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Abstract 
In previous studies, we showed that subbituminous coals treated with CO and water 
in the presence of a base (NaOH, Na,CO,) at mild temperatures (300 OC) produced an 
improved liquefaction feed material. In this reaction coal undergoes significant 
structural modification as observed by the increased THF and pyridine solubility, lower 
oxygen content and higher atomic H/C ratio relative to  the raw coal. In this paper, we 
discuss the impact of the water-gas-shift (WGS) reaction on the coal reaction. Strong 
correlations were found over a wide range of reaction conditions between THF solubility 
of the pretreated coal and both CO conversion and amount of hydrogen consumed. The 
effect of various sodium and ammonium salts on the reaction is discussed. 

Introduction 
Fischer and Schrader,’ pioneered the liquefaction of coal with CO and water. Appell 
and Wender’ in the late 60’s revived interest in this approach as an alternative method 
for directly producing hydrogen in the liquefaction reactor. This led to  the CoSteam 
process for liquefying low rank coals. Since then, the application of CO and water for 
liquefying various materials and the effect of added catalysts on these reactions have 
been widely ~ t u d i e d . ~  The addition of a strong base t o  this system significantly 
improves the conversion of coal to  liquid  product^.^ In recent years, CO and water has 
been used to  treat coal to  enhancing its conversion during liquefaction and improve the 
product mix.6.6 This treatment results in chemically and structurally modifying the coal 
to produce an improved feed material. 

The chemistry of the WGS reaction and the intermediates involved in the reaction are 
complex. Various mechanisms and intermediates have been proposed for coal 
conversion using CO and Recently, Horvath et  al.’ provided evidence for the 
formation of formate ion at liquefaction temperature when they reacted coal with CO 
and water at 400 “C in a specially fitted 13C NMR spectrometer. At significantly lower 
temperatures (200 OC and below), King e t  al.”showed that CO reacts rapidly with KOH 
to quantitatively form potassium formate. They showed that the production of 
hydrogen from the WGS reaction at these temperatures is catalyzed by the addition of 
a catalyst precursor such as Mo(CO),. In the absence of a suitable catalyst, the 
formate ion is relatively stable up to 300 ‘C.” Above 300 “C formate decomposes 
mainly to  CO and H, and partially undergoes dehydration to  form CO. From the 
l i t e ra t~ re ,~ .~ ,~? t  is evident that the success of liquefaction with CO and water has been 
attributed to the intervention of the formate ion. In this paper we present results to 
show the effect of the WGS reaction on the reaction of coal with CO and water at 
rather mild temperatures at or below 320OC. 

Experimental 
- Wyodak coal from the Black Thunder (BT) mine in Wright, Wyoming, was 

ground to  -200 mesh, riffled and stored in tightly sealed containers. Ultimate analyses 
was as follows: carbon, 73.9%; hydrogen, 5.2%; nitrogen, 1.3%; sulfur, 0.6%; 
oxygen, 19.0%0 (by difference). Ash content on a dry basis was 6.12 wt%. All 
results are expressed as weight percent, moisture and ash-free coal (maf). 
Reaction Conditions - Experiments were conducted in a 25 ml micro-reactor by adding, 
per gram of maf coal, up to 3 g of water and 0.06 to  1 .O mmol of promoter salt (NaOH, 
Na,CO,, NaCI, NH4N03). The reactor was pressurized with CO (300-800 psig) and 
heated to 250 to 320°C a fluidized sandbath. The reactor was agitated at  a rate of 400 
cycles/min for periods between 30 min to two  hours, and then rapidly quenched to 
room temperature. Gaseous products were collected and analyzed by gas 
chromatography. Solid and liquid products were recovered from the reactor using 
distilled water, filtered, and dried. Water-insoluble materials were separated by 
extracting with THF in a Soxhlet thimble for 18 hours and drying overnight at 80 OC at 
16 kPa. The THF solubles were concentrated by removing excess THF. A 50:l excess 
volume Of pentane was added and the pentane insoluble material was filtered and dried. 
Only a very small amount of pentane soluble material was recovered which represented 
only a small proportion of the overall products, particularly when high CO pressures 
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were used.6 In coal reactions with a promoter and in the absence of CO or at low co 
Pressures (400 psig and below), soluble humic acids were recovered from the aqueous 
phase by precipitating the colloidal material with HCI (pH 1-21 followed by 
centrifugation and drying. The acidified aqueous layer was further extracted with ether. 
Total mass recovery, on a maf basis, was typically 90% or better at or below 300 "C 
and between 80-85% at 320°C. THF solubility of the solid products after pretreatment 
is defined as the proportion of material soluble in THF plus any humic acids, if present. 

Results and Discussion 
Water-Gas-Shift Reaction. Total COX recoveries from coal treatment runs with CO were 
typically greater than 98% and included unreacted CO, gaseous and dissolved CO,, and 
formate ion present in the aqueous phase. For those reactions to  which NaOH was 
added. the concentration of dissolved formate, which was based upon the equivalents 
of Na present, accounted for 4% of the total CO feed. No correction was made when 
any of the other salts were used in these reactions. Dissolved CO, in the aqueous 
phase, calculated at ambient temperature following Henry's law, accounted for only 1 % 
of the total CO feed. CO conversions increased with temperature, with the maximum 
conversion of 34% being observed at 350 'C, which was equivalent to  conversion of 
7.5 mmol of CO per gram maf coal feed. 

For a 20% conversion of CO, the theoretical amount of hydrogen produced from that 
portion of the CO that was converted to  CO, via the WGS reaction was equivalent to 
4.5 mmol/g maf coal. Addition of a promoter increases CO conversion significantly, but 
these values are low relative to the thermodynamic equilibrium value. Recovery 
efficiencies of H, were quantitative when coal was absent but decreased sharply in the 
presenceof coal. The missing H? presumably was incorporated into the treated product 
and is reported as H, consumption in mg H,/g maf coal. 

Conversions of CO in aqueous solutions containing up to  2 mmol NaOH per 45 mmol 
CO were determined over a temperature range from 250 to  350 "C for a one hour 
reaction period (see Table 1 ). In the absence of NaOH, only 1 % of the CO is converted. 
In the presence of NaOH, conversions increased steadily with temperature. Doubling 
the reaction time from one hour to 2 hours increased conversion by about 25% at 300 
"C. However, under no circumstances were CO conversions equal to those that were 
reported previously for similar reaction conditions ( -80%)  attained in this study.8 

In the presence of coal at 300 OC, 10% CO was converted in 1 hour (see Table 2). 
This level of conversion was significantly greater than the 1 % observed in the absence 
of coal. When both NaOH and coal were present, 20% of the CO was converted which 
equalled that observed in aqueous NaOH in the absence of coal. The increase observed 
with coal, but in the absence of base, suggests that the cationic component in the coal 
may be acting as a weak promoter. This increase is still much less than observed with 
added NaOH, since coal added to caustic solution gave no additional CO conversion. 
The data indicate that reaction time is a strong dependent variable for converting CO. 
Conversion progressively increased over a period from 30 to  90 min from 12 to 23%, 
as shown in Table 3. Other salts also promote the WGS reaction. CO conversions in 
the presence of coal at 300 "C with added sodium carbonate, bicarbonate and chloride 
were 17. 21 and 16%. respectively. Since CO conversion occurs equally well in the 
presence of sodium chloride, obviously a basic system is not necessary for initiating CO 
conversion. Ammonium nitrate appears not to be a significant promoter for CO 
conversion, possibly because it decomposes at approximately 250 O C .  

Coal Reaction. Treating Wyodak coal in COINaOHIwater at 300 O C  results in a 8 to  13 
wt% decrease in the amount of solid material, as shown in Table 3. In the absence of 
CO or at lower CO pressures. a small amount of humic acids are also found in addition 
to a trace of ether soluble material. Only trace quantities of hydrocarbon gases are 
produced during the treatment. The major part of the decrease in weight is due to 
elimination of water and carbon oxides. The sizable increase in THF solubility of the 
treated material both in THF and pyridine indicates that significant modification has 
occurred to the coal structure. The solubility behavior of this THF material indicates it 
is almost completely pentane insoluble. Although the presence of NaOH is not 
necessary for achieving a reasonably high THF solubility in the water-insoluble product, 
there is improvement when it is present. However, the absence of CO has a much 
more dramatic affect on the reaction. The solubility in THF of the water-insoluble 
material obtained from hydrothermally treating the coal at 320°C in the absence of CO 
was only 11 %. The water-insoluble material from the hydrothermal treatment in the 
presence of added NaOH at 320 "C was 9% soluble in THF. In the case of the NaOH 
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treatment 4 w t% humic acids and 1 wt% ether solubles were formed. 

The amount of hydrogen that could not be accounted for in the material balances from 
these various CO treatments is presumably consumed by the water-insoluble product. 
The amount increased with increasing reaction time as well as temperature. For 
reaction periods from 30  to  90 min, the level of hydrogen incorporation in the product 
ranged from approximately 0.4 w t% up to 0.7 wt%, which is consistent with increases 
reported previously.6 

Other salts also promote the conversion of CO, as well as produces a water-insoluble 
material having increased THF solubilities, as shown in Table 2. The THF solubilities 
of the water-insoluble materials from the sodium carbonate, bicarbonate and chloride 
promoted reactions were similar in magnitude to the amount of THF soluble material 
obtained when using NaOH. Ammonium nitrate, however, gave a material that was 
only 10% soluble. It is not entirely clear why NH,NO, should give a lower THF 
solubility, even though it decomposes above 200 O C  (m.p. 172°C). The hydrothermal 
reaction with CO should still result in a sizable improvement in the THF solubility of the 
water-insoluble product. 

At high CO pressures, the total amount of coal derived material that is soluble in THF 
is equal to the THF solubility of the water-insoluble product. In the absence of CO or 
at low CO pressures, however, the total amount of THF soluble material derived from 
the coal includes humic acids and ether soluble material. A plot of total THF solubles 
versus the amount of converted CO from both current, as well as previously reported 
results, is shown in Figure 1. In these runs, Wyodak coal was treated at different 
temperatures, at different CO pressures, with different amount of water, and with 
different salts at different salt concentrations. The plot indicates a strong correlation 
exists between these variables. 

A plot of THF solubility versus H, consumption also shows a strong correlation with an 
apparent intercept that approaches the origin (Figure 2). This parallel between THF 
solubility and H, consumption and the close approach of the H, intercept to  the origin 
indicates that addition of hydrogen during treatment of the coal must be highly efficient. 

Conclusions. The presence of sodium hydroxide, carbonate, bicarbonate and chloride 
salts promotes the conversion of C.0 at temperatures between 250 and 350 'C. Coal 
also promotes CO conversion but to a lesser extent than the sodium salts. The addition 
of Wyodak coal to  these systems results in a water-insoluble material that is 
significantly more soluble in THF. Correlations were found between both the level of CO 
conversion and H, consumption and the THF solubility of the water-insoluble product. 
The close approach of both of these correlations to  the origin is an indication of the high 
H, utilization efficiency of this treatment reaction. 
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I 

Reaction Time, min 

COX recovery, mol% 

CO Conv, mol% 

CO Converted, mmolIg maf coal 

Missing H,, % theoretical 

WIbProduct, wt% maf coal 

H, Consumption, wt% maf coal 

Solubility of Wi in THF. wt% 

\ 

30 60 90 

98 ' 100 100 

12 20 23 

2.4 4.0 4.0 

70 86 84 

0.33 0.63 0.68 

91 92 87 

20 28 26 

I 

~~ 

Table 2. Effect of Promoter Salt on Treatment of Wyodak Coal' 

a. 300 "C, 800 psig CO cold (approx. 20 mmollg maf coal), 3 g waterlg maf coal. 
b. WI = water insoluble product 
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NH4N03 800 300 

a. Water added at 3 glg maf coal. 
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Fig.2 The Ellect of Hydrogen Conaumptlon on THF 
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