interpretation of the temperature profiles for the evolution of the 
oxides of these elements provides valuable information on the 
chemical state of these elements in the particular catalyst under 
study. This combination of information can shed more light on the 
structural differences among catalysts prepared by different 
methods and on the changes that may result from exposure to the 
processing conditions found under typical hydrotreating 
applications. To assess the potential of this analytical 
technique, a series of dispersed catalysts prepared by a variety of 
widely different methods was analyzed by CAPTO. The results 
indicate that the method is a useful, new means to characterize 
these materials. 

Molybdenum disulfide has been used for a long time as the 
basis for many unsupported catalysts used for hydrotreating and 
related processing applications including direct coal 
liquefaction.3 Unsupported catalysts of this type have been 
prepared by various methods using any one of several molybdenum 
compounds as precursors. Promoted MoS, catalysts have been 
prepared by introducing minor amounts of other metals, primarily 
cobalt, nickel, or iron. In many cases, the catalyst is prepared 
in situ by the addition of a catalyst precursor just prior to the 
introduction of the feedstock to the hydrotreating reactor. 
Typically, this mode of preparation leads to a catalytic material 
that contains MoS, in close contact with a carbonaceous deposit.4 
Alternatively, the MoS, may be generated separately and introduced 
to the reactor as a pure compound. Both approaches have been used 
in this work to generate a small set of catalysts of different 
crystallite sizes and with different degrees of crystallinity. In 
particular, the exfoliation and restacking te~hnique~.~.’.* has proven 
to be very valuable as a means to manipulate the structure of MoS,. 
Analysis of these materials by CAPTO provided “fingerprints” of the 
susceptibility of the sulfur in these catalysts to oxidation. 
Comparison of the different fingerprints from each sample indicated 
that the relative prominence of characteristic peaks may be related 
to the individual history of the catalyst’s preparation and use. 

EXPERIMENTAL 

The CAPTO apparatus has been described previously.’ Briefly, 
the sample is mixed with an inert diluent, WO,, and packed in a 
quartz tube. The device heatsothe sample according to a programmed 
temperature ramp, typically 3 C min-’. In these analyses, a stream 
of 100%. oxygen was passed through the sample plug. The gas flow 
was regulated by a mass flow controller. Complete combustion of 
the gases from the primary reactor was obtained by passage through 
a secondary catalytic reactor held at 1050 “C. An FTIR was used to 
monitor the exit stream for CO,, SO,, and H,O. The detector 
response was calibrated, allowing the final output to be plotted in 
terms of the mass of each element evolved as a function of sample 
temperature. Integration of the area under the curves provided the 
total mass of each element evolved from a sample, and thus the 
elemental analysis for carbon, hydrogen, and sulfur. Information 
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about the chemical forms in which these elements exist in.the 
sample was available from the recorded temperature profiles. The 
total envelope for each gas was resolved by a peak fitting program 
into a set of individual peaks, each centered about a 
characteristic temperature. Experience obtained from the analyses 
of a wide variety of coals and well-characterized reference 
materials has made possible the association of the various 
characteristic temperatures with different chemical forms of the 
elements. For example, aromatic carbon is readily distinguished 
from other forms of carbon, and may be quantitatively determined. 

CAPTO analysis was carried out on a series of fresh and used 
catalysts prepared by different methods. Exfoliation techniques 
were used as one means to manipulate the physical and chemical 
properties of MoS, catalysts. This method has been used to 
disassemble highly crystalline !+OS, ta :orin single iayers suspended 
in water, followed by restacking of the layers to regenerate MoS, 
in a less-ordered crystalline form. The experimental procedures 
used here have been reported in a study of the application of this 
technique to generate MoS, catalysts for use in coal liquefaction 
and petroleum resid upgrading.',* 

The exfoliated/restacked catalysts used here were prepared by 
first intercalating a commercial sample of MoS, (Alpha) with Li by 
reduction with 2.5 M n-butyllithium in hexanes (Aldrich) for two or 
three days in a glove box. The intercalated solid was filtered, 
dried, then removed from the glove box and added to water agitated 
by an ultrasonic bath. On addition to water, a suspension 
developed which is typically associated with the formation of 
single layer MoS,. The suspension settled on standing 'as the 
restacking of MoS, proceeded. The restacked material was filtered, 
washed, and dried under vacuum. 

An in s i t u  preparation method was used as another route to 
MoS,. A mixture of 4 g dodecane, 2 g pyrene, 0.3 g sulfur, and 0.5 
g ammonium molybdate (2.43 mmole Mo) dissolved in 3 .g water was 
added to a 40 mL high-pressure microautoclave. Theo vessel was 
pressurized with 500 psig hydrogen, heated to 380 C over the 
course of about 1 h, then held at this temperature for another 1 h. 
Agitation was provided by shaking the reactor. After cooling, the 
catalyst was recovered by filtration, washed with tetrahydrofuran, 
and dried under vacuum. 

An example of a used catalyst was obtained by recovering it 
after a standard test for hydrotreating activity.8 A mixture of 
0.32 g exfoliated/restacked MoS,, 3.23 g tetralin, and 3.0 g Hondo 
resid was added to a 40 mL microautoclave. The reactor was charged 
with 1000 psig hydrogen and heated over the course of about 1 h to 
425 OC, then held at this temperature for another 1 h. The reactor 
was quenched in water, and the product analyzed by determination of 
heptane solubility using a pressure filtration method. The 
catalyst was recovered by washing the heptane insoluble portion 
with tetrahydrofuran, again using the pressure filtration method. 
The recovered catalyst was dried in a vacuum oven. 

The catalysts were also examined by other methods to obtain 
comparative data, including SEM, X-ray diffraction, BET surface 
areas, and elemental analyses. 

RESULTS AND DISCUSSION 

Sulfur Profiles. The same highly crystalline sample of MoS, 
used as the starting material for the exfoliation/restacking method 
of catalyst preparation was analyzed by CAPTO to provide a 
reference. The sulfur profile is shown in Fig. 1A. SO, evolved 
producing a broad envelope of peaks beginning about 220 "C and 
ending by 580 "C. The shape of the whole complex envelope was well 
simulated by a combination of four peaks. The central temperature 
and relative area associated with each peak is given in Table 1. 
The majority of sulfur in this sample lies muunder the peak at 
highest temperature, centered around 507 C. The general 
appearance and wide breadth of the total sulfur profile reflects 
considerable variability in sulfur oxidation reactivity. The 
separation of the total envelope into a series of separate peaks 
gives evidence that the sulfur contained in the single compound, 
MoS2. may be consist of several distinct populations, each 
associated with a characteristic oxidation temperature. 

The sulfur profile for the exfoliated/restacked sample of MoS, 
is given in Fig. 1B. The considerable change in physical structure 
induced by this treatment is reflected by a profoundly different 
sulfur profile. The broad envelope of this new profile begins at 
about 220 OC, just as it does with the highly crystalline starting 
material. However, the majority of sulfur dioxide from the 
restacked material evolves at comparatively lower tezperatures and 
the grofile already returns to baseline by about 500 C rather than 
580 C. That means the major oxidative event was complete before 
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reaching the temperature of the maximum rate of SO, evolution 
observed for the highly crystalline starting material. The large 
envelope was again very broad and could be resolved into four 
individual peaks. The pronounced shift to lower oxidation 
temperatures after exfoliation/restacking implies that the degree 
of crystallinity of the catalyst is a major factor governing the 
reactivity of sulfur in MoS, toward oxidation. In addition, a 
small isolated peak centered at 628 OC now also appears. Peaks in 
this area are often associated with metal sulfates. 

A third sample was investigated to determine the effect of 
exposure to hydrotreating conditions on the exfoliated/restacked 
catalyst. An exfoliated/restacked catalyst sample prepared in the 
same way as described above was used in hydrotreating Hondo reside 
under the conditions summarized in the experimental section. The 
sulfur profile is given in Fig. IC. Compared to the fresh 
catalyst, the center of gravity of the major peak has moved to a 
higher temperature. However, the endpoint of the major peak still 
comes at about 500 "C, just as with the fresh exfoliated/restacked 
catalyst. The major envelope of the used catalyst could be 
resolved using three peaks rather than the four required for fresh 
catalyst. The three peaks of the used catalyst correspond rather 
well with three peaks of the fresh catalyst in terms of temperature 
and width. Comparison of the areas under the peaks reveals that 
the exposure to hydrotreating conditions for even only a single 
activity test made the recovered catalyst somewhat more resistant 
to oxidation. It should be noted that the CAPTO analysis for 
carbon demonstrated negligible amounts of coke were deposited on 
this sample. The possibility that sulfur in coke laid down by the 
Hondo resid contributed to the CAPTO profile for sulfur may be 
dismissed in this case. 

The sulfur evolution profile of the catalyst prepared from 
ammonium molybdate by the i n  s i t u  method was also obtained (not 
shown) for comparison to the previous samples. In contrast to both 
the highly crystalline and the exfoliated/restacked catalysts, the 
sulfur evolution profile for the MoS, catalyst derived from 
ammonium molybdate is dominated by a low temperature envelope. 
Again, individual peaks were resolved, five in this case. A 
difference was found in the atypical breadth of the peak centered 
at 429 "C, which extensively overlapped two'neighboring major peaks 
with widths more typical of the narrow peaks seen in the analyses 
of other samples of MoS,. These four CAPTO analyses demonstrate 
that there is a wide variation in the reactivity of sulfur in MoS2 
toward oxidation. Furthermore, the fingerprint characteristics 
obtained by CAPTO are related to the method of catalyst preparation 
and its history under processing conditions. 

Table 1 contains the temperature and the relative amount of 
sulfur evolved for each peak for all four samples. When the 
resolved peaks are arranged in this way, it is apparent that there 
are corresponding peaks among the samples that have similar 
temperatures for peak maxima and generally similar widths. The 
CAPTO analyses give evidence that differences in the physical 
structure of MoS2 are associated with differences in the 
distribution of sulfur among several characteristic types. 
Correlation with X-ray diffraction data, discussed below, shows 
that the relative amount of sulfur under peaks at higher oxidation 
temperatures increases with the degree of crystallinity. 

Profound differences in crystallinity among the four MoS, 
catalysts became readily evident on comparison of their X-ray 
diffraction patterns. The highly ordered, three-dimensional 
structure of the original MoS, was apparent from the narrow peaks 
that compose the diffraction pattern. The 002 line was 
particularly prominent and narrow. The diffractogram of the 
exfoliated/restacked material was markedly different. Its broad 
lines were consistent with a turbostratic structure, indicating 
that order along the dimension of the stacking plane had been lost. 
The width of the 002 line at half-height was used to estimate the 
stacking heights of the crystallites for each sample. The changes 
in line width indicated that the exfoliation/restacking process 
reduced the average stacking height from 325 A to 185 A. An 
increased degree of crystallinity (loss of turbostratic disorder) 
was observed for the exfoliated/restacked catalyst recovered after 
hydrotreatment. However, the changes were modest and the stacking 
height remained essentially unchanged at 185 k. The catalyst 
prepared in s i t u  presented yet another picture. The 002 peak was 
the broadest of the four samples, yielding an estimate for average 
stacking height of 27 A .  The XRD data thus confirmed that this set 
of four catalysts exhibits a wide range of crystallinity. When the 
XRD results are compared with the distributions of sulfur among 
the various CAPTO peaks, it is evident that the MoS, samples of 
lessor crystallinity and composed of smaller crystallites also have 
a larger portion of more readily oxidized sulfur. 

I 
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CONCLUSIONS 

The CAPTO technique provides important information about 
dispersed molybdenum sulfide catalysts. First, the method provided 
useful basic information in the form of the quantitative 
determination of the elements sulfur, carbon, and hydrogen, 
although these data were not discussed here. More importantly, 
the various patterns for sulfur oxidation with temperature 
observed for dispersed catalysts prepared by different means and of 
different crystalline structure indicate the method is quite 
sensitive to physical characteristics of each catalyst sample. 
This technique offers the potential for following changes in 
catalyst structure throughout the course of its preparation and 
use .  Detailed correlation of the shapes of the SO, evolution 
profiles with catalyst activity is not yet possible with the small 
set of samples investigated so far. However, higher activity has 
been observed for the exfoliated/restacked catalysts as opposed to 
the highly crystalline sample". The catalyst prepared by the in 
situ method appears to be as active as the exfoliated/restacked 
ixampie. In general, ic appears that higher activity may be 
associated with a less ordered and more easily oxidized structure. 
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HYDROCARBON SYNTHESIS FROM DIMETHYL ETHER OVER ZSM-5 CATALYST 
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ABSTRACT 

The liquid phase synthesis of dimethyl ether from syngas has significant advantages over the liquid 
phase methanol synthesis in the areas of syngas conversion and reactor productivity. The merits of this dual 
catalytic process a!lows dimethyl ether to be utilized as a viable feedstock for petrochemical synthesis. In 
particular, dimethyl ether can be converted to hydrocarbons using H-ZSM-5 type zeolite catalysts. Appropriate 
choice of the acidity of the zeolite catalyst as well as the operating parameters such as reaction temperature, 
partial pressure and space velocity of dimethyl ether dictate the product spectrum, ranging from lower olefins 
(ethylene and propylene) to gasoline-range hydrocarbons. The focus of this paper is to thoroughly study the 
aforementioned details of this process and compare its merits with methanol conversion. 

INTRODUCTION 

The synthesis of petrochemicals from syngas via methanol has been the focus of research in the 
chemical industry for several decades. Methanol synthesis from syngas is a well established technology (Lee, 
1990). However, the methanol synthesis technology faces a serious impediment because the reaction is severely 
limited by chemical equilibrium, Due to the reversible nature of the methanol synthesis reaction, the maximum 
per-pass conversion of syngas is restricted. However, the potential of the reverse reaction and the chemical 
equilibrium limitation can be alleviated by chemically converting methanol into another chemical species that is 
not affected by the equilibrium constraint. The in-situ dehydration of methanol to dimethyl ether @ME) is 
based on this approach. 

Of particular interest is the novel process that has been developed by Lee and his co-workers for the co- 
production of dimethyl ether and methanol from syngas (Lee, 1992). This liquid phase dimethyl ether 
(LPDME) process consists of a dual-catalytic synthesis in a single reactor stage. Methanol is synthesized over 

"coprecipitated Cu/ZnO/Al,O, catalyst, whereas dimethyl ether synthesis takes place over y-alumina catalyst. 
The reactions take place in a liquid phase system involving inert hydrocarbon oil such as Witco-40, Witco-70, 
Freczene-100, etc. Various aspects of the methanol synthesis reaction and the co-production of dimethyl ether 
reaction have been assessed for commercialization of the process (Gogate, 1992). The process merits such as 
reactor productivities, catalyst life and activity, etc. were significantly higher in the co-production case. For 
high productivity cases using very high weight hourly space velocities of syngas, the single-stage productivity 
can be increased by as much as 70%. In terms of catalyst deactivation, the rate of thermal aging of methanol 
synthesis catalyst becomes slower when it is used in a co-production mode along with y-alumina. Moreover, 
the process exhibits excellent control because it is possible to co-produce dimethyl ether and methanol in any 
desired proportion, from 5% DME to 95% DME, by varying the mass ratios of the methanol synthesis catalyst 
to the methanol dehydration catalyst. From the economic point of view, dimethyl ether produced from syngas is 
substantially cheaper than methanol synthesis on a methyl productivity basis. This cost benefit and enhanced 
effectiveness provides an alternative route to produce a variety of petrochemicals from DME as a starting raw 
material. The process chemistry is as follows: 

C0,+3H, = CH,OH+H,O 
CO+H,O = CO,+H, 
2CH,OH = CH,OCH, + H,O 

Synthesis of lower olefins from methanol over ZSM-5 catalyst has been investigated in detail (Chang, 
1983). Lower olefins synthesis from methanol over smaller pore size ZSM-34 catalyst has also been studied 
(Givens, 1978). Selective conversion of dimethyl ether to lower olefins is a process of growing potential in the 
chemical industry. Lower olefins are intermediates in the conversion of dimethyl ether to hydrocarbons over 
ZSM-5 type zeolite catalysts. The reaction pathway can be represented as follows: 

DME - C,-C,Olefins - Aromatics+Paraffins 
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A schematic of the DME-to-hydrocarbons experimental system is shown in Figure 1 .  The system can be 
divided into several sections: feed gas blending section, reaction section, and product separation and analysis, 
section. The feed gas section consists of three mass flow controllers for DME, nitrogen, and carbon dioxide, 
respectively. A fixed bed reactor 18” in length and 0.5” I.D., manufactured by Autoclave Engineers has been 
utilized for this study. An axial thermowell runs the entire length of the tube and allows for measurement of the 
temperature profile in the reactor. The reactor tube is completely filled with 1/16” inert ZrO, beads. These 
beads are highly thermally stable and facilitate heat transfer from the beaded heater to the catalyst. Use of the 
beads in the reaction zone also helps dilute the reaction exotherm and therefore helps maintain a uniform 
temperature profile. 

The feed gas analysis (DME, nitrogen and in some cases, carbon dioxide and methanol) as well as the 
analysis of the hydrocarbon product (C,-C, range) was carried out using gas chromatography. The gas samples 
were withdrawn from the system using a constant rate 50 pl Hamilton syringe, as well as gas sampling bags. 
The liquid hydrocarbon product (C; paraffins and aromatics) was analyzed using gas chromatography/ mass 
spectrometry. 

RESULTS AND DISCUSSION 

’ 

growing demand as raw materials for a number of petrochemicals. Besides chemicals like ethylene oxide, 
ethylene glycol, propylene oxide, etc. these olefins are the building blocks for the production of their respective 
polymers, polyethylene and polypropylene. These polymers are widely used in everyday life applications such 
as molded plastic items, plastic packaging films, etc. Increasing demand for isobutene is inevitable since 
isobutene is used as the raw material for MTBE (methyl tert-butyl ether), a high octane gasoline blending 
oxygenate. 1-Butene and 2- 
Butenes are important ingredients in the synthesis of methyl ethyl ketone. Thus, lower olefins have varied 
usage in the chemical industry, and so the research devoted toward their production from non-petroleum sources 

b Isobutene is also used in the manufacture of methyl methacrylate and isoprene. 

The assessment of process feasibility of DME conversion to lower olefins, particularly ethylene and 
propylene, has been carried out over ZSM-5 type zeolite catalysts (Sardesai, 1997). The results obtained from 
this research have revealed important relevant information about this process. Over the conventional ZSM-5 
catalyst (SiO,/AI,O, ratio of 150), lower olefin (C,--C4-) selectivity of 70 wt.% of total hydrocarbons was 
achieved. One of the salient features of this process is that it can be customized to target an individual olefin in 
the C,-C, range at the expense of the other lower olefins. Process parameters such as operating temperature, 
partial pressure of DME, contact time, and catalyst acidity were evaluated over a limited range in light of 
maximizing lower olefin selectivity at optimal conditions. The results indicated that the temperature of the 
reaction has to be kept high, the partial pressure of DME has to be kept low, and the contact time of the 
reactants with the catalyst has to be kept low as shown in Figures 2-4. The concentration of strong Bronsted 
acid sites on the ZSM-5 catalyst has to be kept low by maintaining a lower SiOJA1,0, ratio as shown in Figure 
5. Also, the pore size of the catalyst has to be small enough to control the product spectrum on the higher end, 
and has to be large enough not to be a target of rapid deactivation by coking. Optimum results for lower olefin 
synthesis were obtained using the following parameters: Temperature = 430C, vol% Nitrogen in Feed = 65%, 
weight hourly space velocity of DME = 30 h”, SiO,/AI,O, ratio of ZSM-5 catalyst = 150. 

Methanol conversion to hydrocarbons can be represented as follows: 
CH,OH = [ CH, ] + H,O 

where [CH,] is the average representation of the hydrocarbon product. The conversion is essentially complete 
and stoichiometric. The above reaction shows a 44% selectivity by weight toward hydrocarbons, and a 56% 
selectivity toward water. 

Dimethyl ether conversion to hydrocarbons can be represented as follows: 
CH,OCH, = [ CH,.CH,] + H,O 

where [CH,.CH,] is the average representation of the hydrocarbon product. The conversion is essentially 
complete and stoichiometric. The above reaction shows a 60.8% selectivity by weight toward hydrocarbons, and 
a 39.2% selectivity toward water. Thus at nominally identical conditions, the selectivity toward hydrocarbons is 
38% higher in the dimethyl ether conversion case as compared to the methanol conversion process (Lee, 1996). 

In the methanol to hydrocarbons process, methanol formed from syngas first dehydrates to dimethyl 
ether in the first, and then an equilibrium mixture of methanol, dimethyl ether, and water is converted in the 
second reactor to form hydrocarbons. The exothermic of reaction is -398 caYg methanol converted. The 



methanol dehydration step of the reaction liberates 15% of the reaction heat, whereas the rest is given o f f  in the 
latter step. In the dimethyl ether to hydrocarbons process, the exothermic heat liberated is only 85% of that of 
the methanol conversion process. This is because dimethyl ether is produced in the syngas reactor, whereas. in 
the methanol case, dimethyl ether is produced in the dehydration reactor. Thus, the heat management is better in 
the dimethyl ether conversion process. In addition to this, it obviates the need of a dehydration reactor thereby 
causing considerable saving in capital investments and working capital. 

Dimethyl ether can also be converted to gasoline-range hydrocarbons using ZSM-5 catalysts of very 
high acidity (SiO,/AI,O, ratio of 30). The experimental and testing results have been very promising from t 
commercial standpoint. A U.S. patent for the process has been issued (Lee, 1995). 

CONCLUSIONS 

As a long term commodity chemical, dimethyl ether is proving to be one of the chemical industry’s most 
dynamic product. It can be produced from any fossil fuel source. It finds use as an alternate fuel, as well as a 
chemical feedstock. Technical and market application efforts are proceeding at a great pace on both its 
production and uses on an international basis. Dimethyl ether can be easily converted to ethylene and 
propylene, the building blocks of the chemical industry, using this process which has distinct advantages over 
methanol conversion. Thus, natural gas-based syngas can be converted to hydrocarbons via dimethyl ether as an 
intermediate using zeolite catalysts. The merits of this process are very attractive and have been investigated in 
detail for pre-scale up assessment. The demonstrated process feasibility and excellence are novel and very 
promising in developing alternative sources for lower olefins. 
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ABSTRACT 

A new modem LAXT (Los Angeles Export Terminal) facility was built in September 1997 and 
has been operational for export shipment of coals and petroleum cokes. Recently on March 16- 
18, 1998, bias testing of the mechanical automatic sampling system, which is installed at LAXT 
for representative sampling, was performed by A. J. Edmond Company to evaluate the 
performance of the mechanical sampler. The bias test was carried out loading 86600 metric tons 
of coal in M N  Noshiro M a .  Thirty sets of system (crushed), reference (stopped-belt) and 
secondary cutter reject (backup) samples were collected for bias analysis. Paired test batch design 
is employed for sample collection procedure and Walsh averages, non-parametric method is 
selected for statistical analysis. Test batch size was 2670 metric tons and target coal transfer rate 
was 4500 metric-torn. Coal characteristics analyzed for the bias test are moisture and dry ash 
content. In addition size consist analysis will be performed, if necessary to identify sources 
causing biases. Based on the statistical analysis, bias test results are presented. 

INTRODUCTION 

coal, bias test, mechanical sampling 

The LAXT is a coal and petroleum coke receiving, handling and exporting facility located at the 
Port of Los Angeles’ Pier 300 on Terminal Island. The facility is owned by LAXT, Inc., a 
consortium of 37 shareholders representing the entire coal chain from the coal mines to power 
plants and operated by Pacific Carbon Services and Hall-Buck Marine. Throughput capacity is 10 
million metric tons of product per year with expansion potential to 18 million metric tons. 

Export quality of coals was reported at the ACS Las Vegas Meeting (September 7-1 1,1997), 
based on bituminous coal properties determined for M N  ship samples and subbituminuos coal 
properties from western coal round robin samples [I]. 

Theory involved in non-parametric statistical method for bias analysis can be found in the 
literature [2,3,4]. Walsh averages, non-parametric method has been practiced in bias analysis of 
mechanical coal sampling [5,6,7] and methods for mechanical sampling from moving streams of 
coal are available in American Society for Testing and Materials (ASTM) Standard [SI and 
International Standard [9]. 

The objective of this study is to determine the absence or presence of bias of the mechanical 
automatic sampling system located at the LAXT facility, based on matched-pair experimental 
designs. Coal sample collection and statistical evaluation procedures must be chosen before the 
bias test is conducted. The overall bias of the mechanical sampling system is determined, After 
collection, the test samples (reference, system and backup) are prepared and analyzed using 
applicable ASTM test methods for coal characteristics such as moisture, dry ash and size consist. 

Details of statistical analysis methodology, experimental data obtained from the bias test, and bias 
test operating conditions are described in the following sections. 

SELECTION OF BIAS TEST METFIOD 

Paired-test batch design is selected for sample collection procedure. The procedure is designed 
for the overall system test at normal mode of operation. Test batch size was approximately 2670 
metric-tons interval. Thirty (30) sets Of test samples including stopped-belt reference., 
mechanically collected system and secondary cutter reject (for backup) were collected for this bias 
study, loading 86600 metric tons of coal in M N  Noshiro Maru. 

The Walsh averages non-parametric method is used for statistical analysis. The median of sorted 
observed differences is taken as the point estimate of bias. Two-sided confidence limits for 
multivariate analysis for two variables, moisture and dry ash are obtained based on the Boderroni 



inequality [IO]. Interpretation of the results depends on whether or not the confidence interval of 
any one of the variables encompasses zero for the multivariate case. Ten (10) statistical analyses 
calculating Walsh averages were performed for this bias test, comparing bias among three 
collected samples (reference, system and backup). Two (2) statistical calculations for moisture 
and dry ash content were made comparing mechanical system samples against stopped-belt 
reference samples; two (2) calculations comparing secondary cutter reject (backup) samples 
against stopped-belt reference samples; two (2) calculations comparing mechanical system 
samples against secondary cutter reject samples (as a new reference); and four (4) additional 
calculations to evaluate outliers arbitrarily defined for this bias test. 

GUIDELINE USED IN TEST PREPARATION 

The bias test was prepared conside~ng ihe following guideline and criteria. 

Coal to be tested with consistent quality 
Coal characteristics to be analyzed (ASTM Methods) 

Moisture D 3302 
Dry Ash D 3174 
Size Consist D 4749 

No change in sampler operation mode and coal transfer rate 
Same width of stopped-belt (SB) divider plates (2 6") 
Minimum 20 minutes interval between SB reference increments 
Approximately equal amount of laboratory sample prepared from both 
system and reference samples 
Number of paired data sets, initially 20-40 sets of data 
Approximately same batch size throughout the entire test period 

TEST OPERATING CONDITIONS AND PROCEDURE 

Each test batch was carefhlly controlled to meet operating criteria set for the test. Daily operating 
log was prepared for the test and actual operating data were recorded for test monitoring. 
Planned target conditions are listed below. 

Coal type: fuel-grade bituminous coal 
Feed rate: 
Test batch size 2670 metric-tondhr 

Test lot size: 
Stopped-belt (SB) interval: 
SB sampling time: 

4500 metric-ton& (4000-6000 range) 

(approximately every 36 min operation) 
86600 metric tons 
once per batch 
10-15 min at each stop 

As planned thirty (30) sets of samples were collected for the entire test period. SB reference 
samples were collected within 15 min using a sampling divider as soon as the main conveyor 
stopped. SB sampling location was about 30 feet downstream after the mechanical automatic 
sampler. Samples of secondary cutter reject stream (backup) accumulated three times of separate 
collections for each test batch duration. Mechanical system samples were automatically collected 
in carousel cans. Each test batch consists of approximately 20-25 Ibs of mechanical system, 80- 
100 Ibs of SB reference, and 80-100 Ibs secondary cutter reject (backup) sample. 

During the bias test coal transfer rate maintained most of time in the range of 3500 to 5500 
metric-tonsh. The test was occasionally interrupted due to unavoidable hold changes and lunch 
breaks. Other than that the operation was very smooth with exception for one major plugging in 
the mechanical sampler occurred in Test Batch No. 6 and several minor operational problems 
experienced for the entire test period. The bias test was successfUlly complete in five 8-hrs shifts. 

During startup of Test Batch No. 6, the mechanical sampler was plugged due to buildup of 
crushed material from the secondary cutter to  crusher and fUrther to carousel can. This buildup 
was caused by the main conveyor stop at the end of Test Batch No. 5 to collect the stopped-belt 
reference sample while the mechanical sampler was purging the sampling system. Approximately 
two (2) hours was spent to clear the plug. In addition the conveyor gate was not properly 
operational for,the test. Test Batch NO. 6 aborted and declared as not-for-bias-test (NBT) and 
sampling was continued for lot analysis only. 

In Test Batch No. 19 the first portion of the period loading 151 5 metric-tons was not included for 
the bias test and declared as NBT due to the morning shift break from 0300 to 0800 in the middle 
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of the test. Sampling was continued for lot analysis only. However, the second portion of the 
period loading 1316 metric-tons was included for the bias test and officially designated as Test 
Batch No. 19, which is used for statistical analysis. 

Between Test Batch No. 28 and 29 the period loading 331 metric tons was not included for the 
bias test due to hold change. Sampling was discontinued for this period. 

Test Batch No. 3 1 and 33 were not for bias test (NBT) although test serial numbers were given 
for convenience identifying samples for lot analysis only. The main conveyor was not stopped 
during these periods to collect the stopped-belt reference sample. Test Batch No. 32 was otlicial 
for the bias test. 

Operating conditions of the mechanical sampler was set as typical, normally practiced for ship 
loading at LAXT, at timer settings, 42 sec for primary, 7 sec for secondary and 14 sec for tertiary 
cutter, respectively. All operating data indicated that ASTM D 2234 ("Standard Test Methods 
for Collection of a Gross Sample of Coal") minimum increment requirement for individual cutter 
was met. The ASTM minimum requirements for the consignment lot of 8830 short tons are 104 
increments for primary and 624 increments for secondary cutter, respectively. 

ANALYTICAL DATA FOR COAL CHARACTERISTICS 

Laboratory analysis samples for thirty (30) collected samples, total ninety different samples were 
prepared following the procedures listed in the ASTM D 2013, "Standard Method of Preparing 
Coal Samples for Analysis." Analyses of each sample were performed to determine air-dried IOSS, 

residual moisture and ash content following the procedures listed in the ASTM D 3302 and D 
3174. Then total moisture and dry ash were calculated and reported for statistical analysis. 
Repeatability and reproducibility checks for ash content was carried out for samples from Test +# 
27, 28 and 30 (stopped-belt, stopped-belt and secondary cutter reject sample, respectively). For 
the first raw data with these samples showed significant deviation (difference) of ash content by 2 
to 5% compared to 0 to 1.5% normally observed with other samples. Test # 30 sample 
(secondary cutter reject) was also rechecked and reported although the deviation (difference) of 
first raw data was smaller (1.3%). 

STATISTICAL ANALYSIS DATA (WALSE AVERAGES) 

Three different cases were evaluated for statistical bias analysis as described below. Selection of 
pairs from thirty (30) available pairs was based on 95% confidence interval (eo). This initial 
screening of the data (reducing # of pairs) was done for the purpose of eliminating outliers. Test 
for independent differences was performed in each analysis. The sample differences must be 
independent to correctly draw inference about system bias using this method. So far all cases 
evaluated for this bias study has passed the test for independent differences. 

The Walsh averages non-parametric method is based on creating a super-set of the population of 
differences by differencing every possible combination of the observed differences and sorting 
them in ascending order. For instance with a set of thirty ( ~ 3 0 )  pairs of differences Walsh 
averages are 465 values [w = n(n+l)/2]. 

y 
Using raw data screened at a 95% confidence level (29 pairs of moisture and 28 pairs of dry ash 
values), statistical analysis and bias test results of mechanical system samples against stopped-belt 
reference samples are summarized below. An example ofthe Walsh averages method procedure 
(steps) is shown in Tables 1-4 comparing moisture content. 

Table 1 : 
Table 2: 
Table 3: Sorted Walsh Averages 
Table 4: 

Observed Data, Difference, Run #, Median 
Test for Independence Differences 

Point Estimate of Bias (Median) and Confidence Interval 
(Concluding Statements for Bias Test) 

Bias test results with these samples are: 

A) If a chance error with a maximum probability prior to the test of no more than 
about 1 out of 20, did not occur, biases of mechanically collected samples against 
stopped-belt reference samples lie within the closed intmals @en below: 

Moisture -0.300 < B(m) < 0.345 
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Dry Ash (data under evaluation) 
where B(m) and B(&) are point estimates of bias for moisture and dry ash, 
respectively. B(m) = 0.005, B(&) = (data under evaluation). 
The confidence interval for moisture includes the value zero. Thus, this test offers 
insufficient evidence to reject a hypothesis of no bias of system samples against 
stopped-belt reference samples. 

B) 

Secondary Cutter Reiect (BackuD) Vs. Stoooed-Belt Reference Samales 
Using raw data screened at a 95% confidence level (29 pairs of moisture and 27 pairs of dry ash 
values), statistical analysis and bias test results of secondary cutter reject (backup) samples against 
stopped-belt reference samples are: 

A) If a chance error with a ma?r?msm probability prior to the test of no more than 
&ost 1 out of 20, did not occur, biases of secondary cutter reject (backup) 
samples against stopped-belt reference samples lie within the closed intervals given 
below: 

Moisture -0.315 < B(m) < 0.245 
Dry Ash -0.150 < E(&) < 0.480 

where B(m) and B(&) are point estimates of bias for moisture and dry ash, 
respectively. B(m) = -0.030, B(&) = 0.1875. 
The confidence interval for each coal characteristic includes the value zero. Thus, 
this test offers insufficient evidence to reject a hypothesis of no bias of secondary 
cutter reject (backup) samples against stopped-belt reference samples. 

B) 

Mechanical Svstem Vs. Secondarv Cutter Reiect (New) Reference Samales 
Using raw data screened at a 95% confidence level (28 pairs of moisture and 29 pairs of dry ash 
values), statistical analysis and bias test results of mechanical system samples against secondary 
cutter reject (new) reference samples are: 

A) If a chance error with a maximum probability prior to the test of no more than 
about 1 out of 20, did not occur, biases of mechanical system samples against 
secondary cutter reject (new) reference samples lie within the closed intervals 
given below: 

Moisture -0.215 < B(m) < 0.165 
Dry Ash -0.050 < B(&) < 0.520 

where B(m) and B(&) are point estimates of bias for moisture and dry ash, 
respectively. B(m) = -0.0025, B(&) = 0.238. 
The confidence interval for each coal characteristic includes the value zero. Thus, 
this test offers insufficient evidence to reject a hypothesis of no bias of mechanical 
system samples against secondary cutter reject (new) reference samples. 

B) 

EVALUATION OF OUTLlERS 

Two different statistical analyses were additionally performed to evaluate outliers arbitrarily 
defined for this bias test (95% confidence level). Sources of variability are coal quality, loading 
rate and operating conditions, analysis sample preparation, analytical methods, sample handling 
and storage, etc. 

Using revised data from repeated ash values for Test # 27, 28, 30 and 32 (30 pairs of dry ash 
values), outliers for dry ash content were evaluated with secondary cutter reject samples and 
mechanical system samples against stopped-belt reference samples, respectively. The evaluation 
was designed to sensitivity affected by reducing laboratory analytical errors and increasing # of 
pairs. Additional outlier evaluation was perfonned witb mechanical system samples against 
stopped-belt reference samples, using raw data screened with difference less than 1% (25 pairs of 
moisture and 24 pairs of dry ash values). The additional evaluation was designed to sensitivity 
affected by reducing # of pairs using majority of  data, 80 to 85%, with smaller differences. 
Implication is to see sensitivity affected by reducing combined process operational and laboratory 
analytical errors. 

The outlier evaluation shows a significant band reduction in the bias confidence interval by 0.045 
to 0.135% absolute (about 10-20% of magnitude). Improvement in accuracy and precision can be 
achieved by eliminating or minimizing process operational and/or laboratory analytical errors. 
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SUMMARY OF TEST RESULTS 

The following is a summary of major findings obtained from the bias test: 

0 Five out of six statistical analysis results include no b i b  in the confidence interval 
calculated. 

Bias analysis result with moisture content includes no bias when compared 
mechanical system samples against stopped-belt reference samples. 

Both bias analysis results with moisture and dry ash content include no bias when 
compared secondary cutter reject samples against stopped-belt reference samples. 

Both bias analysis results with moisture and dry ash content include no bias when 
compared mechanical system samples against secondary cutter reject (new) 
reference samples. 

Evaluation of outliers indicates that a significant band reduction in the bias 
confidence interval can be achieved by eliminating or minimizing process 
operational and/or laboratory analytical errors. This results in beiter accuracy and 
precision of bias test. The observed reduction of confidence interval varies in the 
range of 0.045 to 0.135% absolute (by about IO-20% of magnitude). 

0 

0 

Based on the above findings, the following is recommended for hture additional bias test. 

To perform dynamic (improved) bias test around secondary cutter and crusher 
components using paired increment design. This test will not require stopping the 
main conveyor; thus no intemptions will occur in loading. Specifically ash 
content will be analyzed for bias test. If necessary, size consist analysis will be 
performed additionally to pinpoint biases. 

To calculate biases for comparison using different statistical analysis methods such 
as I S 0  941 1, parametric methods, etc. 
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3 
4 
5 
8 
7 
8 
9 
10 
11 
12 
13 
14 
15 
18 
I7 
18 
19 
20 
21 
22 
23 
24 
25 
28 
27 
28 
29 
so 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
48 
47 
48 
49 
50 
51 
52 
53 

Table 3. Sorted Walsh Averages for Moisture 

W 
-1.620 
-1.380 
-1.250 
4.140 
-1.125 
1.105 
-1.100 
-1.085 
-1.075 
-1.010 
4.885 
4.880 
4.915 
4.810 
4.885 
4.080 
4.880 
4.875 
4.885 
4.860 
4.855 
4.835 
4.780 
4.755 
4.745 
4.74Q 
4.735 
4.730 
4.730 
4.725 
4.705 
4.880 
4.675 
4.870 
4.840 
4.835 
4.630 
4.820 
4.815 
9.810 
4.610 
4.605 
4.800 
4.595 
4.590 
4.585 
4.580 
4.580 
4.580 
4.575 
4.575 
0.575 
4.570 

- - order 
54 
55 
58 
57 
58 
59 
80 
81 
82 
W 
64 
85 
88 
87 
88 
69 
70 
71 
72 
73 
74 
75 
78 

78 
79 
80 
81 
82 
83 
64 
85 
88 
87 
88 
89 
90 
91 
92 
93 
94 
95 
98 
97 
98 
99 
100 
101 
102 
103 
104 
105 
108 

n 

w 
4.570 
4.580 
4.555 
4.550 
4.545 
4.545 
4.540 
4.540 
4.535 
4.530 
4.510 
4.520 
4.510 
4.M5 
4.505 
4.490 
4.490 
4.m 
4.470 
4.485 
4.485 
0.480 
4.480 
4.455 
4.440 
4.440 
4.4.35 
4.420 
4.415 
0.400 
4.395 
4.395 
4.390 
4.390 
4.390 
4.385 
4.385 
0.380 
4.180 
4.370 
4.365 
4.385 
4.380 
4.S60 
0.360 
4.355 
4.355 
4.355 
4.s50 
4.350 
4.345 
4.340 
4.335 

Qe?.! 
107 
1 08 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
154 
135 
138 
137 
138 
13B 
140 
141 
1 42 
143 
144 
145 
148 
147 
148 
149 
150 
151 
152 
153 
154 
155 
158 
1 57 
156 
159 

W 
4.335 
4.335 
4.330 
4.330 
4.310 
4.305 
4.305 
0.300 
4,295 
4.290 
4.280 
4.275 
4.275 
4.270 
4.285 
4.265 
4.255 
4.250 
4.245 
4.245 
4.240 
4.240 
4.240 
4.235 
4.235 
4.235 
4.215 
4.215 
4.210 
4.210 
4.205 
4.205 
4.205 
4.205 
4.200 
4.200 
4.185 
4.185 
4.175 
4.175 
4.170 
4.170 
4.170 
4.185 
4.185 
4.185 
4.190 
0.160 
4.155 
4.140 
4.135 
0.135 
4.135 

- - oldw 
160 
181 
182 
183 
164 
185 
188 
187 
188 
189 
170 
171 
172 
173 
174 
175 
178 

178 
179 
180 
181 
182 
183 
164 
165 
188 
187 
188 
189 
190 
191 
192 
193 
194 
195 
198 
197 
198 
199 
200 
201 
202 
203 
204 
205 
208 
207 
208 
209 
21 0 
21 1 
212 

in 

w 
4.130 
4.125 
4.125 
4.120 
4.105 
4.100 
4.100 
4.095 
4.095 
4.m 
4.080 
4.080 
4.080 
4.075 
4.075 
4.075 
4.070 
4.065 
4.080 
4.080 
9.080 
4.055 
4.055 
4.055 
4.055 
4.050 
4.050 
4.050 
4.050 
4.050 
4.050 
4.045 
4.045 
4.045 
4.040 
4.040 
4.035 
4.030 
4.030 
4.030 
4.025 
4.025 
0.025 
4.025 
4.020 
4.020 
4.020 
0.020 
4.020 
4.016 
4.015 
4.015 
4.015 

order - 
21 3 
214 
21 5 
218 
217 
H 8  
219 
220 
221 
222 
223 
224 
225 
228 
227 
228 
229 
230 
231 
232 
233 
254 
235 
238 
237 
238 
259 
240 
241 
242 
245 
244 
24s 
248 
247 
248 
249 
250 
251 
252 
255 
254 
255 
258 
257 
258 
259 
280 
281 
282 
263 
284 
285 

W - 
4.010 
4.010 
4.010 
4.005 
0.000 
0.005 
0.010 
0.010 
0.010 
0.015 
0.015 
0.015 
0.015 
0.020 
0.020 
0.025 
0.010 
0.040 
0.040 
0.045 
0.060 
0.080 
0.080 
0.065 
0.085 
0.085 
0.085 
0.085 
0.070 
0.085 
0.000 
0.080 
0.095 
0.095 
0.100 
0.100 
0.100 
0.105 
0.105 
0.110 
0.110 
0.115 
0.120 
0.125 
0.130 
0.130 
0.110 
0.1.70 
0.155 
0.115 
0.135 
0.155 
0.140 
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Table 3. Sorted Walsh Averaaes for Moisture (continued) 

- Order 
288 
287 
ZBO 
289 
270 
271 
272 
273 
274 
275 
278 
277 
278 
27s 
280 
281 
282 
283 
284 
285 
288 
287 
U)o 
289 
280 
291 
292 
293 
284 
295 
298 
297 
298 
299 
300 
301 
302 
303 
304 
305 
SM) 

307 
M8 
309 
310 
311 
31 2 
313 
314 
315 
318 
317 
318 

w 
0.145 
0.150 
0.180 
0.160 
0.185 
0,185 
0.165 
0.185 
0.170 
0.1 70 
0.170 
0.170 
0.170 
0.175 
0.175 
0.175 
0.180 
0.180 
0.180 
0.180 
0.185 
0.200 
0.200 
0.200 
0.205 
0.205 
0.205 
0.210 
0.210 
0.210 
0.210 
0.215 
0.215 
0.220 
0.235 
0.240 
0.240 
0.240 
0.260 
0.265 
0.270 
0.285 
0.285 
0.290 
0.295 
0.310 
0.315 
0.315 
0.315 
0.320 
0.320 
0.320 
0.325 

ordw 
319 
320 
321 
322 
323 
324 
325 
326 
327 
328 
329 
530 
331 
332 
355 
334 
335 
338 
337 
338 
339 
340 
341 
342 
343 
344 
w 
348 
347 
348 
349 
350 
351 
352 
353 
354 
355 
358 
357 
568 
359 
380 
381 
562 
363 
364 
385 
366 
567 
380 
369 
370 
371 

w 
0.330 
0.330 
0.335 
0.345 
0.345 
o.ss0 
0.355 
0.355 
0.380 
0.38.5 
0.365 
0.370 
0.380 
0.385 
0.395 
0.400 
0.400 
0.405 
0.405 
0.405 
0.410 
0.425 
0.425 
0.430 
0.430 
0.435 
0.435 
0.455 
0.440 
0.450 
0.450 
0.455 
0.455 
0.455 
0.480 
0.460 
0.465 
0.465 
0.470 
0.470 
0.470 
0.470 
0.475 
0.475 
0.480 
0.480 
0.485 
0.485 
0.480 
0.495 
0.495 
0.5W 
0.500 

g& 
372 
373 
374 
375 
376 
377 
378 
379 
380 
381 
382 
383 
384 
385 
388 
387 
388 
389 
390 
391 
392 
393 
384 
395 
396 
397 
398 
399 
400 
401 
402 
403 
404 
405 
406 
407 
400 
409 
410 
41 1 
412 
41 3 
414 
415 
416 
41 7 
41 8 
419 
420 
421 
422 
423 
424 

0.505 425 0985 
0.505 428 0.985 
0.505 427 0.m 
0,510 428 1.010 
0,510 429 1.015 
0.510 430 1.020 
0.516 431 1.025 
0,515 432 1.030 
0.515 U 3  1.055 
9.520 434 1.255 
0.520 US 1.5W 
0.530 
0.535 
0.540 
0.540 
0.540 
0.540 
0.545 
0.545 
0.545 
0.550 
0.550 
0.555 
0.555 
0.580 
0.570 
0.575 
0.575 
0.580 
0,580 
0.585 
0.5M 
0.810 
0.835 
0.645 
0.650 
0.680 
0.685 
0.895 
0.720 
0.740 
0.740 
0.745 
0.770 
0.775 
0.700 
0.785 
0.800 
0.810 
0.830 
0.080 
0.940 
0.965 
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INTRODUCTION 

Asphaltenes are obtained as the precipitates when adding alkane to heavy oil such as 

vacuum residue, which are defined as n-heptane insoluble-toluene soluble, for example. For the 

reason of their heavy characteristics, they are a major component that occurs the deactivation of 

catalyst under the hydrotreating reaction, and make troubles such as the pipe plugging by 

forming sludges at the transportation. A number of analyses have been made by using many 

kinds of measurements, and many structure models have been proposed(l,2). In spite of these 

efforts, there have not been well-defined structures yet. Having the strong interaction of 

molecules for its chemical structure, they aggregate to form micelles as high-dimension structure 

in oil@). Therefore, this would make difficult to measure the molecular weight of a unit 

molecule. 

In this study, we have attempted to measure the molecular mass and the distribution for 

asphaltenes in Arabian hcavy vacuum residue (AH-VR), Sumatra light vacuum residue (SL-VR) 

and hydrotreated oil of Arabian heavy atmospheric residue (AH-AR) by laser desorption time of 

flight mass spectrometry (LDMS). LDMS techniques have been applied to many kinds of heavy 

oils by the capability of larger mass range, but there are few observations of molecular mass 

above 2000 Da, especially for asphaltenes(4,5). We found that useful mass spectra were obtained 

fiom the selected measuring conditions, and compared the average molecular weight with those 

measured by vapor pressure osmometry (VPO) and gel permeation chromatography (GPC). 

Then, we made the structure analysis of asphaltenes which were fractionated by solvent or GPC 

separation. Furthermore, the type analysis of the homologous peaks observed at increasing the 

laser power was provided the difference of aromatic skeleton structures in asphaltenes. 

EXPERIMENTAL 

Asphaltenes were prepared from AH-VR and SL-VR by precipitation with n-heptane 

according to the procedure of Japan Petroleum Institute Standard (JPI-5s-22). Maltene (n- 

heptane soluble) was separated to 3 fractions (saturate, aromatic and resin) by column- 

chromatography. LDMS were measured with Thermoquest Co., Ltd. Vision 2000 Spectrometer, 

using angiotensin as a calibration standard. Samples were dissolved in solution of toluene(1 or 

0.1 mg/ml), and 1 p 1 of the solution was dropped on the laser target, then dried in air. Laser 

beams were shot on the sample surface with changing the place as every shot. Spectra were 
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gained by averaging about 20 shots. VPO measurements were made using UIC Inc. Osmomat 

070-SA with toluene as the solvent at 333K and with nitrobenzene at 373K, calibrating by 

benzil. GPC measurements were made using Sensyu Scientific Co., Ltd. SSC-7100 (column : 

Shodex K-802.5 and K-805L, 8mI.D.300mmL) in nitrobenzene for the eluent at 3733, 

calibrating by polystylene. 

AH-VR asphaltene was fractionated into 4 parts (S-14-4) by solvent separation using 

mixtures of methanol / toluene. The toluene solution of asphaltene of 1/30 wt/vol% was 

precipitated by addition o i  methanol, ratio of 30/70 vol/vol. The precipitant was settled for 5 hr 
at 283 K, and separated by centrifugation. The soluble, then, was separated stepwise by addition 

of methanol / toluene mixtures of 40/60 and 45/55, respectively. GPC separation was made using 

Toso Co., Ltd. Model. SC-8020 (column : TSKgel G 3000H, 55 mmI.D.600 mmL ) in 

chloroform for the eluent at room temperature, and 4 fractions (G-1-G-4) were obtained. 

Hydrotreating was performed in a bench-scale fixed-bed continuos flow reactor system, 

using the demetallization catalyst. Five reactors having 18 mmI.D.560 mmL each were 

connected in series. The reaction conditions were: temperature at 653 K; pressure of 12 MPa; 

LHSV of 0.5 hi', and Hdoil ratio of 800 voYvol. The feedstock was Arabian heavy atmospheric 

residue (AH-AR) @.p. of 616'K). The product oil samples were obtained from the bypass line of 

each reactor outlet by 2% of the flow rate. These oils were distilled, and asphaltenes were 

prepared from the distillation residue. 

RESULTS AND DISCUSSION 

LDMS spectra of asphaltenes 

The LDMS spectra of AH-VR and SL-VR asphaltenes are shown in Figure I ,  where 

broad distribution profiles were observed up to mlz 6000. Some peaks below 200 might be 

assigned to metals, such as Na, K and Fe. Peak intensities grew up with the laser power 

increasing, and many fragments appeared in lower mass range. The addition of matrix, for 

example, 2,s-dihydroxybenzoic acid showed no effects to suppress the fragmentation. We 

extracted'the spectrum with stronger intensity and less fragment to calculate the weight average 

molecular weight (Mw) and number average molecular weight (Mn). It showed a broad peak in 

the range from m/z 200 to 6000 with a maximum near 1500 and a shoulder peak near 400. The 

spectral shape was almost the similar for AH and SL. Mw and Mn for AH and SL with those by 

GPC and VPO are summarized in Table 1. It was noted that Mw or Mn obtained by LDMS was 

the smallest in value. It was reported that the polar solvent such as nitrobenzene was preferable 

to minimize the aggregation of asphaltene in measuring molecular weight, except for the 

calibration standard problem(6). However, the LDMS results indicated that asphaltene was 

measured at the stage of less aggregation. It means the values of almost an unit molecule, 

assuming that the whole molecules could be desorped or ionized without cracking. Again, it was 

noted that the average molecular weight of AH-VR asphaltene was almost the same as that of 

SL-VR, though the difference between AH-VR and SL-VR were appeared by means of GPC and 

VPO. This implies that the substantial molecules consisting of asphaltenes are not dependent 

upon kinds of crude oil. 
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Figure 2 shows the LDMS spectra of AH-VR saturate, aromatic and resin compared 

with the asphaltene. The saturate showed many sharp peaks below m/z 200 and a broad one from 

200 to 1000, the aromatic had a broad peak from 200 to 2000, and the resin had a bimodal peak 

from 200 to 6000. The shoulder peak near 400 appeared in the asphaltene seems to coincide with 

that of aromatic or resin, It would be caused by the drawing of the partial components of 

aromatic or resin due to the structure similarity at the precipitation. Asphaltenes were further 

separated into 4 fractions by solvent and GPC. The LDMS spectra of solvent separated fractions 

(S-14-4) are shown in Figure 3. The fraction, S-I, behaves bimodal peaks having 2 tops near 

m/z 400 and 1500. The peak near 400 decreased and the peak near 1500 increased for the heavy 

fractions, S-2 and S-3. As for S-4, a peak near 1500 was observed only. The fraction is thought 

to be heavier or more polar in order from S-l to S-4 standing upon the solvent separation 

mechanism(7). Therefore, the major part of S-1 is found to be aromatic or resin which might be 

drawn at the precipitation. There was no change in these profiles in the vicinity of 1500. This 

suggests that the asphaltene becomes separated as a function of solubility of micelles except for 

the drawn fraction, S-1 as contaminants. Figure 4 shows the LDMS spectra of GPC fractions. 

Their molecular weight distributions were shifted to larger in order from G-l to (3-4. While G-l 

showed a bimodal spectrum in the range from m/z 200 to 6000, the others were almost the same 

of the broad one from 200 to 6000. The profile of G-I seems to coincide with aromatic or resin. 

So, it can say again that the drawn component of asphaltene would be aromatic or resin. As 

asphaltenes are thought to be aggregated in solvent as described earlier, they would be separated 

by the solubility difference of micelles, not that of molecular structure due to no differences in 

the LDMS spectra. This suggests that they might have the other properties related to forming 

micelles. 

Next, we tried to analyze the asphaltenes in the hydrotreated oils to make sure the 

structural changes by the reaction. Figure 5 shows the LDMS spectra of those asphaltenes (Rx-I, 

Rx-3 and Rx-5 ), prepared from the product oils of the first, the third and fifth reactor, 

respectively. It was observed that the profiles became flat and the peak of m/z 1500 in the 

profiles shifted to smaller mass near 600 with increasing the reaction pass. As there occurred the 

transfer from asphaltenes to maltenes, and the decrease of asphaltene contents under 

hydrotreating, it is hard to estimate the structural changes from analyzing the residual oil. But, 

we could insist that the molecular weight lowering of asphaltenes molecules would occur under 

hydrotreating. 

Type analysis of homologous LDMS peaks 

When increasing the laser power for the sample prepared by the solution of 0.1 mg/ml, 

many sharp homologous peaks appeared in the range from 200 to 5000, together with a lot of 

fragment peaks. The spectra of AH-VR asphaltene are shown in Figure 6. This phenomenon 

implies that the cracking of side chains attached to aromatic cluster and skeleton in asphaltenes 

was caused by the laser abrasion resulting the homologous compounds series with cracked 

fragments. The prominent series with a A m of 24 interval is assigned to cab-type aromatic 

compounds. The ring number increases with one by two carbons. The proposed structural change 

of condensed aromatic rings is shown in Figure 7. The appearance of homologous peaks was also 
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observed in SL-VR as well as hydrotreated oils. We make sure the type analysis for these series 

of an interval of m/z 24 for AH-VR and SL-VR. The analysis is that ( I )  general formula of 

hydrocarbons is expressed as CnH2n+5 and (2) separation of hydrocarbons belonging to a given 

group with the definite z-value from the spectrum having lots of sharp peaks in LDMS. 

Calculation was computed by a personal computer system. The plots of the various types in the 

sample shown in Figure 8 provide “finger printing” of asphaltene. The fiatations mean that each 

s e i s  aie clarsified by the component of the initial mass. It is clear that the type distribution in 

the asphaltene is dependent upon the kind of crude oils, while the average molecular weight and 

its distribution are the almost same. That is, the type analysis provides one of characterization of 

mixture of hydrocarbon and asphaltenes. LDMS is a useful tool for the structure analysis of 

asphaltenes with complexity and will be applied to obtaining deep insight of structure such as 

shape and size of aromatic skeleton. 

CONCLUSIONS 

The structures of’the asphaltene in petroleum heavy oils were investigated from 

molecular weight distribution by LDMS. It was observed that the mass spectrum of asphaltene in 

AH-VR was in the range from m/z 200 to 6000 having two peaks, and that the former was small 

near 400 and the latter was large and broad near 1500. This distribution was almost the same for 

that in SL-VR, but not for that in the hydrotreated oil, which showed the shifting of the peak to 

the lower mass. From the results of fractions by solvent fractionation and GPC for AH-VR 

asphaltenes, it is found that the peak near 400 is assigned to aromatic or resin fraction drawn at 

the separation and that asphaltenes in micelles are comprised from the same molecular weight 

distribution. 

Type analysis was made for the homologous peaks of a A m of 24 in the range from 200 

to 5000, which appeared by increasing the laser power. The appearance of these peaks might be 

suggested the number of aromatic cata-condensed ring system, that is, asphaltene would be 

association of compounds with the similar aromatic ring structures. 
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Table 1 .  Properties of asphaltenes 

Sample LDMS GPC VPO (Mn) density fa WC 
Mw Mn Mw Mn nilrobcnzcnc L O ~ U L ~ D  333K glcin3 Ill-NMK - 

AH-VR 2040 I560 2280 1840 2870 12710 1.165 0.52 1.05 
SL-VR 1980 1490 - - 3170 12870 1.115 - 1.03 

n m  

Figure 1. LDMS spectra of asphallenes 
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Figure 2. LDMS spectra of fractions by column chromatography 
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Figure 3. LDMS spectra of fractions by solvenl separation Figure 4. LDMS speclra of GPC fractions 
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Figure 5 .  LDMS spectra of asphaltenes in the hydrotreated oils 
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INTRODUCTION 
Recent development of Steam Assisted Gravity Drainage (SAGD), whch is believed to 
be an  economically feasible recovery method of bitumen from oil sand deposits, is now 
asking for a new upgrading technology. In the operation of SAGD, mixture of bitumen 
and hot water a t  the temperature above 500 K is continuously recovered, so that the 
mixture recovered can be fed into a ground reactor. Then, the on-site upgradmg by 
hydrothermal reaction could be a new technology as a combined system with SAGD. 
Functions of water in hydrothermal reactions have been studied, and it was found by 
NMR analysis that  hetero-atoms contained in low molecular compounds were easily 
substituted by hydrolysis and polymers were easily cracked to useful low molecular 
compounds with the supply of hydrogen Gom water [ 11. 
On the basis of these fundamental studies, studies on the upgrading of bitumen in 
supercritical water were carried out. 

EXPERIMENTAL 
Batch-type autoclaves of 45 c m 3  in volume were used. The autoclave and the induction 
furnace used for heating are shown in Fig.1. Experimental conditions of hydrothermal 
treatment are shown in Table 1. The sample oil was prepared by extraction &om 
athabasca oil sands with toluene and subsequent evaporation of toluene. The 
viscosity of original oil (bitumen) is over 106 mPa's at 303 K. 
In each experiment, 5 g of the bitumen was put into an  autoclave with a certain 
amount of alkali aqueous solution and a stirring ball made of the same alloy as that 
of inner vessel of the autoclaves (Inconnel 600) .  The autoclave was inserted 
horizontally a t  the center of the furnace and was heated up to a reaction temperature 
a t  the heating rate of 4OClmin. The content of autoclave was  stirred with the stirring 
ball by rocking the furnace. After keeping the temperature for a certain time, the 
autoclave was  taken out of the furnace and was cooled down to the room temperature 
a t  the similar cooling rate to the heating rate. Then the oil product was  separated 
&om water with separation funnel, but when the fractions of product were measured, 
toluene was used to wash the inner wall of the autoclave to ensure the recovery. 
Arotational viscometer was used for measuring the viscosity of oil products at 303 K 
Molecular weight distribution of oils was obtained with HPLC, which was calibrated 
with standard polystyrenes. Sulfur content was analyzed by CNS analyzer. Light oil 
components were analyzed with GClMS and GC/AED (Atomic Emission Detector). 

RESULTS AND DISCUSSION 
Products 
In all cases of hydrothermal treatment, bitumen was converted to much lighter oil. 
Fig2 shows that the viscosity of oil products decreases with increasing temperature, 
and the reaction condition of 703 K for reaction temperature and 15min for reaction 
time is enough to produce sufficiently light oils for pipeline transportation. 
Figure 3 shows the viscosity reduction with the reaction time as  well as  the water 
loading which is the ratio of the volume of water loaded into the reaction chamber t o  
that  of the reaction chamber. Drastic reduction was achieved in Grst 5 min. And the 
effect of water loading, that  is water density, is also seen. 
Figure 4 shows the influence of KOH concentration. As the KOH concentration 
increased; the viscosity of oil product slightly decreased, but when the KOH 
concentration is more than 5 moUdm3 0, the viscosity reduction is less. The viscosity 



of oil product in case of without alkali is slightly lower than those with around 1 M 
alkali. In kinds of alkali, KOH was most effective. 
Figure 5 shows normalized molecular weight distributions of oil  products and original 
oil. Because of the characteristics of the separation column used, the distribution in 
the region of molecular weight less than 100 (LogMw=Z) is not accurate. But, it is 
seen tha t  the heavy components are diminished as the reaction proceeds. 
Figure 6 shows the fraction of products by weight at different temperatures. Fractions 
of coke (toluene-insoluble), and gas and water-soluble organic compounds are 
increased with increasing temperature. But, the fraction of gas and water-soluble 
organic compounds is obtained as difference, and about a half of it is estiniated to be 
lighter oil components which are eraciated in evaporating toluene used a s  the 
extractant. Therefore, it can be said that the fraction of asphaltene (n-pentane- 
insoluble but toluene-soluble) for the original oil is roughly equal t o  the sum of those 
of others than malten (n-pentane-soluble), that  is to say, the fraction of malten does 
not change much. 
Fraction of coke produced a t  703 K is ca. 5%, which is much less than tha t  in the 
thermal cracking. This may imply that hydrogen is supplied from water andor the 
water prevents polymerization. The original vanadium content of 160 ppm was 
reduced to 12 ppm by the 15 min reaction at 703 K. 
As to the gas composition, HZ and CHI were produced, but COZ and HzS gases did not 
exist when alkali solution was used. However, when pure water was  used instead of 
alkali solution, COZ and HzS a s  well as  Hz and CHI were produced. 

Desulfurization 
Figure 7 shows the desulfunzation at various temperatures. The sulfur content of oil 
product a t  703 K decreased to 2.0% from 4.5% (original). Fig.8 shows the variation of 
sulfur content with the reaction time. The sulfur content decreased to a half of the 
original value in fist 5 min in all  cases of water loading. After first 5 min, influence of 
water loading appears, but 30% of sulfur still remains even in the case of 40% water 
loading. In the case of thermal cracking without water, sulfur removal was less. 
Figure 9 shows the GCMS total ion chromatogram of oil product after 100 min 
reaction. The parent peaks of a series of paraffin and low molecular aromatic 
compounds were mainly detected. Fig.lO(A) shows a S atom chromatogram of the oil 
product obtained with GC/AED. These peaks are grouped as CI to C3 alkyl 
benzothiophenes and dibenzothiophenes with the help of GCMS selected ion 
chromatograms. As examples, selected d e  number chromatograms corresponding to 
the parent peaks of CI to C3 alkyl hbenzothiophenes are shown in Fig.lO(B) to 0). 
The parent peaks of benzothiophene and dibenzotbophene were not detected 
As shown in Fig.8, it was difficult to decrease the sulfur content of oil products further 
by increasing the reaction time. Table 2 shows results of GClMS and GClAED 
analysis of oil products in long time reactions. I t  is seen that the concentrations of 
benzothiophenes (BTs) and dibenzothiophenes (DBTs) increased with reaction time 
and/or reaction temperature, though the total sulfur content changes little. This 
means tha t  these BTs and DBTs are produced by breaking aliphatic C-C bonds in 
bgh molecular aromatic sulfur compounds and these aromatic compounds are hardly 
decomposed. Table 2 also shows the effect of water loading, which implies more 
breakage of C-S bonds with high water loading, probably in aromatic structures. 

Decomposition of benzothiophenes and dibenzothiophenes 
Figures 11 and 12 show results of hydrothermal decomposition of BT and DBT. BT 
was easily decomposed in the region of subcritical water. 5-Methyl BT is less reactive 
than BT but it was decomposed in the subcritical region. DBT was hardly decomposed 
in the near-critical region of water but was decomposed in the supercritical region of 
water as shown in Fig. 12. However, only 50% of 2,8-dimethyl DBT was decomposed at 
the reaction condition of 703 K 120 min, 40% water loading and 5 M KOH, a t  which 
96% of DBT was decomposed. 
These results show that low mhecular aromatic sulfur compounds themselves, at 
least BTs, can be decomposed by hydrothermal reaction in the supercritical region of 
water, but they are hardly decomposed when mixed with other oil products. 

DISCUSSION ON THE HYDROTHERMAL CRACKING 

I 
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From the results so far described, it may be summarized tha t  the viscosity reduction 
Occurs simultaneously with desulfurization, but the dominant mechanisms in the 
first 5 rnin and subsequent reactions are different each other : In the first 5 min 
reaction, the thermal cracking may be dominant and the breakage of C-S bonds in 
aliphatic structures may occur. In this process, increase of water loading may cause 
hindering the thermal cracking, which proceeds by radical reactions, because of the 
enhancement of ionic character of water. At the next stage of craclung, the slow 
thermal cracking of C-C bonds and the hydrothermal cracking of C-S bonds probably 
in aromatic structures may lead to the reduction of viscosity and sulfur content. 
Through the whole process of cracking, water acts to suppress the production of coke. 
Data are not shown here, but experimental results of hydrothermal cracking of 
polymers show that hydrogen is supplied from water, which may prevent coking, 
where oxygen goes mostly into water-soluble compounds and some form CO:, 2 -  

Similar mechanisms may act in the hydrothermal cracking of bitumen, but it does not 
accelerate the reaction. 

CONCLUSIONS 
Fundamental studies on the hydrothermal cracking of oil sands in the region of super- 
critical water were carried out to clarlfy the reaction condition for developing a new on- 
site upgrading method. Reaction conditions of temperature of 700K reaction time of 5- 
15min, water loading of 20% (pressure=3,1MPa) and 0.1-1 M KOH give us upgraded 
oils of viscosity of 10-20 mPa.s, sulfur content of less than a half and vanadium 
content of less than 10%. with less coke. I t  should be also emphasized tha t  neither 
hydrogen gas nor catalyst was used, and.neither COa nor HaS was issued. A combined 
system with SAGD can utilize the waste water to generate steam for injection. 
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Table 1 Exoerimsntal Conditions. 

water loading (%) 20- 40 

temperature (K) 673-723 

time (mid 0- 30 

KOH (M) 1- 10 

650 870 690 710 730 750 
Temperature (K) 

0 
0 

Fig.2 Viscosity Of 011 products. 
(1M KOH, 20% water loading) 
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Fig.9 GUMS chromatogram of n-hexane soluble 011 products. 
(Reacpon temperature: 703K,Reaction m e :  100min. 
1M KOH. 20% water loading ) 

Table 2 Concentration vf sulfur cuniwuncls. 

No. 1 2 3 4 5 6  

TemperatumW 430 430 430 450 430 430 

nme(mln) M) 100 1% 100 100 100 

KOH(M) I I 1 1 I 5 

Water LoadlngB) 20 20 20 20 40 za 
Sulfurcontent00 1.9 1.8 1.8 1.7 1.3 1.5 

c,-mwt%) 0.03 0.05 0.06 0.10 0.02 0.02 
C,-m 0.06 0.10 0.12 0.17 0.06 0.07 
C;BT 0.07 0.11 0.12 0.15 O.OR ( ) , I ]  

C,-DBT U.0' O m  0.04 0.06 0.02 O,"p 

C,-DSr 0.w 0.07 u.uH 0.10 0.03 0.u2 

SUM 0.25 0.4:l 0.50 n.68 0.24 o ?H 

" I  v,- a_.... * Y Y U  
(d)mle-lPB : " : 

C,-DBT 0.04 0.07 0.08 0.10 0.03 0.04 

.... 

Fig.10 Chromatograms of low molecular sulfur 
compounds. 
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Fig.12 Decomposition of Dlbenzothiopherle 
by hydrothermal reactlon. 
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HYDROCONVERSION CHARACTERISTICS 
ON NARROW FRACTIONS OF RESIDUA 

Chaohe Yang', Jianfang Zhang, Chunming Xu, Shixong Lin 
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Dongying city, Shandong province, China, 257062 

ABSTRACT 

An atmospheric residuum from Dagang crude of China(DGAR) and +AVO vacuum residua from 
Arabian Light crude and Arabian Medium crude(SQVR and SZVR) were fractionated into 7-8 
cuts by supercritical fluic! exiraction fractionation (SFEF) technique developed by State Key 
Labsrstotory of Heavy Oil Processing. The major properties of these fractions were measured, and 
each fraction was catalytically hydroprocessed in a 100 mL autoclave with crushed commercial 
Ni-Mo catalyst at the same reaction conditions. Removal of sulfur and nitrogen decreases with 
increase of the average molecular weight(AMW) of the feedstock, but the total conversion of 
heavy portion greater than 500 f o r  every fraction is similar. The yield of coke increases with 
increasing AMW of feed, especially for the several heavier fractions, and the SFEF residue 
inhibits the HDS and HDN of other SFEF fractions to a certain extent. 

INTRODUCTION 

Due to increasing use of heavy oils and bitumen as refinery feedstock and the growing demand 
of light distillate oils, catalytic hydroprocessing of heavy oil plays an growingly important role in 
modem petroleum deeply processing. Considerable effort has been focused worldwide on 
characterizing oils from the points of view of feedstock properties and the resultant kinetic 
properties. Much of this effort, however, has been directed at characterizing the reaction kinetics 
of whole oils, and the investigations about the hydroconversion features of narrow fractions of 
heavy oils are scarce. Hoog(1950)"' upgraded two narrow-boiling fractions and a whole gas oil, 
all at 375°C with a Co/Mo catalyst. The rate of desulfurization decreased with increasing boiling 
point. Yitzhaki and Aharoni(l988) [21processed a whole gas oil and fractionated the feed and 
products into narrow-boiling cuts. The desulfurization kinetics were estimated for each 
fraction based on the assumption that no sulfur compounds migrated between fractions. 
Their modeled kinetics showed that the HDS rate decreases with the increase of avera e 
boiling point of the feed. Constantine Philippopoulos and Nickos Papayannak0s(I988f~~ 
investigated the hydrocracking reaction of asphaltene from an atmospheric residuum and 
the HDS kinetics and diffusion properties of  asphaltene and deasphaltene oil(DA0) of the 
atmospheric residuum in a small trickle-bed reactor. The hydrocracking of asphaltene and 
the HDS of DAO were elucidated very well with second order kinetic equations, the HDS 
reaction of asphaltene was represented by third order kinetics. The effective diffusivity of 
DAO is 5.85 times as big as that of asphaltene and the HDS rate of DAO is obviously faster 
than that of asphaltene. Trytten and Gray(1990) 14] fractionated a heavy gas oil, produced by 
thermal cracking of Athabasca bitumen, into six narrow boiling cuts of nominal 50" width 
and a high boiling residue, and catalytically hydroprocessed them in a 150 mL CSTR with 
a commercial Ni/Mo catalyst. The AMW of the fractions range from 197 for the lightest 
one to 653 for high-boiling residue. The reaction conditions were 
P H ~ = I ~ . ~ M P ~  VH2=1.05L/minL H SV=lZ.Sml/(hg). Reaction results were treated by 
first order kinetics. The removal of sulfur and nitrogen as well as conversion of aromatic 
carbon decrease with the increase of feed AMW. The intrinsic activation energies of HDN 
and HDS do not change significantly with increasing feed AMW, but the apparent 
activation energies increase gradually. The estimated effectiveness factors increase with the 
increase of feed AMW for both reactions and pass through a maximum at a molecular 
weight of 362 for the feed. The reactivity decreasing of the sulfur and nitrogen with 
increasing feed AMW due to the steric effects or inhibition by components in the mixture 
plays a dominant role on the decrease of effectiveness factors for lighter fractions, although 
the estimated diffusivity decreases gradually. 

Dai['] fractionated the Shengli Vacuum residuum into 14 cuts by the SFEF technique and 
separated each fraction into saturate, aromatics and resin by SARA method. Every resin in 
different fraction was catalytically cracked in a small reactor designed oneself. When the 
total yield of extract oil in SFEF is not greater than 78%, the resin in each fraction can be 
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I 
cracked easily with a liquid yield of 65-75%. The reactivity of resin is greatly affected by 
its AMW, the greater the AMW of resin is, the poorer its cracking reactivity. 

As a whole, the reaction features of feed vary ,with the AMW, or molecular size. Now there 
are not investigations about the hydroconversion characteristics of narrow fractions of 
residuum reported for lack of proper separation method. The SFEF technique developed by 
State Key Laboratory of Heavy Oil Processing affords the possibility to do such a work. In 
this paper, three residua were fractionated into narrow fractions by the SFEF method and 
all fractions were catalytically hydroprocessed at the same conditions. 

EXPERIMENTAL 

Feedstocks. Two vacuum residua of Arabian Light crude and Arabian medium crude were 
provided by Fushun Research Institute of Petroleum Processing, and Dagang atmospheric 
residuum came from Dagang refinery. Such three residua were separated respectively into 8 
fractions by the SFEF method. The main properties of each fraction were measured and 
summarized in table 1. 

Fraction No. 

Sum, m% 1026 21.36 
2Wdenaty.gkd , 0.8721 08793 

Molecular weight 
S m% 0101 0 112 

N m / g  436 1119 
WC. molhnal 1.81 180 

Fradion. m% 
Sum, m% 

Molecular weight 
Carbon residue m% 

S m% 

Fraction NO. 

Sum. m% 
2W denslty.glcm' 0 9369 0.9484 
Molewlar weight 

Carbon residue m% 
S m% 270 2.71 

N PgC 2169 2490 
WC. movmol I 6 9  166 

]le-I SFEF fractio 

<, iso-butane as so 

10.30 10.65 

0 8855 08905 

0149 0152 
1430 1770 
1.78 1.77 

09634 0.9714 

2.94 3.20 
2550 2823 

Catalyst. A key catalyst used in 
Chevron VRDS process(CAT1) and 
another catalyst(CAT2) produced in 
China were chosen in this research, their 
major properties were listed in table 2. 
The average pore diameter of both 
catalysts is 30A - 40& pore volume is 
0.39 - 0.45mL.I , and specific surface area 
is 203 - 275 m Ig.  The main metal active 
components are molybdenum and nickel. 
Catalyst was crushed and sieved into 
60180 mesh particles (average diameter of 
0.35mm), and the catalyst particles were 
presulfurized before use in reaction. 

B 

>perties 

I in  SFE 
5 

9 98 

52.29 
0.8W 

443 
0 176 
2066 
I 7 5  

- 
- 

- * 
5 

10 I 

so 3 
0.9789 

690 
8 4  
3 48 
30W 
1.59 - 

:nt in SI 
5 

10.2 
50 8 

0 9937 

802 
10.3 
4 18 

4 m  

1.56 

- 

- 

:sidua 

0,9947 

126 
4 I 1  

3863 4 1.55 

1.0232 

15.4 
4.74 

5356 I I .46 

8 

10.54 
83 17 

0 9267 

582 
0315 
3841 
I .66 - 

residue 
16.83 
I W O  
1.0616 

1473 
0.780 
12979 
1.39 - 

26 8 

6 
10.0 

60.8 
I W56 
826 
14.5 
4 41 

5803 
I 5 1  - 

6.40 
9700 

table-2 Major properties of catalysts 

CAT1 

Particle size/ mrn 

Particle density/ g./cni3 

Bulk density/ p/cm" 

Specific ared mVg" 

Pore volume/ rnL/g.' 

Pore radius/ A 
Active components 

support 

0.79 

1.52 

0.89 

275 

0.45 

33 
Mo, Ni, Fe, Co 

r-AltO, 

CAT2 

0.84 
1.50 

0.88 

203 
0.39 
38 

Mo, Ni,, Fe, 

r 4 Q  
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Hydroconversion and Separation. 
The flowsheet of heavy oil 
hydroconversion and separation was 
shown in figure 1. The crushed 
catalyst was presulfurized firstly, 
washed with solvent and dried in a 
vacuum drying oven. The 
presulfurized catalyst and sample 
were charged into the autoclave with -1 e4 -1 
the ratio of 1 to 10. After loading the 
catalyst and sample, the s, -'stern was 
purged with hydrogen three times, 
then the temperature was increased 
gradually and the agitator was 
switch on when the temperature 
reached from 100°C - 150'C. 
Standard reaction conditions include 
a temperature of 4OO0C, initial 
hydrogen pressure(1HP) of 8.5Mpa 
at ambient temperature, and stirring 
rate of about 850mm. Afier reaction, 

I- 
,. 

the autoclave was-taken out from the 
heating furnace and put it into 
cooling water. When the temperature reaches to about 200°C, the rector was placed into an 
isothermal water bath of 6OoC in order to assure the consistency of sampling Conditions and 
avoid or reduce the evaporation of light components in liquid product. While the autoclave 
comes to about 60°C, reactor was connected to a gas ration and sampling system for collecting 
gas product. The in-situ temperature, atmospheric pressure and the collected gas volume were 
recorded. Then the gas product was transferred into a gas sample bag for composition analysis. 
AAer sampling gas, the reactor was cooled down to ambient temperature, opening the reactor and 
taking immediately a little liquid product into a centrifugal test tube. The catalyst contained in 
the liquid product was deposited on the bottom of the test tube by centrifugation separation in a 
centrifugal machine at 5000rpm for 5 minutes. The upper oil in test tube was transferred to a 
sealed vial for simulated distillation analysis. 

The remaining liquid product and catalyst in reactor was diluted with solvent and transferred into 
a Soxhlet apparatus, then extracted with dichloro-ethane for one hour, finally the extracted liquid 
should be not color. The wet catalyst in the extractor was taken out and placed into a vacuum 
drying oven to dry for coke content and other properties analysis. The extractive was distillated 
at atmospheric pressure to recover the solvent, then the liquid product was transferred into a 
small distillation flask of 150mL and subjected to vacuum distillation to obtain the high boiling 
residue of >350"C for analyzing the sulfur and nitrogen contents, molecular weight, and 
hydrocarbon group composition. 
In the present study, the loss in experiment could be ignorable and sum of yields of gas , coke 
and liquid product accounted as 100%. Once the gas and coke yields are determined, the yield of 
any distillate can be calculated according to the simulated distillation data of liquid product. 

RESULTS AND DISCUSSION 

Hydroconversion of DGAR fractions. It is shown in table 3 that the removal of sulfur and 
nitrogen are similar for both catalysts. The HDS conversions are very high for No.1 to No. 8 
fractions, all greater than 90%. The HDN conversion is greater than 75% for fraction lighter than 
No.7 fraction. HDS and HDN conversions decrease obviously with the increase of AMW of 
feed, and the declining rate for HDN is greater than that for HDS. The removal of sulfur and 
nitrogen in the SFEF residue is more difficult than other fractions, the conversion of HDS and 
HDN are only 44.3% and 16.4% respectively. 

From the distribution of cracked product, the gas yield of each fraction do not change obviously 
except for the SFEF residue. In the latter case, the short side chains may be directly cracked into 
gas product, which results in the high gas yield. The yields of gasoline and diesel distillates 
lower with increasing the AMW of SFEF fractions. The distribution of product trends towards 
two ends for the SFEF residue, than is, gas and coke are produced greatly, which is same as the 

Fig.1 Hydroconversion and separation flowsheet 
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features of polyaromatics cracking. It also can be seen that the coke yield increases gradually 
with the fraction becoming heavier. The coke yield of SFEF residue is about 4 times larger than 
that of No.8 fraction and 13 times as big as that of No.1 fraction. 

Hydroconversion of SZVR and SQVR fractions. It is shown from the data in table 3 that the 
reactivity of HDS and HDN for SFEF fractions of SZVR and SQVR is obviously poorer than 
that of DGVR. Most of HDS conversions is less than 70%, and the HDN conversion is less than 
60% for all fractions. This could be ascribed to the higher boiling point, larger molecular weight 
and stronger aromaticity of SZVR and SQVR compared with DGAR and most of sulfur and 
nitrogen atoms existing in the heterocyclic structures, which results in the difficulty of HDS and 
HDN reactions. 

In general, the gas and coke yields increase with the fraction becoming heavier, although some 
experimental points fluctuate due to experiment and analysis errors. There is not coincident trend 
for the distribution of liquid product. The gas and coke yields increase seriously compared with 
other fractions. 

Table-3 Hydroconversion results (400°C, 240 min, IHP of 8.5MPa) 

SFEF fractions of DGAR 

feed DGAR-I WAR-3 WAR-5 DGAR-7 WAR.2 ff iAR-4 DGAR-6 W A R M  residue 
C&lySt CATl CATl CATl CATl C A R  CATl CAT2 CAT2 CAT1 

S removal, % 963 95.0 94.7 91 6 95 8 9 4 4  934 907 443 
N removal, % 95.2 87.6 79.1 60.9 94.9 84 8 76 I 48 1 16 4 

Material balance. % 

w 1.13 087 1.18 071 1.18 I 0 1  096 0.96 1.58 

ROO93 7.76 694 5 37 396 537 493 3 65 3.89 7.21 

200-3S(pc 3781 2486 19.76 1449 2294 1892 1428 1276 1047 

350.50093 53.10 6065 5966 49.14 6189 5851 5251 3927 2701 

>SCOT OW 641 13.75 31.36 8.35 1623 2823 42.58 51.12 

coke 020 027 0.29 033 027 0 3 6 -  038 056 2.60 
SFEF fractions of SZVR 

f a d  SZVR-I SZVRJ SZVR-5 SZVR-7 SZVR-2 S Z V M  SZVR-6 residue W A R  

ClIalYIl 

s RnlOYe,I, % 

N removal, % 

Cokeoncat% 

Cake yield. % 

Mster~aI balance, % 

RLWc 
200-35OT 

350-SOOT 
r 5 0 w c  

Cokesmount, g 

CATl CATl CATl CATl 

925 709 51.1 31.0 

598 42.2 20.2 I3 3 

4.56 5.59 10.74 1569 

022 027 054 0.84 
049 0.60 I 2 2  1.87 

1.22 I 1 8  224 3 11 

8.70 7 14 11.24 1212 

22.69 1746 . 2214 2043 

4272 31.02 2918 21 32 

2418 4260 33.79 4092 

CAT2 

85.9 

53 7 

606 

0 29 

OM 

0 49 

7 83 

1862 

32 92 

39.50 

CAT2 

75.7 

38 0 
8 19 

0 40 

0 89 

0 93 

8 61 

1887 

29 54 

41.16 

CAT2 CATl CATl 

540 274 78.1 

19.7 7 4  41 9 

11 78 23 74 

060 1.40 

1.31. 1.11 

207 3.16 

960 295 

17.96 1290 

24 65 15.90 

44.38 61.98 

coke 049 060 120 I 87 OM 0.89 1.33 1.11 

SFEF fractions of SQVR 
feed SQVR-2 SQVR-4 SQVR-5 SQVR-8 residue SQVR SQVR 

CatalY~l CAT1 CATl CATl CATl CATl CATl CAT2 
S removal. % 78 3 708 61.0 482 23 8 48 I 52.3 

N removal, % 31.2 24.8 15.3 5 5 
Coke an Cat, % 8.01 734 9.94 13.84 2875 1845 14 77 

Coke amount. g 044 040 055 080 I 8 1  I 02 0 78 

Coke yneld, % 0 88 080 I 1 0  I 60 4 02 2.27 I 7 3  

MalcriaJ balsnec. % 

gm IO2 0.98 1.14 204 2 89 1.29 1.47 

QWY: 9.M 812 6.57 1100 2 81 6 28 5.14 
2W-35OT 16 88 1600 1679 14.57 11.46 1443 12.91 
350-5OO93 31 35 2941 28.17 19.47 12.33 25.73 22 21 

cake 0.88 0.80 110 1.M) 4.02 2 27 I 7 3  
> 5 w T  40.83 4447 46.03 51 32 66.49 5001 56.54 

Relation of coke yield and feed properties. Coking trend is an important factor of feed 
processing characteristics, it affects not only the activity and selectivity of catalyst and the 
distribution of product, but also the increase of bed pressure drop of reactor, energy consumption 
and the operation period. Coke yield increases with the increase of aromatic carbon fraction, fa, 
in the average molecule, and is directly proportional to the content of resin and asphaltene in 
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feed, xM. The fitting equations are as follows, 

yh = 8.076. fG'.495 (1) 
yh =0.05049.~, +0.1776 (2) 

Where ych is the coke yield, wt%. The coking characteristics can also be represented by the 
heavy oil characteristic parameter, KH, which is defined as,[61 

(3) H I C  

.d:" kll= '0 .  Awo'nL 

Where WC is the atomic ratio of hydrogen to carbon, d:' is the relative density. With the 
decrease of feed KH ,coke yield increases slowly when K~=6.0-8.0, the increasing rate of coke 
yield rises gsadml!y with decreasing rhe feed KH value, and grows seriously for &<6.0. Such a 
relationship can be represented by the following equation, 

ych = 444.5' KH-3  23 (4) 

Relations of HDS & HDN reactivity and feed properties. The HDS and HDN conversions 
decrease quickly with the increase of the content of resin and asphaltene, and the decrease of 
atomic ratio of hydrogen to carbon. This suggests that it is more difficult to remove the sulfur 
and nitrogen atom in the heavier component. Figure 2 shows the relationships between the 
percentages of sulfur and nitrogen removal and the heavy oil characteristic parameter. With 
decreasing the KH value, the removal of nitrogen decreases quickly when the KH is bigger, and 
gradually tends towards a constant level which approximates the conversion for thermal cracking 
reaction. While KH >8.0, the declining rate of HDN reaction is faster than that of HDS reaction. 
This relationship behaves as S-type curve for HDS and as an ice stick for HDN. The HDS 
conversion is always greater than that of HDN for any fraction at the same reaction conditions. 
This implies that the reactivity of HDS and HDN lowers obviously with the increase of fraction 
AMW, and the removal of nitrogen is more difficult than that of sulfur. 

1w 
The solid circle and bold plus sign are the data points of f 
whole DGAR HDN and HDS. The KH value of DGAR is $ 
9.1, the responding HDS and HDN conversions predicted 
from the curves in figure 2 are 94% and 77% respectively, E 
but the real HDS and HDN conversion are 71.0% and 41.9% 8 
respectively. This shows that the heavy components in 5 
residuum may inhibit the HDS and HDN reaction of lighter I 
components to a certain extent. Due to the strong 4 
adsorptivity and high coking trend, these heavy components 
would affect the activitv of catalyst and then decrease the 

BO 

BO 

~ 

M 

2 4 . 3 8 1 0  
characteristic oaramster. L . 1. 

catalytic reaction rate. Fig2 sulfur and nitrogen removal VCKUS KH 

Comparing the HDS and HDN results for CATl catalyst with those for CAT2 catalyst shown in 
table 3, it is found that CATl has a similar HDS and HDN activity with CAT2 for lighter SFEF 
fractions, but for heavier fractions the latter has stronger catalytic activity than the former. This 
phenomenon may be attributed to the larger pore size of the CAT2 catalyst. 
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CHARACTERISTICS ON HDS AND HDN KINETICS OF NARROW 
FRACTIONS FROM RESIDUA 

Chaohe Yang, Feng Du, Churning Xu 
State Key Laboratory of Heavy Oil Processing, University of Petroleum 

Dongying city, Shandong province, 257062 China 

ABSTRACT 

An atmospheric residuum from Dagang crude of China(DGAR) and two vacuum residua from 
Arabian Light crude and Arabian Medium crude(SQVR and SZVR) were fractionated into 7-8 
cuts by supercritical fluid extraction fractionation (SFEF) technique developed by State Key 
Laboratory of Heavy Oil Processing. These SFEF fractions were catalytically hydroprocessed in 
a 100 mL autoclave with crushed commercial Ni-Mo catalyst. The HDS and HDN diffusion- 
reaction model of residue in autoclave reactor was established. The diffusion and HDS and HDN 
characteristics of these fractions were discussed. 

KEYWORDS: heavy oil, diffusion, HDS and HDN 

INTRODUCTION 

Because of the increase of heavy oils and bitumen as refinery feedstock and the growing demand 
of amount and quality for light distillate oils, catalytic hydroprocessing of heavy oil plays a 
growingly important role in modem petroleum deeply processing. Considerab!e effort has been 
focused worldwide on characterizing oils from the points of view of feedstock properties and the 
resultant kinetic properties. Much of this effort, however, has been directed at characterizing the 
reaction kinetics of whole oils, and the investigations about the hydroconversion features of 
narrow fractions of heavy oils are scarce. Hoog(l950)[’], Yitzhaki and Aharoni(l988)*’, 
Papayannakos( 198q3’, and Trytten & Gray( 1 990)4’ studied the hydroconversion of narrow 
fractions from distillates. The removal of sulfur and nitrogen as well as conversion of  
aromatic carbon decreases with the increase of average molecular weight(AMW) of feed. 
Although the hydroconversion is affected by its intrinsic reactivity and diffusion property, 
the intrinsic reactivity is the controlling factor of reaction rate, especially for the heavier 
fractions. In a small reactor designed oneself, Dai[51 investigated the resin catalytic 
cracking of each SFEF fraction from Shengli Vacuum residuum. When the total yield of 
extract oil in SFEF is not greater than 78%, the resin in each fraction can be cracked easily 
with a liquid yield of 65-75%. The reactivity of resin is greatly affected by its AMW, the 
greater the AMW of resin is, the poorer the cracking reactivity. 

As a whole, the reaction feature of feed varies with the AMW, or molecular size. Now there 
is not investigation about the hydroconversion characteristics of narrow fractions of 
residuum reported for lack of proper separation method. The SFEF technique developed by 
State Key Laboratory of Heavy Oil Processing affords the possibility to do such a work. In 
this paper, three residua were fractionated into narrow fractions by the SFEF method and 
the hydroconversion characteristics of every fraction were studied at the same conditions, 

EXPERIMENTAL 

Feedstocks Two vacuum residua of Arabian Light crude and Arabian medium crude were 
provided by Fushun Research Institute of Petroleum Processing, and Dagang atmospheric 
residuum came from Dagang refinery. Such three residua were separated respectively into 8 
fractions by the SFEF method. The main properties of each fraction were measured, density 
at 20°C is of 0.8721 to 1.1405g/cm3, AMW of 353-3394, sulfur of 0.101-6.40 m%, nitrogen of 
436-9700 pg/g, WC atomic ratio of 1.40-1.8 1. 

Catalyst A key catalyst used in Chevron VRDS process(CAT1) and another 
catalyst(CAT2) produced in China were chosen in this research. The average pore diameter 
of both catalysts is 33A and 38A, pore volume is 0.45 and 0.39mL/g, and specific surface area is 
275 and 203m2/g.The main metal active components are molybdenum and nickel. Catalyst was 
crushed and sieved into 60/80 mesh particles (average diameter of 0.35mm), and the catalyst 
particles were presulfurized before use in reaction. 

751 



Hydroconversion and Separation The crushed catalyst was presulfurized firstly, washed with 
solvent and dried in a vacuum drying oven. The presulfurized catalyst and sample were charged 
into the autoclave with the ratio of 1 to 10. Reaction conditions were set as follows: 400°C 
8.5Mpa of initial hydrogen pressure, 4 hours and 850rpm of agitation rate. AAer loading the 
catalyst and sample, the system was purged with hydrogen three times, then the temperature was 
increased gradually and the agitator was switched on when the temperature reached from100" - 
150°C. After reaction, the autoclave was taken out from the heating furnace and put it into 
cooling water. When the temperature reaches to about 200"C, the reactor was placed into an 
isothermal water bath of 60°C in order to assure the consistency of sampling conditions and 
avoid or reduce the evaporation of light components in liquid product. While the autoclave 
comes to about 60"C, reactor was connected to a gas ration and sampling system for collecting 
gas prodnct. The in-situ temperature, atmospheric pressure and the collected gas volume were 
recorded. Then the gas product was transferred into a gas sample bag for composition analysis. 
After sampling gas, the reactor was cooled down to ambient temperature, opening the reactor and 
taking immediately a little liquid product into a centrifugal test tube. The catalyst contained in 
the liquid product was deposited on the bottom of the test tube by centrifugation separation in a 
centrifugal machine at 5000rpm for 5 minutes. The upper oil in test tube was transferred to a 
sealed vial for simulated distillation analysis. 

The remaining liquid product and catalyst in reactor was diluted with solvent and transferred into 
a Soxhlet apparatus, then extracted with dichloro-ethane for one hour, finally the extracted liquid 
should be not color. The wet catalyst in the extractor was taken out and placed into a vacuum 
drying oven to dry for coke content and other properties analysis. The extractive was distillated 
at atmospheric pressure to recover the solvent, then the liquid product was transferred into a 
small distillation flask of 150mL and subjected to vacuum distillation to obtain the high boiling 
residue of >350"C for analyzing the sulfur and nitrogen contents, molecular weight, and 
hydrocarbon group composition. 

In the present study, the loss in experiment could be ignorable, and sum of yields of gas , coke 
and liquid product accounted as 100%. Once the gas and coke yields are determined, the yield of 
any distillate can be calculated according to the simulated distillation data of liquid product, 

DIFFUSION-REACTION MODEL 

Reaction Kinetic Model 
described generally as follows: 

The non-homogenous catalytic reaction with order of n can be 

Where, r--amount consumed on unit surface area of catalyst in unit time, mol/(m2. s); 
N--amount of reactant, mol 
&-reaction time, s; 
w,--catalyst weight, g; 
s,--specific surface area of catalyst, m2/g 
c,--.concentration of reactant, mol/m3 ; 
ks--aTparent rate constant for first-order reaction based on the surface area of catalyst, m3" 

/(mol(".' m2. s) 
If the volume of reaction mixture is thought changeless in reaction process, the right end of 
equation above can be written as, 

d ~ ,  1 - d(cm'vr). 1 - VAG 
dt wCsg dt W ~ S ~  wCsg 'd t  

That is, - 

When v, is the volume of reaction mixture(m3). The molar concentration of reactant is converted 

into mass fraction, 

Where, c-the mass fraction of reactant ; 

c, ' M c = - 
P, 

M-molecular weight of reactantdm o 1 ; 
p,-density of reaction mixture at reaction temperatureg/m' . 
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Substitution of the above relation in equation (2) gives, 

In the special case of n=l, equation (3) reduces to 

Integrating equation (4), we get, 

or 
wc ' S g  - In(l -x)  = --k, .t 

V .  

Where x is the conversion of reactantx =(co-c)/ co. Solving the k, From equation (5b) gives 

(6)  k ,  - v, .w- 4 
we 'Sg . I  

Many investigate#] have correlated their experimental data with first-order kinetics for the 
HDS and HDN reactions of residua. In general, the conversions of HDS and HDN are not greater 
then 90% in this study, and the feed with narrow range has similar reactivity for all compounds 
contained in it. For simplicity, HDS and HDN are treated as first-order irreversibly reactions, so 
the apparent rate constants can be calculated by equation (6). 
Diffusion Effect The external diffusion effect on reaction rate is ignorable in the stirred 
autoclave with high agitation speed'71. The effect of reactant migration through catalyst 
micropores on reaction rate can be described by the effectiveness factor, 

'= rate of not slowed by pore difision (7) 
actual reaction rate within pore 

For first-order reaction, the relationships between effectiveness factor and Thiele modulus have 
been proposed for different catalyst shape. 

(8) tJ 
Single cylindrical pore('] q = 

I&) 
O,I*(2$)  

Long cylinder particle['] q = - 

Sphere particle"01 

Where, $ -Thiele modulus, dimensionless 
Vp-volume of catalyst particle, m3 
Ap-external surface area of catalyst particle, m2 
p, -particle density of catalyst, g/ m3 
ki-intrinsic rate constant based on the surface area of catalyst, m / s  
D,-effective diffusion coefficient of reactant, m2/s. 

Although the forms of three equations above for different shape of catalyst particle are different, 
the predicted values of q at the same$ are similar, especially for the case of I+ <4. In the present 
study, equation(l0) for sphere particle was selected to describe the relationship of effectiveness 
factor of HDS and HDN reactions and Thiele modulus. 

Assuming no temperature gradient exists between the external surface and the Center of catalyst 
particle, for first-order irreversible reaction we have, 

for sphere catalyst particle vp = !L 
A" 6 

where 4 is the equivalent sphere diameter(m). Substitution of equation (Il), (12) and (13) in 
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equation (10) gives, 

where, (15) 

If the parameter d,, p,,,s,,v,,w,,rand x in equation (6), (14), (15) are obtained, the apparent 
rate constant k3 can be calculated by equation (6), parameter A can be determined once the 
effective diffusivity is given. Instituting k, and A into eqmtion (141, the intrinsic rate constant, 
k, , can be calculated by N e w m  iteration, and the effectiveness factor, q , will be determined by 
equcitiiion ji2). 

Estimation of Effective Diffusivity For heavy oil hydroconversion, three phases of gas, liquid 
and solid exist simultaneously, the reactant must firstly migrate through the micropores filled 
with liquid to the internal surface of catalyst, and then the catalytic reactions take place there. 
The transport in liquid-filled pores is usually described by a Fickian diffusion relation with a 

effective diffusion coefficient[”] ( D e  = E D b .  When the size of diffusion molecules and the 

pores are of the same order of magnitude, the interaction between the walls and coefficient tends 
to decrease the effective difisivity. It belongs to the configuration diffusion and the effective 
diffusivity can be computed by the equation, 

.I (16) 
De = E D h . F ( h )  

Where D,-effective diffusion coefficient, m2/s; 
Db-bulk diffusion coefficient, m2/s; 
E -catalyst porosity, E = V, . p, ; 
V, -pore volume of catalyst, m3/g 
f -catalyst tortuosity which have a value of 1-6, For catalysts in this study, T was set 

to be equal to 4 according to the reference [‘‘I. 

F(A) is named as restricted diffusion Factor, 
F(h)  = k, . k,[I2]. k, is the ratio between the concentration 
of diffusion molecules inside and outside the pore and .; 060 

depends on A. , the ratio of pore to molecule diameter. For 5 
small solvent molecules, k, satisfies the relation: 2 
k, = (1 - h ) 2 .  When either the solute or the solvent absorb on 
the surface of pore, there is a resistance caused by drag 

Fig.1 F(h)  versus h influence is expressed through the drag coefficient, k, . 
Some relation of F ( h )  and h were summarized in chapter 1 
of reference [13], which are illustrated schematically in figure I .  Figure 1 shows that the 
theoretical model proposed by Renkin is very close to the experiential model developed by Lee 
through the kinetic experiment. Here the Renkin’s relation was chosen to computer the restricted 
diffusion factor. 

I.W 

D 040 

z OW 

O W  

exerted on the moving molecules by the walls. This rabO OW mOleCU,ar OW diame,er 040 to 060 pore 0.89 

F ( h ) = ( 1 - 1 ) 2  ~(1-2.104h+2.09h’-0.95h5), hc0.5 (17) 
Bulk diffusion coefficient is calculated by Stokes-Einstein equation[’41, 

Where, k-Boltzmann constant,l.38x lO-*’J/ K ;  
T-absolute temperature, K; 
d,4 iameter  of spherical solute, m; 
p -viscosity of solvent, Pa. s. 

The empirical relation between the equivalent spherical diameter and the molecular weight was 
selected to estimate the size of reactant[131, 
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In industrial process, all molecules with different size exist in one system with the same viscosity 
of solvent. The viscosity of reactant mixture was estimated to be 1.24 x lo4 Pa .s under 390°C, 
7.6MPa in the study of residuum hydroprocessing. In the present study, every SEFE fraction was 
subject to hydroconversion, then the viscosity of reaction system may be different for different 
fraction. The viscosity of feed and product at reaction conditions was calculated using ASPEN 
software, and the viscosity in equation (1 8) was taken as an average of calculated viscosity of 
feed and product. The deviation of the viscosity for heaviest fractions may be larger for lack of 
distillation data of feed. 

Now, the effective difisivity can be determined through equations (1 9), (1 8), (1 7) and (1 6). 

RESULTS AND DISCUSSION 

The reaction product was classified into two lumps, the heavy lump of >350"C and the light 
lump of <350°C The sulfur and nitrogen in light lump migrated from heavy lump were thought 
removal by hydrogenation Therefore, the conversion of HDS and HDN can be calculated 
according to the distillation data and the element analysis results 

The equivalent spherical diameter, bulk diffusion coefficient, effective difisivity, effectiveness 
factor, apparent and intnnsic rate constant of HDS and HDN were obtained for every SEFE 
fraction in terms of the diffusion-reaction model mentioned above The result was summarized in 
table 1 

Table 1A HDS diffusivities and kinetic parameters of SFEF fractions 
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The molecular size of SFEF fractions is 10-20i and 20-30A for the SEFE residue. The largest 
ratio of diffision molecule diameter to pore diameter is 0.48, which is less than 0.5. In the 
present study conditions, bulk diffisivity is 0.7 - 112 x 10-''m2/s, and the effective diffusivity is 
0.006 - IO x IO-" m2/s. The bulk diffisivity varies within the range of liquid diffisivity for less 
viscous system. The effective diffusivity belongs to the range of configuration [I6]. Fof less 
viscous system the diffisivity agrees with that in reference very well [I7], but for more viscous 
system, no published data can be used to compare. 

The apparent and intrinsic rate constants are 0.76 - 9.25 x m / s  and 158 .- 9.32 x IO-" m / s  
for HDS, and 0.15 - 8.52 x 1 O-I2 m/s and 0.1 6 - 8.58 x 1 0-I2 m/s for HDN. For the same feed, 
HDS reaction rate is always greater than HDN. Which means that the removal of nitrogen is 
more difficult than that of sulfur in heavy oi!. 

The differences of rate constants between HDS and 
HDN for different feeds are shown in figure 2. Such 

fractions than for lighter and heavier fractions. It 
may be ascribed to the difficulty for lighter fraction 
reaching to high conversion of HDS reaction and 
for the removal of sulfur and nitrogen of heavier 
fraction with high aromaticity. Therefore, the 
deeply HDS of lighter fraction is very difficult as 
the HDS and HDN of heavier fraction. 

Figure 3 and 4 shows the relationships of apparent 
and intrinsic rate constant of HDS and HDN and the 
heavy oil characteristic parameter['*], KH, and the 

differences are obviously greater for medium 
8 1w-12 

f 20E-12 

$ 

l j w a e n & d ,  d' 
Fig 2 diffcrencc of HDS and HDN rate 

wnstant versus KH 

m 

5m 1 m a 1 5 m m 2 5 m r m U m  
molecular weight(VP0) 

Fig.48 ki versus AMW 
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well as stronger diffusion resi 
factor for HDN reaction. 

CONCLUSION 

Figure 5 is the plots of relationships of effectiveness factors of 
HDS and HDN and the molecular weight of feed. The 
effectiveness factors decrease proportionally with the increase 
of AMW. This means that diffusion effect exists in the present 
reaction conditions, and the heavier the fraction is, the larger 
the molecular size, and the severer the diffusion effect. 

With the increase of fraction AMW, the decrease of intrinsic 
rate constant for HDN is faster than for HDS, but the decrease 
of effectiveness factor for HDN is slower than for HDS. 
Therefor, the poorer HDS and HDN reactivity for heavier 
fractions can be explained by the lower intrinsic reactivity as 
me,  and the decrease of intrinsic reactivity is the controlling 

Through the catalytical hydroconversion of SFEF fractions which properties change in a large 
range, some conclusions were emerged. The diffusion of macromolecule in catalyst micropore 
filled with liquid belongs to configuration diffusion. The HDS and HDN diffusion-reaction 
model of residue in autoclave reactor was established. The intrinsic and apparent rate constants 
of HDS and HDN reaction obtained in terms of the kinetic model decrease quickly and reach to 
stable values with the increase of average molecular weight. HDN rate constant declines faster 
than that of HDS, but the effective factor of HDS decreases more quickly than that of HDN. It 
means that the low conversion of HDS and HDN reaction for heavier SFEF fractions could be 
ascribed to the poorer reactivity and the stronger diffusion resistance. The heavier the SFEF 
fraction, the larger the molecular size, and the severer the effect of diffusion on the reaction. 
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COKE FORMATION AND CHARACTERIZATION DURING THERMAL 
TREATMENT AND HYDROCRACKING OF LIAOHE VACUUM RESIDUUM 

Zong-xian Wang, Ai-Jun Guo, Guo-he Que 
National Heavy Oil Processing Laboratory, University of Petroleum 

Dongying, Shandong 257062, P. R. China 

The physical and chemical properties and structural compositions of Liaohe residuum were 
studied. The coke formation in the processes of thermal conversion and slurry catalytic 
hydrocracking reaction of the residuum was subsequently investigated. Then, the relationship 
between coke formation tendency and physicochemical compositions of the residuum was 
studied. The effect sf initial coke formation on the propagation of coke formation was also 
studied. Using high-precision microscope and FTIR, the formed coke was characterized. With 
increasing processing severity, the coke formed in the bulk of reaction fluid system is changing 
from fine particulate form to coke cluster form. Initially formed coke seems to promote coke 
formation and growth of coke clusters during thermal treatment under low pressure. The on-set 
of coke formation is quite closely related to the ability of reaction system to peptize coke 
precursors. 

KEY WORDS: coke formation, thermal treatment, hydrocracking, vacuum residue. 

INTRODUCTION 

Coke formation has long been a concern of petroleum refiners and researchers because petroleum 
residue processing is often limited by coke formation. This limitation is very severe in the cases 
of visbreaking, catalytic hydrotreating and catalytic hydrocracking, in which no appreciable 
amount of coke can be tolerated because of the need to flow freely through coils or catalyst-bed 
and the need to keep catalysts active. In the FCC or RFCC and slurry-bed catalytic 
hydrocracking (SBCH )processes, coke formation may deactivate catalysts and decrease the 
depth of upgrading. Even the delayed-coking process would be limited by coke formation in 
heating coils. Hence, the coke formation is one of key factors influencing petroleum residue 
upgrading. 

In addition to processing conditions, the physical and chemical properties and structural 
composition of petroleum residues dictate the action of coke formation (1-4). A vacuum 
residue(VR) with low WC atomic ratio and high carbon residue may be of high propensity to 
produce large amount of coke, to which much attention has been paid by RFCC, Coking and 
SBCH processes. The inducing period of coke formation is not only related to carbon residue 
value but to the miscibility of residue sub-fractions and particularly to the ability for vacuum 
residue system to peptize its asphaltene and coke precursors (5-7). Evidently, the long inducing 
period of coke formation is relevant to visbreaking and hydrotreating processes. Therefore, the 
study on coke formation is of significance in searching for coke inhibition procedures. 

This work is intended to take Liaohe vacuum residue as a specimen to study, in detail, its 
physical and chemical properties and structural composition, and to investigate coke formation 
during its thermal, hydrothermal conversion and slurry-bed catalytic hydrocracking. 

EXPERIMENTAL 

Sample 

Liaohe vacuum residue was collected from Liaohe Petrochemical Plant in March 1996; Gudao 
VR was collected from Shengli Oil Refinery. Their general properties are listed in Table I ,  

Analytical Procedures 

Isolation of Six Sub-fractions 
Liaohe and Gudao vacuum residues were chromatographically separated into six fractions, i.e. 
light oil (Fl), heavy aromatic fraction @2), light resin (F3), middle resin (F4), heavy resin ( F 5 )  
and n-pentane asphaltene (F6) by using a procedure described in reference (8) 
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Ultimate Analysis and Molecular Weight Measurement 
Carlo Erba 1160 elemental analyzer was used for C, H, N analysis; atomic absorption method 
was used to determine Ni, V, Fe and Ca contents. Average molecular weight was measured by 
using VPO method (benzene as solvent, 45 "C) with Knauer molecular weight analyzer. 

FTIR and Microscopic Characterization'of Petroleum Coke 
FTIR analysis of coke was conducted at Nicolet Magna 750 IR analyzer, a mold flat of coke and 
KBr mixture as sampling. An OLYMF'AS HS-2 microscope was used to visualize the coke 
formed in the bulk of reaction system. 

Liaohe VR Thermal and Hydrothermal Conversion and Catalytic Hydrocracking 
The experiments were carried in a lOOml FDW-01 autoclave reactor with an up-and-down stirrer 
at 120 times of reciprocation per minute. Initial pressure was 5.0Mpa N, for thermal conversion 
and 7.0MPa H, for hydrothermal conversion and catalytic hydrocracking. Catalyst used in 
hydrocracking reaction was Mo based oil soluble additive(ca.200 PPM Mo in reaction feed), and 
was pre-sulfided by elemental sulfur at 320°C for 30minute after mixing with Liaohe VR ( S M o  
atomic ratio=3/1). Reaction temperature (430°C) was reached within 25minute from room 
temperature. After 1 hr. reaction time, the reactor was quenched (cooled) to room temperature, 
the reactor gas was vented, and toluene slurry was prepared from the reactor contents. Any solids 
adhering to the reactor walls or intemals was carefully scraped off. The slurry was centrifuged 
into the toluene insoluble (TI or coke) and the toluene soluble; the toluene insoluble was then 
washed (extracted) with boiling toluene and separated by using quantitative filter paper, and then 
dried and weighed. The toluene soluble was distilled into several fractions. The data are listed in 
table 4. 

RESULTS AND DISCUSSION 

Relation Between Feed Properties and Coke Formation 

The data in table 1 show that Liaohe VR, in contrast to Gudao VR, is high in viscosity, CCR, 
heavy metals, nitrogen content, aromaticity (fA) and the.ratio of aromatic ring number to 
naphthenic ring number (RA/RN). This indicates that Liaohe VR will generates more coke than 
Gudao VR under high processing seventy ( e g  delayed coking and RFCC). 

However, the SARA analysis (group composition) is similar for these two VR, for example, the 
oil fractions (saturates+aromatics) are 47.7% and 49.3% for Liaohe VR and Gudao VR 
respectively. Even the n-heptane asphaltene (nC7-At) content of Liaohe VR is less than that of 
Gudao VR. Even the oil fraction of Liaohe VR has lower density, viscosity, pour point, CCR, 
sulfur, nitrogen and metal contents, contrast to the oil fraction of Gudao VR. 

Therefore, it can be inferred that the qualities of resin and asphaltene fractions of Liaohe VR 
must be much inferior to those of Gudao VR. It is verified by further analysis of six sub-fractions 
of these two VR, as seen in table 3. The nitrogen, nickel and CCR in heavy resin and asphaltene 
account for 69.1%, 78.6% and 74.1% respectively of total N, Ni and CCR in Liaohe VR, while 
the corresponding values are only 61.0%, 61.0% and 63.0% for Gudao VR. The aromaticity and 
R,/R,, ratio of Liaohe resin and asphaltene are much higher than those of Gudao resin and 
asphaltene, indicating that the cracking performance of Liaohe resin and asphaltene must be quite 
poor. 

Besides, there exists a great difference in molecular weight distribution in Liaohe VR six sub 
fractions. The ratio of asphaltene molecular weight to oil molecular weight for Liaohe VR is 
about 9.5, while that for Gudao is only about 4.6. The gap between properties of oil fraction and 
resin-asphaltene fraction of Liaohe VR is much wider than that of Gudao VR, which implies that 
the system of Liaohe VR is not harmonious, and its colloidal stability must be very low. All 
those above show that Liaohe VR is kind of inferior heavy oil; the propensity to coke formation 
is much higher than Gudao VR during processing. A preliminary thermal treatment test has 
shown that the inducing period of coke formation of Liaohe VR is shorter than that of Gudao 
VR. 

Distribution of Products in Thermal Treatment and Hydrocracking of Liaohe VR 

Table 4 lists 450°C- h t i o n ,  450°C' cracked residue, coke content in reaction products and 
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pentane asphaltene content in cracked residue. With reaction temperature being increased, 450T 
fraction yields increases for all three series of reactions, and the increment is the highest for ' 

thermal reaction and the least for catalytic hydrocracking with Mo based catalyst. But the 
conversion to light products is the highest for the latter process under unit coke formation 
condition. Under the reaction condition of 430°C and reaction time 1 hr, the coke formation is 
less than 1% and conversion reaches up to 50% for the latter process; while coke formation is 
much greater than 1% as conversion reaches 50% for other two series of reactions of Liaohe VR. 
The coke formation increases rapidly with temperature for thermal treatment of Liaohe VR, but 
quite slowly for catalytic hydrocracking. The asphaltene contents in three reaction systems are 
changed in the similar tendency with cracked residue proportions. The molecular weight of 
asphaltene decreases with increasing reaction temperzture for all these three reaction systems. 
The decrease of asphaltene molesxlar weight for thermal treatment is most eminent. 

Characterization of Coke Formation by Microscopic Analysis 

Reacted materials were sampled from the bulk of reaction system with thin glass plate as the 
samplers and then visualized by using an OLYMPAS HS-2 microscope. Three series of 
microphotographs (10~40~3.3)  were taken of reacted materials from three series of reaction 
systems of Liaohe VR thermal treatment, hydro-thermal treatment and catalytic hydrocracking. 
The microscopic analysis showed that there was yet little coke at 420°C for hydrocracking 
system. With temperature increasing, the coke formed in the bulk of reaction system was 
changing from fine dispersed particle forms to small clusters( about 0.1-0.2% coke contents ), 
corresponding temperatures being at 425, 415 and 400°C for thermal treatment, hydro-thermal 
treatment and catalytic hydrocracking respectively; and further to coke clusters corresponding 
temperatures k ing  at 430,420,415T respectively. 

Characterization of Coke by FTIR 

Fourier Transition Infrared spectrometry (FTIR) is a useful technique for characterizing organic 
functional groups of organic substances. Naturally it can be used to characterize the coke formed 
in reaction system and to describe the changes of different organic function groups, such as 
aromatic carbon, paraffinic carbon and substitution extent of aromatic ring periphery, of coke 
with increasing reaction severity. 

Aromatic C=C double bond vibrates at 1600 cm.' aromatic C-H bond vibrates at 3030 cm", and 
750 cm", 810 cm.', 870 cm.'. Paraffinic C-H vibrates at 2920 cm-', 2860 cm", 1460 cm'l and 
1380 cm.'. Here, the relative vibrating strength (Ax'), Le., the ratio of vibrating strength (Ax) of 
function groups to C=C vibrating strength (A1600), was used to describe the relative changes of 
coke function groups and to reveal the way in which chemical structures change. The relative 
vibrating strengths of several organic function groups of coke formed at different severity in 
Liaohe VR reaction systems were tabulated in table 5. With temperature increasing, A2**, and 
A,, seemed gradually decreasing, showing the paraffinic portion of coke decreasing and 
aromaticity relatively increasing. A,,,, Aslo and A,,, increased with temperature increasing, 
showing that constitution extent of aromatic ring was decreasing and side chain cracking 
occurred. Therefore, FTIR is an effective means for characterization of coke formation during 
VR processing. 

Mechanism of Initial Coke Formation and Its Effect 
, 

Vacuum residue is a colloidal system with asphaltene and heavy resin as dispersed phase and oil 
fraction and light resin as media. If physical and chemical properties of dispersed phase were 
much different from those of media constituents, the media would not properly peptize the 
asphaltene, and the colloidal system would not be stable. For example, asphaltene can be 
precipitated by n-pentane because pentane dilutes the colloidal system and makes the media less 
aromaticity, low average molecular weight and low polarity. When heating disturbs vacuum 
residue system, the molecules move fast, the micelle made up of asphaltene and media would 
become loser, some of asphaltene molecules may bump off the micelle cages to coalesce. The 
vacuum residue colloidal system can also be disturbed by some fine solid polar particles due to 
the adsorption of asphaltene molecules to these particles. At high heating severity, some weak 
bonds in asphaltene molecules may crack. Asphaltene micelles may break apart; some asphaltene 
molecules may physically coalesce or chemically interact to form large molecules. At the same 
time, the ability for media to peptize asphaltene molecules becomes lower due to light fractions 
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increasing, thus causing asphaltene molecules to coalesce and to be precipitated. 

All these factors can account for the initial coke formation of vacuum residue reaction system. In 
fact, the initial coke is the physical-chemically-coalescent phase of asphaltene molecules, whose 
properties are very similar to those of asphaltene---coke precursor. Hence initial coke may have 
high an affinity for asphaltene molecules and promote .coalescence of asphaltene molecules and 
coke formation. 

In order to testify the effect of the initial coke on reaction system, Liaohe VR with some pre- 
added coke powders was subjected to thermal treatment and hydrocracking tests. The thermal 
treatment under atmospheric nitrogen gas was conducted in a quartz tube reactor (30 ml) heated 
by an electric tin bath, other tests were carried out in an autoclave of 100 ml under 7MPa 
hydrogen gas. The results were tabulated in table 6. 

Coke formation was about 0.73% for Liaohe VR thermal treatment under conditions of 406°C 
2hr and nitrogen atmosphere. When O S %  coke was pre-added in the thermal treatment system, 
total coke was about 1.93%, net coke formation was 1.20%, net coke increment was about 0.47% 
contrast to blank test without pre-added coke; 1% pre-added coke promoted 1.22% net coke 
formation compared with the blank thermal treatment. It was obvious that initial coke could 
considerably promote coke formation during thermal treatment of vacuum residue under low 
pressure(a relatively open system). In hydrothermal treatment of VR, it seemed, superficially, 
that pre-added coke was of little influence on coke formation. In fact, the Ni, Fe in pre-added 
coke might act as hydrocracking catalysts, the catalytically active hydrogen could saturate the 
coke precursor free radicals and chemically inhibit condensation of these free radicals, thus 
inhibit the coke formation. The counteraction between the coke promotion by initial coke and the 
coke inhibition by heavy metals in the coke makes total coke formation similar to the coke 
formation in virgin hydrothermal treatment. In the catalytic hydrocracking process, pre-added 
coke could markedly inhibit net coke formation. In addition to activating hydrogen, the pre- 
added coke and Mo sulfide solid particles were of high affinity for asphaltene free radicals, and 
made these coke precursor radicals adsorbed around them. Thus, the active hydrogen on catalysts 
could instantly terminate coke precursor radicals; thus the coke inhibition efficiency was 
enhanced. The performance for catalyst particles to enrich asphaltene-coke precursors around 
them and to promote the utilization of active hydrogen may be the important factors for sluny- 
bed catalytic hydrocracking of heavy oils to effectively inhibit coke formation. 

CONCLUSION 

The SARA group composition of Liaohe VR is similar to that of Gudao VR, the nature of its oil 
fraction is even better than that of the Gudao VR counterpart, but its resin and asphaltene 
fractions are much inferior to those of Gudao VR. The uniformity of Liaohe VR system is lower 
than that of Gudao VR, its colloidal system is not stable, and the coke formation tendency is high 
during further processing. 

With processing severity increasing, coke formation in VR reaction system is developed from 
dispersed fine particles to coke clusters. FTIR technique can effectively characterize the 
evolution of aromatic part and para ink  part of the coke formed at different severity. 

The initial coke could promote coke formation during low-pressure thermal treatment of VR. 
During hydrothermal and hydrocracking treatments, pre-added coke seems to promote catalysis. 
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Table 1 Proaerties of Liaohe vacuum r( 
Property 

Density(2O0C), g./cm3 
viscosity(loooc)/mm2.s~' 
Pourpoint, OC 
Flash point, "C 
Carbon residue, % 
Elemental composition 

c, % 
H, % 
s, % 
N, % 
H/C(Atomic ratio) 

Total MetaVPPM 
Ni, PPM 
V, PPM 
Fe, PPM 
Ca, PPM 
Ash, % 

SARA fractions: 
Saturates, % 
Aromatics, % 
Resins, % 
nC7-Asphaltene, /% 

Structural Parameters 
FA 
FN 
RA& 

Liaohe VR 
0.9976 
3375 
42 
312 
19.0 

87.0 
11.4 
0.43 
1 .os 
1.50 
258.6 
122.6 
2.9 
37.5 
95.6 
0.056 

17.1 
30.3 
50.2 
2.1 

0.267 
D.258 
3.93 

idue (VR) 
Gudao VR 
0.9998 
1710 
41 
327 
15.6 

85.4 
11.4 
2.52 
0.80 
1.60 
131.6 
48.0 
2.2 
13.8 
33.8 
0.026 

14.5 
34.8 
47.2 
3.5 

0.181 
0.330 
0.47 

Table 2 Properties of oil fraction of Liaohe VR 
Properties 

Density(20°C), s/cm' 
Viscosity(lOO°C), mmz.s-' 
Pour point, "C 
Carbon residue, % 
MW 
Elemental composition 
c ,  % 
H, % 
s, % 
N, Yo 
WC(Atomic ratio) 
Metals 
Ni, PPM 
V, PPM 
Ca. PPM 

Oil fraction of 
Liaohe VR 
0.9392 
84.1 
36.0 
3.5 
630 

87.2 
12.3 
0.34 
0.33 
1.68 

1.3 
2.4 
1.1 

oil Fraction 
of Gudao VR 
0.9558 . 
103.0 
39.0 
5.8 
860 

85.0 
11.9 
2.0 
0.45 
1.67 

6.0 
/ 
19.8 
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I 

>45O0C 
cracked 
residue, % 

62.2 
54.2 
32.9 
17.7 
71.68 
59.00 
46.60 
30.78 
81.00 
74.3 1 
64.24 
49.13 
42.0 

Property 
Liaohe VR: 

Coke, % nC5-At in 
cracked residue 
% Mw 

0.1 I I 
1.4 24.6 3349 
10.9 15.8 2829 
19.5 9.2 1499 
0.05 I I 
0.10 23.1 3837 
3.20 17.9 2989 
7.92 13.3 1979 
0.05 I I 
0.09 1 / 
0.22 15.8 3477 
0.68 14.8 2932 
4.21 12.2 2063 

Yield, % 
MW 
fA 

fN 

RARN 
WC 
N, Yo 
NdNT, % 

Nifli,, % 
CCR, % 
CCRJCCRT, % 
Gudao VR 
Yield, % 
MW 

Ni, ppm 

fA 

fN 

RA&i 
WC 
N, Yo 

% 
Ni, ppm 
Nifli,, % 
CCR, % 
CCWCCR,, % 
iAW- molecular M 

400 
410 
420 
430 

400 
410 
420 
430 

400 
410 
420 
430 
440 

36.1 
590 

I 
I 
I 
1.75 
0.16 
2.1 

product, % 

37.7 
44.4 
67.1 
62.8 
28.27 
40.90 
50.20 
61.40 
18.95 
25.60 
35.54 
50.19 
53.79 

0.2 

34.9 
800 
I 
I 
I 
1.83 
0.10 
4.2 
0.6 
0.4 
2.4 
4.8 

gz7q 
NidNkthe ratio of nickel in 

11.6 
810 

I 
I 
I 
1.48 
0.85 

10.8 

.5 

.4 

14.2 
1000 
I 
I 
I 

1.50 
0.75 
12.9 

9.7 
2.9 

15.9 
12.9 

-the ratio ( 

16.8 
1050 

0.329 
0.201 
1.5 
1.44 
1.42 

18.0 
197.3 
21.3 
23.2 
22.5 

15.6 
1370 
0.285 
0.149 
1.8 
1.51 
1.17 
21.9 
109.1 
35.7 
21.7 
19.3 
iitrogen iI 

xtion to total nickel in VR 

actions of Liaohe VR 

1380 2240 
0.357 0.371 
0.153 0.151 

1.41 1.38 
1.70 1.78 

21.6 22.6 
225.2 
24.3 
31.1 
3 

7.9 
1760 
0.290 
0.182 
1.5 
1.49 
1.37 
13.0 
43.7 

7.2 
23.6 
10.6 

action to 1 

1 

8.8 
2430 

0.297. 
0.166 
1.7 
1.48 
1.43 

19.7 
49.6 
12.0 
21.7 
14.5 

CCRJCCR, -the ratio of carbon residue of fraction to total carbon residue in VR 

Table 4 Yields of conversion products under three series of reaction conditions 

I Reaction I <450°C 
condition 

7MPa 
Mo 

E5-At 

14.2 
5970 
0.509 
0.082 
6.2 
1.19 
1.96 

24.9 
502.3 
54.3 
45.3 
43.9 

15.9 
3920 
0.437 
0.128 
3.3 
1.29 
1.48 
28.3 
127.3 
41.8 

41.8 
37.9 

VR 
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Coke A2920 A2m Am0 A870 Am 
samples 
N2 
4 1 O°C 0.780 0.493 0.060 0.271 0.206 
420°C 0.650 0.426 0.095 0.283 0.243 
430°C 0.273 0.210 0.098 0.349 0.312 
H*, 
Mo2OOppm 
42YC 0.574 0.385 0.068 0.280 0.152 
43OOC 0.375 0.256 0.058 0.278 0.210 

0.265 0.176 0.060 0.214 0.215 435T 
0.183 0.155 0.030 0.390 0.422 440°C 

A750 

0.185 
0.241 
0.294 

0.149 
0.184 
0.196 
0.406 

I I I 1 1 
* N2( blowing), 
2hr 

Reaction sample <450"C 7450°C 
condition product, cracked 

% cesidue. % 

** *** coke 
c o k ,  % increment, 

% 

406" 
406" 
406" 

412" 
H2, 7MPa, 2hr 

LHVR I I 0.73 
LHVR+O.S%coke / I 1.20 0.47 
LHVR+l.O%coke / I 1.95 1.22 

LHVR 53.37 43.70 2.93 

164  

H2,7M~%2hr I I 
Mo,  2O0ppm 

425" 
425" 

LHVR 56.87 41.50 1.63 
LHVRO.S%coke 52.96 45.40 1.14 -0.49 
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