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Introduction

The potential for producing crude oil and a compliance char (less than 1.2 1b
S0,/ MMBtu) by pyrolysis of I11inois Basin high volatile bituminous coals has been
reCognized for years but it has not been realized mainly because these coals
agglomerate when pyrolyzed and because the chars have a relatively high sulfur
content. The feasibility of using oil shale during pyrolysis of high sulfur coals )
and hydrodesulfurization of the resultant coal char is currently being investigated Y,
at the I1linois State Geological Survey (ISGS). Although still in the early stages ’
of process development, three processes have been conceived which use 0il shale with
coal. In the first process, coal and oil shale, or coal and retorted shale are
pyrolyzed in a fluidized bed reactor(FBR). In the second process, spent oil shale
and coal are processed in a FBR. In the third process, coal and oil shale are
pyrolyzed in a multistaged FBR with coal and oil shale occupying separate,
alternating stages. The coal char product from these processes must be hydro-
desulfurized to produce a compliance char.

Pyrolyzing coal and oil shale together could have many advantages over the
pyrolysis of either material separately. First, preliminary ISGS data indicates
that the inert minerals in oil shale dilute the coal-shale mixture, reducing the
agglomeration of caking coals. Secondly, liquid and gaseous hydrocarbons are
produced from both coal and o0il shale. Thirdly, the carbonate minerals found in oil
shale (calcite, dolomite) and their corresponding oxides formed during pyrolysis can
act as scavengers of hydrogen sulfide during pyrolysis and hydrodesulfurization,
Research efforts have recently been initiated at ISGS to obtain engineering data in
the above areas. The results presented are the first phase of a larger
thermodynamics and kinetics study of the reactions between 0il shale and H. S. The
findings of this initial literature review provide the basis for the second phase of
our research which will be presented in future publications.

Decomposition Reactions

The most significant reactions of carbonate minerals which occur during the co-
pyrolysis of coal and o0il shale are shown in table 1. The extent and pathway of
carbonate decomposition are significant because they determine which sorbent{s) are
present during hydrodesulfurization or pyrolysis., The overall thermal efficiency of
the process and the physical properties of the product oxide are also affected by
the extent of carbonate decomposition.

Calcium carbonate in oil shale is found as calcite and dolomite. Dolomite
(CaCOaMgcoa) is a single phase of calcium and magnesium carbonate with its own
unique crystal structure. During decarbonation of the magnesium component to form
half-calcined dolomite, CaCO,Mg0, (hc-dolomite) small crystallites of Mg0 appear
indicating a separation of tRe calcium and magnesium phases. This separation
continues through the second decarbonation to form fully-calcined dolomite, CaOMgO0,
(fc-dolomite). Based on this observation, one would predict that the behavior of
the solid more closely resembles an intimate mixture of its calcium and magnesium
components as the calcination proceeds from dolomite to fc-dolomite.
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Table 1. Shale Mineral Reactions Occurring During Pyrolysis and
Hydrodesulfurization

Equation H298 (Kcal/mole) Equation No

Decomposition Reactions

CaC0, » Ca0 + €O, 43 1)
MgCO, + Mg0 + CO, 28 2)
CaC0MgCO, + (CaCO, + Mg0) + CO, 30 3)
CaC0,MgCO, + (Cal + Mg0) + 2¢O, 73 4)
Desulfurization Reactions

CaCO, + H,S + CaS + CO, + H,0 28 5)
Ca0 + H,S +CaS + HO -15 6)
CaCO MgO + H,S » (CaS + Mg0) + H,0 + CO, 28 7)
CaOMg0 + H,S » (Ca$ + MgD) + H,0 -15 8)
Cac03Mgc03 + st + (CaS + Mg0) + 2c02 + Hzo 62 9)

Both the extent and mechanism of dolomite decomposition are affected by the
partial pressure of COZ. Haul and Markus (1952) followed the decomposition of
dolomite by thermogravimetric analysis of powdered dolomite at 500-900°C under
various partial pressures of CO_ . Their results, shown in figure 1, indicate that
the decomposition occurs by two“different pathways:

CaC03M9C03 + [CaCOa + Mg0]} + CO2 + [Ca0 + Mg0] +2C02 Path A
CaC0 ,MgCO, ~ [ca0 + Mg0] + 20, Path B

The decomposition followed Path A when the partial pressure of CO_ was 12-24 mmHg
while Path B prevails at higher CO, pressures. Since the equilibfium constant for
the decomposition reaction is simpfy the partial pressure of CO_, the concentration
of CO_ affects both the mechanism and extent of decomposition. “For processes in
which“a carbonaceous material (retorted shale or coal char) is oxidized to supply
energy for the pyrolysis stage, the presence of CO2 in the recycled combustion gases
will inhibit the carbonate decomposition.

The onset of decomposition is affected by the presence of steam. MacIntire and
Stansell (1953) report that calcium and magnesium components of dolomite decompose
about 200°C lower than when air is used alone. The same effect was observed by
Burnham et al. (1980) except dolomite was affected to a much greater extent than
calcite.

Decomposition reactions are highly endothermic, thus they adversely affect the
thermal efficiency of the process. Boynton (1980) described the heat balance for the
calcination of limestone in a rotary kiln., Between 1.7 and 4.8 MMBtu/ton of CaCO
are expended depending on the heat recovery systems employed. The minimum heat for
calcination at the dissociation temperature is 2.5 MMBtu/ton of calcite or 0.61
MMBtu/ton of shale to calcine an average western shale containing 33% carbonates.
Chen et al. (1982) used the ASPEN computer simulation system to study the effect of
calcite decomposition on the overall thermal efficiency of an oil shale retort.
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Finally, the rate and the temperature of decomposition affect the pore
structure of the carbonate mineral particles as well as the shale. Steen et al.
(1980) reported an increase in porosity from 12 to 29% accompanied by an increase in
surface area from 0.3 to 8.9 m2/g after half calcination of a dolomite sample.
Surface area and porosity have a strong influence on the rate of sulfidation and
absorbance capacity of the minerals.

Campbell {1978) and McCarthy et al. (1984) have shown that the under typical
retorting conditions CaCO3 also reacts with 5102. The competing reactions are:

xCaCo, + ySi0, + Ca,Si,0,,py + xCO,

>
CaC0, | Ca0 + CO,

When a high CO, partial pressure and a slow heating rate were used, the carbonate
reaction to fom silicates increased because of the greater length of time required
to reach the decarbonation temperature. Decomposition to Ca0 is very rapid once
this temperature is reached. Oxide formation occurs at 600 to 750°C depending on
the CO2 partial pressure whereas silicate formation occurs at about 700-800°C.
Therefore, this undesirable depletion of available carbonates would not be signifi-
cant during pyrolysis (600°C) but may become a problem during hydrodesulfurization
(750-850°C) or if the shale is retorted prior to mixing with the coal to be
pyrolyzed.

Thermodynamics of Desulfurization Reactions

The 1SGS application of the minerals in oil shale differs markedly from fuel
gas desulfurization by carbonates. During pyrolysis and hydrodesulfurization, H
H_ , CO, CO, and H,S influence the H,S adsorption equilibria, i.e. equations 5-9,
téble 1. 6ptima1 temperatures, pregsures, flowrates, etc. have been specified for
pyrolysis and hydrodesulfurization processes, but these conditions may not be the
most favorable for st adsorption. In the following discussion the thermodynamics
of H S adsorption by 0il shale minerals are reviewed while taking into consideration
the fimited range of operating conditions typical of pyrolysis and
hydrodesul furization processes.

20s

The reaction between calcium oxide and hydrogen sulfide {eqs. 6 and 8) has been
studied by many researchers (Uno, 1951; Rosenquist, 1951; Curran et al., 1967).
Pe11 (1971) summarized these experimental studies with the following least squares
fit of their data:

Ph0
2
log K = log 5=— = 3519.2/T - 0.268 10)
HZS
Pell combined this expression with the data given by Hill and Winter (1956) for
the decomposition of calcium carbonate to find the following equilibrium expression
for the reaction between hc-dolomite and hydrogen sulfide {eq. 7):

P P
H,0 + "CO,

P
HZS

Combining equation 11 with the data given by Stern and Weise (1969) on the
decomposition of magnesium carbonate, the following expression for the equilibrium
between dolomite and H,S (eq. 9) is obtained:

log K = log = 7.253 - 5280.5/T 11)
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2
(Peo,)” - Puy0
log XK = log ————5— = 16,19 - 10,553/T 12)

P
HZS
Plots of log K vs 1/T derived from equations 10-12 are shown in figures 2 and
3. Plots from thermodynamic calculations based on the data of Barin et al. (1977)
and Mills (1974) are also shown. A number of interesting observations can be made
from these figures.

1. The efficiency of calcium oxide as an H,S absorbent decreases at higher
temperatures whereas the efficiency of Calcium carbonate increases.

2. The thermodynamic calculations of the equilibrium constant for the reaction
of H,S and lime agree well with the experimental data. Since only
therfiodynamic data for dolomite exists, the calculations for the sulfidation
of the full and half calcines were made as shown above, i.e., starting with
dolomite calculations and combining them with decomposition data.

Therefore, the good match between the thermodynamic and experimental values
shown in figure 3 reflect accurate predictions of the extent of carbonate
decomposition, not sulfidation.

3. As was mentioned earlier, the behavior of fc-dolomite is nearly the same as
that of calcium oxide, and the reaction of hc-dolomite with hydrogen sulfide
is similar to that of calcite. On the other hand, dolomite behaves
completely different than calcite.

When coal is pyrolyzed, pyrite (FeSz) is converted to pyrrhotite (FeS) and
hydrogen sulfide. The hydrogen sulfide may then be removed with the off-gas or be
captured in the carbon matrix of the coal or char (Huang and Pulsifer, 1977). Many
studies of the reaction of H_S with char, commonly referred to as the back-reaction,
have been carried out (Robinfon, 1976; Zielke et al., 1954; Jones et al., 1966).
Depending on the temperature and nature of the char, the back reaction can occur at
H,S concentrations as low as 300 ppm. An acceptable scavanger should limit the H_S
cOncentration to this level to inhibit the back-reaction. Figure 4 shows that under
typical pyrolysis conditions, calcium minerals are capable of maintaining this level
if equilibrium is reached. The desired equilibrium partial pressure, i.e., below
300 ppm, is predicted at all temperatures of interest when Ca0 is present, at
temperatures above 400°C when dolomite is present, and at temperatures above 750°C
when CaC0_ is present. Data from the Lurgi-Rhurgas oil shale distillation process
which rec;cles oxidized shale to the pyrolysis bed demonstrates the reactivity of
Ca0 toward st‘ At a recycle ratio of about 7/1 and at 650°C, hydrogen sulfide
concentrations of ~1300 ppm and ~4000 ppm in the off gas have been reported by
Schmalfeld (1975) and Weiss (1982), respectively. Sitrai (1984) has also shown that
retorting a 1:1 mixture of oil shale and shale ash reduces the concentration of H,S
in the off-gas to less than 100 ppm.

The decomposition and desulfurization reactions of carbonates occur in
parallel. Therefore, the competition between the two reactions should be
considered. The FACT thermodynamics computing system (Bale et al., 1979) was used
to develop the phase stability diagrams for Mg-C-H-0-S and the Ca-C-H-0-S systems
shown in figures 5-7, Magnesium carbonate is unstable with respect to the oxide at
327°C and .10 atm, CO_. As shown in figure 5, at hydrogen suifide concentrations of
0.6% or higher, sulfidation is inhibited until about 1227°C. This result agrees
with Westmoreland and Harrison (1980) who concluded that Mg0 is too stable to be
used as an st acceptor.

Phase diagrams for the Ca-0-H-S-C system at about 500°C, the maximum pyrolysis
temperature, and 750°C, a typical hydrodesulfurization temperature for coal char,
are shown in figures 6 and 7. At 600°C calcium oxide exists only at carbon dioxide
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pressures lower than about 0.01 atm. Calcium oxide will react with st at gas con-
centrations as low as 10 ppm whereas, depending on the CO, concentration, H,S
concentrations from 100 to 1000 ppm are required before tﬁe carbonate will (ndergo
sulfidation. At 750°C the reactivity of the oxide is nearly unchanged. However, at
this temperature CaCO, decomposes at CO_ pressures as high as 0.2 atm and will
undergo sulfidation af H_S concentratiofs as low as 100 ppm. Nonetheless, Ca0 still
appears to be the most réactive. These results are in agreement with the observa-
tions of Harrison and Westmoreland (1980) who reported that the most efficient
desulfurization occurred at the lowest temperature (about 880°C) at which Ca0 was
first formed from CaCO,.

An increase in the total pressure, with a corresponding increase in the CO2 and
HZO partial pressures, would inhibit desulfurization by the carbonates (egs. 5,7
and 9) but would not affect the equilibria between H_S and calcium oxide ?eqs. 6 and
8). However, at a higher CO, partial pressure recargonation of the oxide competes
with sulfidation reaction. Gnder a 0.4 atmosphere pressure of C0,_, Ca0 will recar-
bonate at temperatures below 827°C (Stern and Wiese, 1969). Thus H,S adsorption by
any of the sorbents considered is less efficient at higher pressure. However, most
pyrolysis and hydrodesulfurization processes operate at or near atmospheric

pressure.

Desulfurization Kinetics

Before any engineering decisions on the effectiveness of 0i1 shale as hydrogen
sulfide acceptor are made, detailed information on the thermodynamics and kinetics
of reactions involved is required. However, thermodynamics only determine whether a
given desulfurization reaction could occur, while the kinetics determine the degree
of conversion of a thermodynamically allowable reaction. In particular, kinetic
data are essential since in most engineering modeling calculations they are combined
with transport equations to predict the performance of a given system.

The intrinsic rate constants for the reactions of calcium carbonate or calcium
roxide with H,S have been reported by a number of investigators. A summary of
published worf is presented in table 2. The experiments were conducted under
conditions where transport effects were minimized. The reported activation energies
for the reaction calcium oxide and H,S range from 3.6 to 38 kcal/mole and those for
the carbonate range from 17.3 to 60 Ecal/mo]e. The low values of Westmoreland
(1976) and Xamath and Petrie (1981) may be due to diffusion resistances. The
activation energy values for the sulfidation of lime as reported by Attar (1978) and
Borgwardt et al, (1984) are 37 and 31 kcal/mole. However, the former author
believes that the reaction is controlled kinetically while the latter believes that
diffusion through the CaS layer is the controlling step. The pre-exponential
factors, shown in table 2, also vary by many orders of magnitude. It appears that
the data available in the literature are inconclusive. The wide range of reactiv-
ities reported in the literature can be attributed either to differences in
experimental methodology or in the physical characteristics of minerals employed.

The pore size distribution, porosity, and surface area of the sample as well as
the presence of magnesium oxide have been shown to affect the reactivity of calcium
minerals with H,S, The work of Borgwardt et al. (1984) showed that the rate of
reaction of 1imé with H,S at 700°C is proportional to the 2.3 power of the B.E.T.
surface area indicating“product layer diffusion control at these conditions. Other
authors, however, have observed that the reaction “stops dead" after 5 to 25%
conversion due to the solid product layer (Attar, 1979; Squires, 1972). Harvey et
al. (1976) concluded that the crystallites of Mg0 found in hc-dolomite increased the
reactivity of the calcium carbonate by maintaining the porosity of the material and
hindering the consolidation of the carbonate into larger crystals. Pell (1971) also
found that the sulfidation of fc-dolomite particles occurred homogeneously through-
out the solid. The inert minerals in 0il shale could perform the same function as
Mg0 in dolomite, thereby enhancing the reactivity of the Cal or CaCO3 in oil shale.
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The rate of sulfation (reaction with SO,) of carbonates has also been shown to
be highly sample dependent. Borgwardt and Harvey (1972) found the physical
properties of the carbonate stones were much more important rate determinants than
the composition of the carbonate. Similarly, Fee et al. (1982) found that the
chemical composition, pore size distribution, and surface area of each individual
limestone or dolomite must be considered before the performance of a solid as an SO
acceptor could be predicted. The superior sulfation characteristics of oil shale
carbonates over pure dolomite was demonstrated by Fuchs et al. (1978). They
observed that the initial rate of sulfation for the hc-dolomite in shale is nearly
six times that of pure hc-dolomite under identical experimental conditions. This
was attributed to the fine-grained nature of carbonates in oil shale and the high
surface area of the devolatilized shale amoung other factors. In the case of
sulfidation, as in sulfation, we believe that the reaction kinetics will more likely
depend on the physical properties of the solid than on the mineral itself.
Therefore only rate measurements made with the oil shale sample will be useful for
process design. Published work on the reactivity of the pure minerals is not a
reliable substitute.

Since H,, COZ, and H,0 are present during hydrotreatment and pyrolysis, their
effect on thé raté of sulfidation is important. Hydrogen concentrations as low as
3% have lowered the rate of sulfidation of the limestone (Borgwardt and Roache,
1984). The effect increases as the concentration of hydrogen is increased but
levels off near 15%. 0ddly enough, dolomite is unaffected. The effect of carbon
dioxide is important because it is a common component of pyrolysis gas and a product
of the sulfidation of carbonates. Ruth (1972) reported that not only the rate of
reaction but also the extent of sulfidation of calcium carbonate were greatly
increased when raising the CO_ level of the reactant gas from 3% to 60%. The
reaction essentially stopped after 15% conversion when using 3% CO_, at 600°C whereas
complete conversion was achieved at the 60% CO, level, At 700°C the effect of the
CO_ level was not particularly significant. Thé catalytic effect of steam on the
rafe of sulfidation has also been observed (Pe11, 1971; Squires, 1972). Most
authors theorize that the gas composition effects the growth and final crystalline
structure of the calcium sulfide layer. This in turn enhances or inhibits the rate
of hydrogen sulfide, HZO, or CO2 diffusion through the solid layer, and changes the
overall rate of reaction.

Concluding Remarks

A thorough understanding of the reactions between H_S and carbonate minerals in
0il shale is essential if this material is to be used ef?ective]y as an H, S
scavenger. Thermodynamics show that under typical conditions for coal-oif shale
pyrolysis, dolomite and calcium oxide are capable of maintaining the desired H_S
concentration in the reactor. Additionally, under typical conditions of char
desulfurization, calcium oxide will be an effective sorbent. However, because the
gas residence time in an FBR is often on the order of a few seconds, the reaction
rates must be high enough for the thermodynamically allowed reactions to reach
equilibrium., Therefore, the kinetics of these reactions must be experimentally
determined. In addition, a thorough understanding of the influence of the gas
environment and the effects of the structural properties of the oil shale particles
(raw, retorted, or spent) is essential. Wé have begun to obtain experimental data
for the reactions between H_S and carbonate minerals in oil shale under typical
conditions for pyrolysis an& hydrodesulfurization. In the near future, we intend to
study the structural changes of oil shale particles during H, S capture. This
information will provide a basis for employing a gas-solid réaction model such as
the changing grain size model to predict the behavior of a single 0il shale particle
during HZS capture.
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