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ABSTRACT

HYDROGEN INHIBITION IN
STEAM GASIFICATION OF
ANNEALED SARAN CHAR

by

Michael Gerard Lussier Jr.

Annealed Saran and coal chars were gasified in mixtures of
H:0/H2/Ar at 1123 K and varying pressures to varying extents of
conversion, followed by transient kinetic desorption and TPD to 1773 K,
in order to characterize hydrogen adsorbed onto char surfaces during
gasification and to identify the mode(s) of hydrogen inhibition at
varying extents of char conversion. Adsorbed hydrogen concentration on
annealed Saran char was found to be independent of reactant gas
composition and pressure, to increase from an initial surface
concentration of 3x10®° to 1.5x10° mmolHz2(STP)/m? over the first 1%
conversion, and to increase very gradually after this. Gasification
rate declines significantly over the initial 1% carbon conversion and is

inhibited mainly by dissociative hydrogen adsorption over this range.



el

aip remn

e

. . 3

e e
e
. L




Linearized Langmiur-Hinshellwood type rate expressions based on the
three primary modes of hydrogen inhibition have been developed for all
gasification data above 1% char conversion. The expression which
indicates reverse oxygen exchange or “associative” hydrogen adsorption
fits the data well, while the expression for dissociative hydrogen
adsorption does not. Calculation of the equilibrium constant for oxygen
exchange (ki/k-1=0.029) indicates a low fractional coverage of adsorbed
oxygen complexes (C(0)), while the equilibrium constant for
“associative” hydrogen adsorption (ks/k-3=425 MPa') stipulates a high
fractional coverage of “associatively” adsorbed hydrogen. Because no
“associatively” bound hydrogen was detected and because low
concentrations of surface oxides were found during gasification, it is
concluded that reverse oxygen exchange is the primary mode of hydrogen
inhibition past 1% char conversion for Saran char. Active site
propagation along graphitic zig-zag edges is proposed as the main source
of surface carbon consumption for steady-state char gasification in

steam.
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Chapter 1

INTRODUCTION

1.1. Background

Iﬁcreasing demand for pipeline and transportation fuels in the
United States, coupled with a dwindling world supply of these fuels,
indicates that gasification of coal may be the most viable solution.
Future demands on current natural gas supplies will deplete them far
more rapidly than current coal supplies. Natural gas is superior to
coal as an energy source because it is a pipeline and tranéportation

fuel, and burns much cleaner than coal. Benefits of coal gasification
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in steam include the facts that it is simple to carry out, water is
cheap and plentiful, and the effluent gases can be converted into many
other products traditionally derived from petroleum.

Gasification of coal is not currently used on a wide scale because
extreme conditions are needed to achieve reaction rates that are
reasonably fast. Hydrogen is known to strongly inhibit steam
gasification rate. The process by which hydrogen inhibits gasification
is not yet well characterized, but if it were there would be great
potential for minimizing this phenomenon.

The main objective of this investigation is to characterize the
concentration and stability of hydrogen on coal char and Saran char
during steam gasification and relate this to hydrogen inhibition.
Gasification rate under varying conditions will be incorporated into
linearized rate expressions that are based on the possible mode(s) of
hydrogen inhibition. Regression parameters and rate constants
calculated for the different rate expressions will be compared to

determine which mode(s) of hydrogen inhibition are correct.
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1.2. Literature Review

1.2.1. Hydrogen Chemisorption on Carbon

Hydrogen that has chemisorbed onto a carbon surface is very
stable, and is generally accepted as dissociative in nature. Prolonged
outgassing at 1300 K will not remove all dissociatively adsorbed
hydrogen [1-8]: temperatures approaching 1800 K are required [1].
Dissociatively adsorbed hydrogen can saturate a graphite surface at 1373
K and 3 millitorr hydrogen [5], and has an equilibrium constant of 253
atm? at 973 K [6]. This constant, however, can be strongly affected
by impurities in the carbon which may act as hydrogen dissociation
sites. Dissociatively bound hydrogen (C(H)) will form a peak starting
at about 1200 K during temperature programmed desorption (TPD), while
another peak can be observed at about 900-1100 K due to associatively
bound hydrogen (C(H)2) following exposure of carbon samples to gases

containing hydrogen.

1.2.2. Hydrogasification of Chars

1.2.2.1. General Reaction Phenomena

Understanding methane formation by direct attack of carbon by

molecular hydrogen is important because it occurs during steam
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gasification of chars when hydrogen partial pressures are high [9].
Hydrogasification is also the first major step in the HYDROCARB process.
which results in very pure fuel grade carbon black [10,11].

Kinetic studies by Blackwood et al. [12-16] have shown that
hydrogasification is first order in hydrogen partial pressure, and is
not a strong function of char type [12,17,18]. Several researchers
performing mechanistic studies have suggested successive dissociative
hydrogen chemisorption onto adjacent carbon atoms [19,20]. with the
cleavage of the bond between adjacent carbons being the rate limiting
step [21]. Several others have suggested associative hydfogen
chemisorption of two hydrogen molecules onto the same carbon atom
[8.22,23]. with the cleavage of carbon-carbon bonds also being rate
limiting [22].

The rate of this reaction decreases rapidly with conversion when
char samples are uncatalyzed [13,15,23-29]. Several two-stage reactions
have been proposed to explain this phenomenon, most of which include
initial rapid methanation of highly reactive surface carbon followed by
slow reaction of the highly aromatic char base structure. Blackwood et
al. [17] identify the reactive carbon, or "secondary" carbon, as
amorphous and already partially enriched with hydrogen, and/or adjacent

to oxygen functional groups [30]. Heating rate, final temperature, and
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purge gas composition during char preparation, as well as storage

methods, largely determine the nature of these reactive surface carbons.

1.2.2.2. Role of Oxygen

It is generally believed that the major source of active sites in
all uncatalyzed char gasification reactions comes from the desorption of
oxygen functional groups from the char surface. These groups desorb in
the form of carbon monoxide and carbon dioxide when samples ére heated
to reaction temperatures [15,31-38]. and in the form of water during
hydrogasification [15]. Hydrogasification rate has been shown to be a
strong function of the oxygen content of various chars [12,15,39], and
initial rate a strong function of oxygen surface concentration [36,40].
Hydrogasification rate can be increased by an order of magnitude by

addition of 0.1% oxygen to the reactant gas [41].

1.2.2.3. Structural Effects

Initial gasification of highly reactive carbon is not the only
reason why uncatalyzed rate decreases so dramatically with conversion.
Figure 1 shows the various configurations of carbon atoms on the
graphite basal plane. A strong preference for reaction of hydrogen with
edge carbon atoms, as opposed to basal plane carbon atoms, has been

shown [42]. Further probing into the reactivity of edge carbon atoms by



"Armchair" Edge Carbon
% I Atom Configuration

"Zig - Zag" Edge Carbon
Atom Configuration

Carbonyl
Semi - Quinone

Pyrone
(Ether)

Figure 1: \Various carbon atom configurations and oxygen
functional groups of the graphite basal plane.
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7
etch pit analysis of graphite by Yang et al. [6,21,43,44] shows that

hydrogen binds more strongly to the "zig-zag" edge carbon atoms and
removes the "armchair" edge carbon atoms more easily in
hydrogasification and steam gasification, while oxygen and carbon
dioxide show no edge preference in gasification [6.43]. Therefore, as
hydrogasification or gasification in steam proceeds, the more highly
reactive armchair edge carbon atoms are consumed, leaving the more

stable zig-zag edge carbon atoms.

1.2.3. Steam Gasification of Chars

1.2.3.1. General Reaction Phenomena

Steam gasification of chars consists of the reaction of steam with
carbon to form a mixture of carbon monoxide and hydrogen, or "synthesis

gas"., which can then be converted into a spectrum of products [45].

Overall Reaction: H,O + C¢ —-'195—>H2 +CO (1)
Huttinger et al. [8.46.,47] state that the uninhibited forward reaction

can be broken down into the following two major steps.

Oxygen Exchange: H,O +C¢ L» H, + C(0) (2)
Gasification: c(0)—K2,co+c; (3)

Cr indicates a free carbon site, which is a surface carbon atom that is

not saturated with chemical bonds. Carbon dioxide and methane are also
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formed to a much lesser extent during steam gasification. Carbon
dioxide is formed in the gas phase by the shift reaction, not at the

carbon surface [8].

Shift Reaction: H,0+ CO« R L H, + CO, (4)
Under normal conditions methane is formed at the carbon surface: it is
neither homogeneously formed nor decomposed [8].

There are three major mechanisms by which steam gasification is

inhibited [8.46.47].

Reverse Oxygen Exchange: H2+C(O)—kL>H20+CF (5)
“Associative” Hydrogen Ads.: rb-+cpe—53—+caih (6)
Dissociative Hydrogen Ads.: YiH2 + Ce e—Ki—+C(H) (7)

Selection of any one of these inhibition reactions when developing a
rate expression gives an equation that has been supported by several
researchers [8,46]

kiCrPw

Basic Rate Expression: =
P 0 = v (ko k2P + )P

(8)

Dissociative hydrogen adsorption gives a value of 0.5 for n in Equation
8. which has been found to be the case for low temperatures, Tow
hydrogen pressures and subatmospheric steam pressures [6,43,48,49].

Reverse oxygen exchange and “associative” hydrogen adsorption both give
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values of 1 for n in the basic rate expression, which was reported in

early studies [50-54].

1.2.3.2. Role of Oxygen

A mechanism that has been cited as universal to all carbon
gasification has been recently proposed by Chen, Yang, Kapteijn, and
Moulijn [55,56]. At least two different types of oxygen surface
complexes were identified by Kapteijn and Moulijn [56] by studying the
exponential decay of CO curves following transient step changes in feed
gas. The first type of complexes are semi-quinone and carbonyl, which
are fairly stable at reaction temperature and can be seen in Figure 1.
Molecular orbital calculations by Chen and Yang [55] have shown that the
lowest energy conformation for the other type of complex is an off-plane
oxygen atom bound to a carbon atom which is adjacent to the semi-quinone
or carbonyl complex. The off-plane oxygen atom is bonded to a carbon
atom that is in the “caved-in” or “sheltered” position on the zig-zag
edge of a graphitic basal plane (see Figure 2), and Towers the bond
energy of the adjacent “exposed” carbon atom by about 30%. This
mechanism, shown in Figure 3, is said by both sets of workers to be
universal to the reaction of char to all oxygen containing reactant
gases, however neither group studied the effect of hydrogen on this off-

plane oxygen atom.
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SHELTERED CARBONS

EXPOSED CARBONS

ZIG-ZAG EDGE

ARMCHAIR
EDGE

GRAPHITIC BASAL
PLANE CARBONS

ZIG-ZAG EDGE

I

(SHELTERED CARBONS]

EXPOSED CARBONS
ARMCHAIR
EDGE

Figure 2: Edge carbon atom configurations
of the graphite basal plane.
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1) Oxygen adsorption to form
semi-quinone groups on
exposed edge carbons:

2) Off-plane oxygen adsorption
onto sheltered edge carbons:

3) Desorption of semi-quinone
surface groups to form
carbonyl surface groups:

4) Adsorption of off-plane oxygen
onto carbons that anchor
carbonyl surface groups:

5) Desorption of carbonyl groups
to leave semi-quinone
surface groups:

0O 0 0 0O 0 0 O0 O

909090%209090%09

o]
o]
o]
o]
o]

0=0
0=0

O
o}
o]
O
o]

0=0
0=0
0=0
0=0
0=0
0=0
0=0

0O 0 00000

Figure 3: Universal gasification mechanism
proposed by Chen, Yang, Kapteijn, and Moulijn [56].
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12
1.2.3.3. Hydrogen Inhibition

The presence of hydrogen greatly reduces the rate of gasification
in steam as well as hydrogasification rate [50-54]. Steam gasification
of chars rate drops by an order of magnitude with the addition of only 1
ppm hydrogen [49]. Gasification with carbon dioxide is also inhibited to
this degree by hydrogen at Tow pressures [5.6,43]. During char
gasification in steam, carbon dioxide and methane formation rates are
decreased as well as carbon monoxide and hydrogen formation rates due to
hydrogen inhibition [8].

“Associative” hydrogen adsorption has been found by Hermann and
Huttinger [45,47] to contribute to inhibition in steam gasification of
chars at higher pressures. Their TPD studies show a hydrogen desorption
peak at 900-1100 K following gasification, indicative of C(H)2 surface
groups. Much larger peaks were found above 1273 K, proving that
dissociative hydrogen inhibition still dominates. These investigators,
and others [24,27,57], have reported reaction rates approaching zero at
carbon conversions as low as 40% in steam/hydrogen mixtures.
Gasification rate has also been shown by Huttinger and Merdes [8] to be
greatly reduced after exposure of carbon to hydrogen in sequential

steam/hydrogen/steam reactions. The rate is reported not to return to
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its previous value after the second gasification in steam is initiated,

suggesting irreversible blockage of active sites on char surfaces.

1.2.4. Isotopic Studies

Relatively few gasification studies have been performed using
isotopes. even though isotope effects in chemical reactions have been
discussed in several texts [58,59]. Gasification rates of graphite in
H.0 are reported to be twice as high as in D0. Yates and McKee
concluded that breakage of the HO-H bond is involved in the rate
limiting transition state complex [60], while Mims and Pabst concluded
that the difference in rate is due to a shift in the oxygen exchange
equilibrium constant [61]. Very small isotopic effects were found in
the Hz and D2 gasification of graphite at 1473 K and 20 torr hydrogen
[62]. H/D exchange has been shown to take place readily over carbon at
673 K [63].

Transient kinetic methods, isotopic studies using BC and 0, and
TPD have been successfully combined by Kapteijn et al. [56,64] to
clarify mechanisms in the CO. gasification of carbon. Similar methods
have been used to identify reaction intermediates and intermediate rate
constants in the catalytic conversion of CO/H2 [65.66]. The
experimental systems used are quite similar to the one proposed in this

investigation. Low system transient responses (approaching one second)
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were stressed in all investigations, as well as the use of mass

spectrometry for rapid and continuous sample analysis.

1.3. Previous Research in Our

Laboratory

The doctoral candidate has performed a kinetic study of the role
of oxygen in hydrogasification of Saran char and coal char in partial
fulfillment of the requirements for the Master of Science degree.
During hydrogasification, the only oxygen present is that which is
initially associated with the char sample. Even though steam
gasification of chars has been studied much more extensively by other
researchers, hydrogasification was chosen in order to focus on surface
oxygen groups more closely.

Pertinent results of previous research are summarized in Figures
4-6. It can be seen in Figures 4 and 5 that hydrogasification rate
decreases rapidly with carbon conversion, which is observed by other
researchers [13,15,23-26]. Oxidation via partial combustion increases
hydrogasification rate for 4-5% carbon conversion for intermittently
oxidized chars, as well as heat pretreated chars. It does not increase

the reaction rate when used as a pretreatment for as-received chars.
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Figure 6 shows a hydrogasification rate curve based on total surface
area that appears to reach a steady state at 15-20% carbon conversion.
This set of observations supports a hydrogasification reaction
that is composed of three stages, in which each stage dominates during
different ranges of carbon conversion. During the first stage, hydrogen
reacts rapidly with the small amount of secondary carbon formed during
char pyrolysis. This carbon is amorphous and tar-like; it contains a
relatively high concentration of heteroatoms compared to the bulk of the
char carbon. The second stage involves hydrogasification of base char
carbon via active sites formed by functional group desorption, and
reaction of carbons located primarily on the armchair edges of the base
char. Active sites formed during the first reaction stage may propagate
to the base char and contribute to hydrogasification during the second
stage. Rate during the third stage is Tow because the carbon atoms that
react are primarily those on the relatively unreactive zig-zag edges of
the aromatic planes. Reaction rate is now roughly proportional to the
char total surface area because there are very few active sites or
armchair edges left, making the char surface relatively homogeneous, and
the only source of functional groups is oxygen trapped in the bulk char.
Intermittent oxidative treatments fix oxygen functional groups on

the char surface, increasing the number of active sites and therefore
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increasing hydrogasification rate by a factor of 2-3. These extra
active sites are consumed rapidly, so the rate returns back to its base
level over the course of 4-5% carbon conversion. The oxidative
pretreatment was not effective in increasing reaction rate because
fixing oxygen functional groups on the char surface is balanced by the

removal of the highly reactive secondary carbon.

1.4. Research Objectives

The main objective of the proposed research is to characterize the
concentration, stability, and reactivity of hydrogen adsorbed on carbon
surfaces at gasification conditions, and to relate this information
quantitatively to the extent of hydrogen inhibition observed during
gasification of chars. Though this problem has been studied for nearly
a century, there is still unresolved conflict between well established
researchers as to which mode of hydrogen inhibition dominates char
gasification in steam. Mims and Pabst [61] state that product
inhibition is due to reverse oxygen exchange, not hydrogen
chemisorption. Huttinger and Merdes [8] claim that inhibition caused by
hydrogen chemisorption is much stronger than reverse oxygen exchange.

For the first time, the concentration of surface hydrogen will be

included explicitly in linearized rate expressions that have been
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derived from several possible reaction mechanisms. The rate expression
that most closely matches collected data should reveal the actual
mechanism(s) responsible for hydrogen inhibition. Chars of Saran and
coal will be gasified in mixtures of H0/H./Ar and mixtures of Dz0/D:/Ar,
ranging in composition from 40%/0%/60% to 0%/100%/0%. The first of the
two specific objectives are to use TPD to determine the concentration,
stability. and reactivity of hydrogen adsorbed onto char surfaces before
and after gasification at a fixed temperature while varying reactant gas
pressure, composition, and char conversions. The second specific
objective is to use this information to determine rate constants and
reaction mechanisms by matching rate data, adsorbed hydrogen
concentration, and reactant gas partial pressures to linearized rate

expressions.

1.4.1. Mechanism Identification

Comparison of actual experimental data with rate expressions
developed from Equations 2-9 should reveal the relationship between
adsorbed hydrogen and gasification rate at different gasification
conditions. and identify to what extent the various proposed mechanisms
contribute to hydrogen inhibition. Direct active site measurement has
been done for steam gasification of chars by other researchers, however

temperature programmed desorption was only done to 1373 K, and desorbed
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species concentration was not incorporated into rate expressions [45].
TPD will be performed to 1773 K in this investigation, therefore the
concentration of C(H) surface groups will be measured and considered in
the development of rate expressions for char gasification in
steam/hydrogen mixtures.

There are three major types of surface carbon that contribute to
the total number of active sites.
Active Site Balance: [cr]=[ce]+[c(0)+[cH)] (9)
A "free" surface carbon, denoted by Cr, is a carbon atom that is not
saturated with chemical bonds. Carbons denoted by the symbol C(0) are
bound to oxygen. Carbons that are bound to hydrogen are denoted C(H) in
the active site balance, however this symbol may refer to either
dissociatively bound C(H) groups or “associatively” bound C(H)2 groups.

There are several linearized rate expressions that can be derived
based on the three possible modes of inhibition. If reverse oxygen
exchange is solely responsible for inhibition, then Equation 8 is
correct with a value of n equal to 1, and the surface concentration of
C(H) is not included in the expression. In this case, there is no

correlation between adsorbed hydrogen and reaction rate.
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If dissociative hydrogen adsorption is solely responsible for
inhibition, then Equation 8 is correct with a value of n equal to 0.5.

The linearized form is as follows (See Appendix A-1 for derivation):

C(H)—C(H)a=(1) 1.1 (10)

fcoi —Tco ki JPw k2

In this equation, instantaneous rate at any conversion has been
subtracted from initial rate. A plot of the left side, which can be
determined experimentally, versus 1/Pu will be linear. In this case,
the value of the left side is not a function of hydrogen partial
pressure, therefore the same plot should result for all hydrogen partial
pressures.

If reverse oxygen exchange and dissociative hydrogen adsorption
are both responsible for inhibition, the rate equation becomes slightly
more complicated than Equation 8. The linearized form is as follows (See

Appendix A-2 for derivation):

C(H)-C(H); =( k-1 )E+L (11)
fcoi —fco kik2

Pw k2

Instantaneous rate has also been subtracted from initial rate in this
equation. A plot of the left side versus Ps/Pu should be linear if the
assumptions leading to this rate expression are correct.

There are several other possible rate equations that would result

from other combinations of the proposed mechanisms. Inclusion of
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"associative” hydrogen adsorption as an inhibition mechanism, or
incTusion of non-rapid oxygen exchange will result in more complicated
rate expressions that must be analyzed by linear regression. Using the
above methods and rate expressions, the unsteady state behavior of char
gasification over the entire range of conversion will be able to be

accounted for for the first time.

1.4.2. Isotope Effects

There are several ways in which rate may differ between char
gasification in H.0/H. and gasification in D20/D2. Effects caused by
differences in adsorption [58]., as well as quantum-mechanical tunneling
[67]. should be negligible at elevated temperatures. If oxygen exchange
is reversible and rapid, there will be an isotope effect on the
equilibrium constant for this step. If gasification rate is
proportional to the surface C(0) concentration, as it is in all proposed
mechanisms, then the ratio of gasification rates should be the same as
the ratio of the oxygen exchange equilibrium constants, which is about
1.3 at 1023 K [61].

Another way in which isotope effects may manifest themselves in
char gasification is in the breakage of the bond(s) involved in the rate
limiting step. Effects here are a result of differences between the

masses of atoms or groups of atoms surrounding the bond in question. and



24

are more pronounced given a greater relative mass difference. A primary
isotope effect will result if hydrogen or deuterium is on one or both
ends of the bond. The rate ratio is calculated by taking the ratio of
the partition functions, and the difference in zero-point energies

between hydrogen and deuterium.

H
fco _

(12)

Qrot Qb QblecQirans E5 —E§
DAD AD ~D exp-
QrothierlecQtrans RT

o
Since char gasification is a surface reaction, the only terms that will
contribute significantly to the rate ratio should be the vibrational
partition functions and the zero-point energy differences [58].
Vibrational partition functions are calculated with the following

formulas [68]:

1

Quib =W (13)
1 k

The ratio of vibrational frequencies is 1.41, however the ratio of
vibrational partition functions is what contributes to the overall rate
ratio. The contribution, which is a function of temperature, is 1.3 at
1073 K. This value is based on a bond stretching force constant of 5.75
N/cm which was derived from spectral data [69.70]. Zero-point energies

are calculated with the following formula [58]:
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h
Eo=-2! (15)

The contribution to the rate ratio of the zero-point energy term is
about 2.4 at 1073 K. This is also based on a bond stretching force
constant of 5.75 N/cm. A secondary isotope effect will result if
hydrogen or deuterium is bonded to another atom that is involved in the
rate 1imiting bond breakage. In the case of a CHz or CDz group, the
difference in mass is quite small compared to the total mass of each
group 14/16, therefore a secondary isotope effect would have little
influence on the rate ratio.

There are many reasons why observed rate ratios may only give very
limited information about rate limiting reaction mechanisms. First,
distinguishing between the relative contributions of various isotope
effects is very difficult. Second, there may be differences between the
zero-point energies of adsorbed and gaseous species, altering the
contribution from this term. Third, there may be small contributions
from other terms in the rate ratio equation or other phenomena that are
unknown in the char gasification system. Because of these reasons,

information gained by isotopic studies should be qualitative at best.



Chapter 2

EXPERIMENTAL

Detailed descriptions of starting materials, equipment, and
experimental methods are given in this chapter. Equipment used in
previous studies [71,72] has undergone several modifications and
additions, including addition of a gas metering and blending system, a
small packed bed reactor that fits inside the existing pressure vessel,
a greatly modified reactor flange, a low dead volume steam trap, a high

temperature ceramic reactor, and a mass spectrometer.

26
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Experimental methods that allow characterization of surface
hydrogen include the combination of steady-state gasification with
transient step changes in reactant gas composition and temperature
programmed desorption (TPD). Rate measurement characterizes char
reactivity, while transient monitoring is performed immediately
following gasification to characterize species that are loosely bound to
char surfaces at reaction conditions. TPD to 1773 K is then performed
in a separate reactor to characterize species that are more stable on

char surfaces.

2.1. Starting Materials

2.1.1. Chars

Samples used in this study are chars of Dow Saran powder (MA 127)
and I11inois #6 coal (PSOC 1493), which have also been used in previous
studies [73.74]. Chars are prepared by heating the starting materials
in ultra high purity nitrogen at 10 K/min to 1173 K for one hour in a
quartz tube furnace. Chars are then crushed and sieved to -60+100 mesh
particles. In order to facilitate the desired measurement of adsorbed
species following gasification, chars are further pretreated by heating
at 5 K/min to 1773 K in argon for 6 hours in order to anneal and clean

sample surfaces. Char properties are given in Table 1.
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Table 1: Ultimate analysis and surface area of chars (wtX dry basis)

Component Saran Coal Annealed Annealed
(wt®) Char(75] Char[75] SaranChar[76] CoalChar[76]

Carbon 96.4 75.3 97.76 87.19
Hydrogen 0.5 0.5 0.019 < 0.001
Nitrogen 1.0 1.3 <0.5 <0.5
Sulfur 0.4 3.6 0.0023 1.36
Chlorine na na < 0.0010 0.0062
Ash 0.1 17.3 0.46 15.00
Oxygen 1.3 2.0 1.78 <0.1
(diff.)
TSA (m?/g) 1330 440 800 15
(CO2 at (CO2 at (N2 at 77 K) (N2 at 77 K)
298 K) 298 K)

2.1.2. Reactant Gases

A11 gases used are ultra high purity grade (99.999%) except for
deuterium (Scott, 99.7% D), which contains 99.4% D2 and 0.6% HD. Two
argon gases are used: one is doped with 1.0% krypton for
characterization of system transients during gasification and is used as
the diTuent along with hydrogen and steam, while the other is used as an
inert only. A1l gases are further purified by flow through R&D
Separations Model 0T500-2 Oxygen/Moisture Traps to remove water and
reduce oxygen to less than 10 ppb. HPLC grade H.0 and Sigma D20 (99.9

atom¥ D), used for producing the reactant gas stream, are outgassed at
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373 K for 30 minutes and stored under argon to minimize dissolved oxygen

in the steam.

2.2. Experimental Apparatus

The required experimental apparatus consists of four major
components: gas flow control and metering equipment, a high pressure
gasification reactor (1300 K maximum temperature). a high temperature
TPD/annealing reactor (0.4 MPa maximum pressure), and a mass
spectrometer/vacuum system (gas analysis). A schematic of the overall

system is given in Figure 7.

2.2.1. High Pressure Reactor

The high pressure reactor consists of a horizontally mounted 51 mm
0D x 19 mm ID Haynes Superalloy pressure vessel capable of operation at
1300 K and 6.6 MPa, with a flange closure on one end. It is externally
heated with a Lindberg 1400 watt electric furnace, driven by an Omega
programmable temperature controller. It has been used and described in
previous studies [71,72], but has undergone several modifications

described in the following sections.

2.2.1.1. Internal Microreactor

A small packed bed reactor was designed and constructed to fit

inside the main pressure vessel to maximize mass transfer at the
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particle Tevel and to prevent steam condensation in parts of the reactor
that are not located inside the furnace or can not be kept warm enough
with heating tape. The main pressure vessel houses this 19 mm 0D x 11
mm ID x 57 mm length Inconel 625 packed bed microreactor, which is
capped at both ends with Swagelok® Monel fittings. The microreactor,
shown in Figure 8, is quartz lined, has quartz frits on both ends, and
has quartz wool gaskets to prevent sample contact with metal surfaces
and to prevent small entrained particles from reaching the sample bed.
This provides an 8 mm diameter x 31 mm length sample chamber that can
hold up to 300 mg of -60+100 mesh Saran char powder, or 800 mg of

-60+100 mesh coal char powder.

2.2.1.2. Flange Modifications

Figure 9 shows the main pressure vessel with the modified flange
design. The flange sealing groove has been altered from the original
design to hold a 41 mm OD x 32 mm ID x 3 mm deep Variseal internal face
seal with Turcite polymer compound and a 301 Stainless Steel spring to
withstand an operating temperature of 573 K. The flange has also been
fitted with several more taps for feeding purge and reactant gases to
the inner microreactor, to facilitate inert gas purging and pressurizing
of the outer vessel, and to allow for optimal thermocouple placement.

The flange closure contains ports for reactant gas inlet and outlet,
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thermocouple probes, and purge. The gas inlet and outlet tubing. as
well as the sample holder, have been designed to have the lowest
possible dead volume so that transients in gas composition can be
followed. A Conoflow ABP Series backpressure regulator has also been
added for immediate pressure reduction downstream of the reactor, which
also minimizes effluent gas residence time between the reactor and
detection equipment. During operation, reactant gases have residence

times of one to two seconds in the sample bed.

2.2.2. Flow Control and Mixing System

The mass flow control and mixing system, which can be seen in
Figure 7, allows rapid switching and mixing of up to four gas streams at
flow rates of 0-300 m1(STP)/min per stream. Pressure equalization
between active and vented gases is crucial so that backflow of gases
does not occur upon rapid switching of the two streams. Unused streams
are exhausted during switching, because mass flow controllers may take
long periods of time to equilibrate. For introduction of steam into the
manifold system, a Series 1350 Bio-Rad Laboratories HPLC pump is used to
inject water into the reactant gas stream at flow rates as low as 0.6
cc/hr (10 m1(STP)steam/min). The HPLC grade water is boiled to drive
off dissolved oxygen, then stored under argon to prevent dissolution of

more oxygen. All Tines upstream of the reactor are traced with heating
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tape and heated up to 470 K for steam formation and prevention of
condensation. Steam can not be introduced into the vacuum chamber for
detection with the mass spectrometer, so it is condensed immediately
upon exiting the reactor in a cooled 1.6 mm OD copper tube and separated
in a 3 ml glass trap to minimize dead space and backmixing. This item

is described in detail in section 2.2.2.2.

2.2.2.1. Gas Blending/Rapid Switching System

Also shown in Figure 7 is an externally heated low dead volume gas
manifold system which has been added and built to allow for rapid
switching and accurate blending of purge and reactant gases. Gas flow
is controlled with four Porter 201-FSVB Mass Flow Controllers capable of
0-300 m1(STP)/min and a Porter PCIM4 Four Channel Interface Module.
Reactant gas pressure upstream of the reactor is measured with an Omega
DP 2000 Strain Gage for minimization of internal volume. A Valco
Instruments UW Series 2-Position 4-Port valve is used to rapidly switch
between reactant and purge gases, and is also heated. Pressure is
controlled with two Veriflo Series ABP-1 Back Pressure Regulators, also
heated, one on the reactor line and one on the vent Tine. Aluminum pegs
have been placed inside all sections of the flow control system that

contain space greater than 0.125" diameter, including the mass flow
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controller fittings, strain gage, reactor fittings, and backpressure

regulators as a last step to minimize internal volume.

2.2.2.2. Low Dead Volume Steam Trap

The capacity to use steam as a reactant gas has been added to the
high pressure reactor, however it cannot be introduced into the vacuum
chamber for detection as are the other effluent species. The assembly
that allows for rapid steam condensation with minimum internal volume is
shown in Figure 10. Product gases from the high pressure reactor pass
through a backpressure regulator to reduce pressure to roughly
atmospheric. The steam is condensed and trapped out of the effluent gas
immediately as it exits the regulator. Condensation is achieved by
directing flow through a 1.6 mm OD x 750 mm length copper tube that is
coiled inside an ice bath, while separation is achieved just below the
bath where the copper tube empties into a 10 mm OD x 45 mm Tength glass
trap. The trap is very small in order to reduce dead volume between the
reactor and detection system. Water level in the trap is controlled by
opening a Nupro fine metering valve just enough to allow a drip rate
equal to that of the condensation rate. Such separation is reported in

the literature by Saber et al. [77].
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2.2.3. High Temperature Reactor

The high temperature reactor, shown in Figure 11, has been
designed and constructed for this work specifically for TPD to high
temperatures. Alumina tubes are set in an annular arrangement to
facilitate influent gas preheating and low dead volume. Samples are
held in a packed bed by a stationary porous alumina frit on one end and
thin Tayers of alumina beads on the other. The beads prevent the char
from spilling into the annular space between the thermocouple well and
the middle tube because they are too large to fit in the annular space
themselves, but are small enough to prevent the char from spilling past
them. Hand-tightened fittings have been used for the parts that must be
disconnected each time a sample is loaded or unloaded to facilitate
rapid sample transfer. The reactor can be operated at pressures
slightly above atmospheric and fits inside a Mellen Series 3 8400 watt
split design 1800 K tube furnace equipped with a Eurotherm programmable

temperature controller to facilitate linear temperature ramping.

2.2.4. Mass Spectrometer
An Ametek Dycor M100M Quadrupole Mass Spectrometer is used to

analyze product gases from gasification and TPD. It is mounted on a

vacuum chamber that is capable of achieving pressures down to 107 torr,
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is equipped with an electron multiplier for analysis of species
concentrations down to 100 ppm, and is interfaced with a personal
computer for data collection and manipulation. Product gases from both
reactors as well as calibration gases pass by one end of a one meter
quartz fine capillary tube which continuously withdraws sample gases to
the vacuum chamber, and achieves the final pressure reduction of 107-
107 torr. A list of all mass spectrometer controller settings is given
in Appendix B.

A Marvac Scientific A20 rotary vane vacuum pump was connected to
the tubing system near the fine capillary draw point in order to vary
the pressure there, and therefore vary the pressure inside the vacuum
chamber. A Nupro fine metering valve was installed between the
capillary draw point and the rotary vane vacuum pump to precisely
control vacuum chamber pressure. The valve was sized in order to be
able to vary the capillary feed pressure above or below atmospheric

pressure.

2.3. Experimental Techniques

Figure 12 illustrates the basic experimental technique used for
most experiments, which start with heating the sample to reaction

temperature under an inert purge gas in the high pressure reactor. Once
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temperature has stabilized, the system is pressurized. Gasification of
char samples to characterize rate behavior begins when the reactor feed
is switched from argon to a mixture of steam, hydrogen, and argon using
a Valco 4-port valve.

The reaction is then interrupted after a predetermined length of
time by a step change in reactor feed from reactant gas to argon, and
transient desorption of active species is monitored. The system
transient response is caused primarily by convective backmixing in the
volume between the 4-port valve and the detector, and is determined by
monitoring the decay of 1.0 vol% krypton in the reactant gas argon. The
system response is subtracted from the decay of transient species to get
actual desorption behavior.

Figure 13 shows the system transient response to a switch from 5%
hydrogen in argon (1% krypton) to pure argon during a blank run through
the high pressure reactor at 3.1 MPa heated to 1123 K. The mass
spectrometer detects a change in the effluent gas composition 15 seconds
after the step change in feed gas composition, and takes another 25
seconds to reach steady state. A high scan rate was used for this
experiment, which caused the krypton concentration to be resolved to
only #0.2%. This high value is a result of the trade-off between scan

rate and detector resolution.
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The experimental response time is very close to the theoretical
purge time of 32 seconds. The reactant gases spend most of the time in
the high-pressure section of the apparatus between the 4-way switching
valve and the backpressure regulator. The internal volume of this
section is about 5 cc, dividing this by a gas flowrate of 10 sccm (3.1
MPa) gives 30 seconds. The internal volume between the backpressure
regulator and the detector is also about 5 cc, dividing this by a gas
flowrate of 180 sccm (steam condensed) gives 2 seconds.

Once desorption of transients is complete, the char is subjected
either to further reaction, or is transferred to the high temperature
reactor for TPD to 1773 K to analyze residual adsorbed hydrogen. Mass
spectroscopic analysis of effluent gas species, as well as calibration
gases, is done throughout the course of all experiments. Software for

data deconvolution and manipulation is presented in Appendix C.

2.3.1. Gasification

2.3.1.1. Gasification Conditions

Temperature, pressure, hydrogen/steam ratio, and time of reaction
are the four parameters that can be varied for a given gasification in
the high pressure reactor. Temperature is fixed at 1123 K, since it

produces detectable effluent species concentrations and no significant
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mass transport resistances (see Arrhenius plot analysis in section
3.1.). Reactions are conducted at 0.3, 1.0, and 3.1 MPa, with flow
rates up to 300 m1(STP)/min and sample sizes of 300-800 mg. Steam
fraction is fixed at 40%, and the hydrogen/steam ratio is varied by
changing the relative amounts of argon and hydrogen added. Some
reactions are conducted with no steam to clarify or extend initial
results.

The use of D20/Dz mixtures as reactant gases allows distinction
between hydrogen fixed on char surfaces during gasification, and
hydrogen initially present on and in the bulk char. This distinction is
critical because measurement of hydrogen fixed on char surfaces during
gasification is the primary focus of this investigation. Since reaction
rate and adsorption rate differ when conducting gasification in H0/Hz
or D20/D2, the isotopic effect is measured experimentally. Gaseous
species containing H and D are not allowed to contact each other to
avoid the possibility of H-D exchange masking important results;
however, specific H-D exchange experiments are performed to gain

further insight into reaction phenomena.

2.3.1.2. Gasification Procedure

The first step in all experiments is to open the vacuum chamber to

the capillary inlet line and flood the vacuum chamber from 1x107® torr



46

when sealed to 3x10™ torr with argon. Once pressure stabilizes. the
mass spectrometer is turned on so the background has adequate time to
stabilize. As the vacuum chamber purges, samples are weighed in the
quartz microreactor Tiner on a Mettler AE100 Analytical Balance (0.1
mg). then loaded into the microreactor. The sample chamber is then
sealed with a quartz frit and quartz wool gasket, which are held in
place by a fitting inserted into the open end of the microreactor. The
microreactor is then purged with argon, loaded into the high pressure
reactor, and purged with argon again along with the main pressure vessel
and bypass lines. As the reactor system is purged, a mass spectra of
background levels of various key species is recorded and subtracted from
a mass spectra of the calibration gas to obtain the true response of CO,
C0z2, and CHa.

The heating tape and furnace are switched on after a reactor purge
of 20 minutes and stabilize at the reaction temperature after about 1.5
hours. At this time the reactor is pressurized with argon, the bypass
line is pressurized with reactant gas, and the steam trap condensing
coil vessel is filled with crushed ice. Once the entire system
stabilizes, continuous mass spectra collection is initiated. After five
or more scans a step change in reactor feed from argon to reactant gas

is made to initiate gasification by switching the 4-port valve (see
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Figure 7) that interchanges the flow paths of these two streams.
Pressure, temperature, and reactant gas flowrate are all monitored and
require small periodic adjustments during the course of experiments:
some experiments require intentional alteration of reactant gas
composition. After a predetermined length of time, the 4-port valve
position is switched to create a step change in reactor feed composition
from reactant gas to argon and the transients are continuously
monitored. Once the reactor effluent composition stabilizes, mass
spectral scans are discontinued and the vacuum chamber is isolated
unless the experiment duration is longer than eight hours and requires
another calibration. The reactor and bypass lines are then
depressurized, the furnace and heating tapes are shut off, and the
system is allowed to cool overnight under an argon purge of 2
ml1(STP)/min. After the furnace has cooled overnight, samples are

removed and weighed as quickly as possible.

2.3.2. Temperature Programmed Desorption

2.3.2.1. TPD Conditions

Temperature programmed desorption (TPD) is performed in the high
temperature reactor by linearly heating char samples at 5 K/min to 1773

K in 30 m1(STP)/min argon and holding for 30 minutes while monitoring
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the evolution of species from the char surface. This method of analysis
has been chosen over others such as XPS and AES because it is sensitive
to hydrogen and is easily integrated into our experimental system.
Heating rates and argon flow rates are adjusted depending upon mass

spectrometer sensitivity.

2.3.2.2. TPD Procedure

After samples are removed from the gasification reactor and
weighed, they are loaded into the TPD reactor. Exposure of samples to
air during sample transfer is minimized and does not affect adsorbed
hydrogen on the char surface. Exposure to air can result in
chemisorption of oxygen to samples, since it is reported that oxygen
physisorption reaches equilibrium in 15 minutes at 348 K and 0.1 MPa
[78]. To check this, TPD profiles of samples that were transferred
between reactors were compared to TPD profiles of samples that were not
by Zhang [79]. and no differences were observed over a half hour time
span.

As in gasification, the first steps in performing TPD are to open
the vacuum chamber to the capillary inlet line, flood the vacuum chamber
with argon, and turn on the mass spectrometer. During this time samples
are loaded into the ceramic reactor, followed by a small amount of 20

mesh Alcoa Chemicals tabular alumina. This is done to prevent sample



49

spillage into the annular portion of the reactor since the alumina is
too big to enter this area, but small enough to prevent char from
passing through it. The reactor is then assembled, sealed by tightening
elastomer o-ring fittings, loaded into the high temperature furnace, and
purged with argon. As the reactor system purges, calibration of CO, CO:
and CHs is done. The furnace is switched on after calibration and a
reactor purge of 30 minutes. and the mass spectra of desorption species
are continuously monitored as the temperature increases to 1773 K over
the course of about 2.5 hours. After a hold time of 30 minutes, the
furnace is shut off, mass spectral scans are discontinued, the vacuum

chamber is isolated, and the system is allowed to cool overnight.

2.3.3. Gas Detection and Calculation of

Effluent Rates

Gas composition is determined by collecting raw mass spectra of
effluent species and calibration gases, subtracting background spectra
from these values, and deconvoluting the corrected values to account for
molecular fragmentation and peak overlap between species. Raw mass
spectra consists of partial pressures of the various molecular masses in
the vacuum chamber; however all species can produce different partial

pressures for the same influent mole fraction. A percentage of each
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species will double ionize or fragment, causing further complications in
mass spectra. Extensive calibration and data deconvolution is done to
account for these phenomena of mass spectrometry.

Calibration gases are used to determine the relationship between
partial pressures of various species inside the vacuum chamber and the
actual concentrations of key species. Background pressure in the vacuum
chamber is fairly low at about 107 torr, mainly from water and
hydrogen. The only reactor effluent species that is not sent to the
mass spectrometer for detection is steam, which is condensed and
collected in a small trap immediately upon exit of the reactor.

Computer software developed by Zhang [79] is used to deconvolute the

peak overlap between species, and is shown in Appendix C.

2.3.3.1. Mass Spectrometer Calibration

Calibration of the mass spectrometer is performed by scanning a
blend of two AGA Certified Standard Multicomponent Gas Mixtures. The
first contains 2.00% CO, 2.03% CO2, 2.00% CHs, and balance argon, while
the second contains 2.05% CO, 2.03% COz, 2.01% CHs, and balance
hydrogen. Five scans of a blend of pure argon and pure hydrogen
(containing no key species of interest) are taken to obtain background
levels, averaged, and then subtracted from the average of five scans of

the same blend ratio of calibration gases to obtain actual peak values.
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The mole fractions of key species in the calibration gas are then
divided by the corrected mass spectrometer peak values to obtain actual
responses.

An extensive calibration of the mass spectrometer was done prior
to the core gasification reactions in order to ensure as much accuracy
and consistency as possible throughout the course of this investigation.
Detector response can be a function of inlet pressure, time, carrier gas
composition, and species concentration. Molecular species fragment to
varying degrees upon detection by mass spectrometer, causing overlap
between the spectra of different species. These phenomena have been

investigated and are detailed in the following sections.
2.3.3.1.1. Variation of Pressure at Capillary Inlet

Mass spectra of both purge Ar (AGA UHP, 99.999%) and carrier Ar
(Matheson UHP, 0.9910% Kr) were taken at various capillary inlet
pressures in order to find the pressure at which detector response is
the highest and to help identify the source of possible contaminant
oxygen in the system. Figure 14 shows the pressure inside the vacuum
chamber as read by the ion gauge and the mass spectrometer as a function
of pressure at the upstream end of the inlet capillary tube. The ion
gauge gives an overall pressure from all species present in the vacuum

chamber, while the mass spectrometer pressure is a sum total of the
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partial pressures of all individual species. The ion gauge shows an
increasing vacuum chamber pressure for increasing inlet pressure, while
the mass spectrometer maximum response is at an atmospheric inlet
pressure. The ion gauge gives values that are about an order of
magnitude greater than the mass spectrometer. This is because the
numerical value of the mass spectrometer total pressure is arbitrarily
set and can be calibrated.

Figures 15 and 16 show mass spectrometer background partial
pressures of species as a function of total vacuum chamber pressure for
pure argon and Ar/1% Kr purge gases. They all go through maxima between
2x10° and 5x10° torr, with lighter species having maxima shifted toward
lower pressure and heavier species shifted toward higher pressure. Mass
32 (02) behaves quite similarly to the other species and has roughly 1/4
the partial pressure of Mass 28 (N2 + small amount CO) over the course
of all inlet pressures tested. This indicates that the source of oxygen
is one or several small leaks in the vacuum system, not contamination in
the purge and carrier gases. The average maximum response for the
various species occurs at an inlet pressure that is roughly atmospheric,
so it was for this reason and for ease of experimentation that an

atmospheric inlet pressure was chosen.
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2.3.3.1.2. Linearity of Response
The relationship between key component concentration and mass
spectrometer response was determined by changing the ratio of the Ar/1%
Kr carrier gas to the calibration gas (2.00% CO, 2.03% CO2, 2.00% CHa,
and balance Ar). Figure 17 shows the partial pressure of key components
as detected by the mass spectrometer inside the vacuum chamber as a
function of feed partial pressure. Varying the ratio between the two
gases allows the key component concentrations to vary from 0.2% at 10%
calibration gas to 2.0% at 100% calibration gas. The response of all
key species is linear with concentration, which indicates that only one
representative calibration needs to be made to determine the response

over the detectable range of key component concentrations.
2.3.3.1.3. Response as a Function of Time

An investigation of mass spectrometer response over a five hour
period was done to ensure that factors such as significant background
changes, detector drift, and unknown phenomena do not significantly
change system responses over time. A five hour interval was chosen
because this is about an hour longer than an average experiment. Figure
18 shows two sets of peak heights of each of the three key components of
the calibration gas mixture. The peak heights for all species remain

almost constant over the five hours, even though Figure 18 shows the two
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major background peak heights, Hz and H:0, change significantly.

Multiple calibrations must be done for long experiments, but most are of
short enough duration so that one representative calibration is

sufficient.

2.3.3.1.4. Response as a Function of Carrier Gas
Composition

It is important that the argon to hydrogen ratio in the
calibration carrier gas matches the argon to hydrogen ratio in the
actual reactant gas. because the response of key species is a function
of carrier gas composition. Figure 19 shows the vacuum chamber total
pressure and partial pressures as a function of carrier gas composition
ranging from pure Ar to pure Dz. Neither species nor the sum total give
responses that are linear with carrier gas composition, which prompted
another similar experiment to analyze the key component responses as a
function of carrier gas composition.

Figure 20 shows that the key component responses are not linear
with carrier gas composition, with the largest response occurring at
100% D, as the carrier gas. It was for this reason that a second
Calibration gas with Hz only as the carrier was used. For ease of
Calculation both calibration gases have the same key component

Composition; blending them in the right proportions to match the
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expected reactor effluent carrier/reactant gas composition will give the

appropriate responses for each experiment.
2.3.3.1.5. Fragmentation Investigation

A fragmentation study of CO. was done so that the contribution to
the mass 28 peak from fragmented CO. can be subtracted so that a correct
CO concentration can be calculated. Figure 21 shows partial pressure of
selected atomic masses as a function of partial pressure CO: and varying
carrier gas compositions. The response of the primary COz peak (mass
44) is linear with COz partial pressure, as is the mass 28 peak for the

fragment species.

2.3.3.1.6. CDs/CHs Response Ratios

A comparative study of the mass spectrometer responses of CDs and
CHa has been done to investigate the feasibility of using CHs-containing
gas as a calibration gas for the isotopic investigations which require

analysis of CD,-containing effluent streams. Response ratios in pure
Argon and 33% Ar/67% D, have been calculated to be 0.6590 and 0.3420

respectively., and are defined as follows:

CH, peak height

- - (16)
% CH, in carrier gas

CH, response =

CD, peak height
% CD, in carrier gas

CD, response = (17)
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CD, response

(18)
CH, response

CD,/CH, response ratio =

The response ratios are clearly dependent upon carrier gas composition.

2.3.3.2. Mass Spectrometer Data Deconvolution

Peak overlap between species is caused by a number of factors,
including fragmentation, double ionization, and isotopes. Deconvolution
is accomplished by using mass 84 as the primary peak for Kr, mass 44 for
C0z2, mass 40 for Ar, mass 28 for CO (after subtraction of contribution
from CO2 fragmentation), mass 15 for CHs (to avoid confusion with
fragmentation of species containing oxygen), mass 4 for D2, mass 3 for
HD, and mass 2 for H: (after subtraction of contribution from D2
fragmentation). The Registry of Mass Spectral Data [80] contains the
mass spectra of most of the species involved in the gasification
reactions of this study.

Gasification and desorption rates are determined by combining
knowledge of the relative amounts of effluent species, and knowledge of
the total gas flowrate. Relative amounts of various species in the
reactor effluent streams are obtained from deconvolution of mass
spectral data. The total gas flowrate is calculated from addition of
the separate influent stream flowrates minus water, which is possible

because the mass flow control system is quite accurate and the
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contribution to total effluent flowrate due to gasified char is
negligible.

Programs were developed by Zhang [79] in Basic to convert the raw
mass spectral data into spreadsheet form, deconvolute the mass peaks,
and convert the peaks into species concentrations, and are shown in
Appendix C. The first program, named “back.bas”, averages the
calibration background scans and converts them into a matrix form. The
second program, named “cal _h.bas”, averages the hydrogen calibration
scans, subtracts the background peaks calculated from running
“back.bas”, then divides the fraction of hydrogen in the calibration gas
by the corrected peak height to get the mass spectrometer hydrogen
response. The third program, named “cal _c m.bas”, performs identical
tasks based on scans of the CO, COz, and CHs containing calibration gas
with the added task of subtracting the contribution from fragmented CO:
to the CO peak.

The next set of programs processes the mass spectrometer data
taken during gasification experiments, initial sample weight, total gas
flowrate, and calibration information, and calculates effluent rates and
carbon conversion. The fourth program, named “backt.bas”, organizes the
mass spectrometer output data into matrix form. The fifth program,

named “main-dem.bas”, reads the matrix organized in “back.bas” and the
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calibration information calculated in “cal _h.bas” and “cal_c_m.bas”, and
calculates the evolution rates of various species as a function of time.
The sample weight and total gas flowrate are input to this program
directly, while background scans are taken during the initial scans of
an experiment and subtracted out accordingly. The fifth program, named
“main-ins.bas”, reads all of the information from “main-dem.bas”,
performs the actual peak deconvolution, and calculates the corrected
effluent rates based on carbon conversion. Total carbon conversion is
also calculated and is usually about 2% less than that calculated based
on weighing the sample before and after an experiment. This discrepancy
is because of the loss due to a small amount of sample kept in the core

reactor quartz liner by static electrical charge.

2.3.4. Char Characterization

The three methods of characterizing char samples chosen for this
investigation include mercury intrusion, nitrogen adsorption, and X-ray
di ffraction. Information such as pore size distribution and volume can
be gained down to the mesopore level (2-50 nm) with mercury intrusion
and down to the micropore level (<2 nm) with nitrogen adsorption.
Crystal structure information such as unit cell dimensions and ordered

domain sizes can be gained with analysis by X-ray diffraction.
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2.3.4.1. Mercury Intrusion

Annealed chars are tested with a Micromeretics Model 9310 Mercury
Poresizer to determine macro and mesopore size distributions.
Approximately 200-500 mg of char are weighed and loaded into sample
tubes that have been accurately calibrated for internal volume. Mercury
pressure about the sample is increased from 80 torr to 340 MPa in 35-40
steps, and the intrusion volume recorded. Analysis software included
with the poresizer determines the distribution of pore diameters and

their corresponding internal volumes and surface areas.

2.3.4.2. Nitrogen Adsorption

The total surface area of chars at varying extents of conversion
are tested by nitrogen adsorption at 77 K with a Micromeretics Pulse
Chemisorb 2700. The BET method is used for analysis based on an
adsorbed nitrogen area of 16.2 A2, Twenty to fifty milligrams of char
are loaded into a quartz sample tube which is sealed to the Chemisorb
apparatus and heated to 423 K for 20 minutes to drive off any weakly
adsorbed species, most of which is water. After calibration a
continuous flow of 5% nitrogen in helium is passed over the sample and
the effluent gas composition is tested for nitrogen concentration.

After the sample is saturated with nitrogen, the same procedure is
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followed for 10% nitrogen and 18.75% nitrogen in helium. The volume of
nitrogen adsorbed at a given composition along with pressure is used in

BET analysis to determine char surface areas down to the micropore

level.

2.3.4.3. X-ray Diffraction

The unit cell dimensions and ordered domain sizes of the crystal
structure of Saran char are tested by X-ray diffraction with a Rigaku X-
ray Diffractometer. Copper Ka radiation at a wavelength of 1.541838 A
is sent through 0.5 mm slits at 45 kV and 100 mA to the sample. A few
milligrams of char are stuck to a microscope slide with double stick
scotch tape. The scan is initiated with the detector positioned at 5°

and is terminated after the detector has swept through 30° at a rate of

0.5 degrees/min.

The angle to which the X-rays are scattered corresponds to a
Specific unit cell dimension which can be calculated with Bragg’'s Law
(81 ,82].

Bragg's Law: ni = (2d)sing (19)

The width to which the X-ray peak is broadened indicates the domain size
Over which the peak’s corresponding unit cell is repeated. This is
Qiven by the Scherrer Formula [81,82].

Scherrer Formula: kA = (tB)cos6s (20)



Chapter 3

GASIFICATION EXPERIMENTS

The main body of results reported in this investigation centers

upon char gasification rate data, char surface area, and adsorbed

hydrogen concentration. Results for the determination of the

APpropriate gasification temperature and the isotopic study are also

Presented.

69
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3.1. Determination of Appropriate

Gasification Temperature

Gasification temperature is fixed at a value that gives reasonably
high reaction rates, but is low enough to ensure that the reaction rate
is limited by kinetics and not diffusion rate. Figure 22 shows an
Arrhenius plot of annealed Saran char steam gasification at conditions
that favor relatively high reaction rates, e.g., with no Hz in the feed
gas. The plot gives reasonable and closely matching values for the
activation energy of CO and CHs formation up to 1123 K. The values of
56.1 and 58.3 Kcal/mol match those found in Titerature by Juntgen, 51
Kcal/mol [24] and Long and Sykes, 55 Kcal/mol [29]. The fact that they
are so close in value is consistent with the accepted theory that the
rate 1imiting step in all uncatalyzed char gasification is cleavage of
the carbon-carbon bond.

Above 1123 K, diffusion limitations begin to control reaction
rate, as can be seen by the lower and less closely matching values for
apparent activation energy of CO and CHs formation of 22.8 and 33.8
Kcal/mol. Based on the results in Figure 22, a reaction temperature of
1123 K was chosen even though it is close to the transition range

between kinetic and diffusion rate limitations. A bulk modulus
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calculation of the system at these conditions yields a value of 0.0072,
which is more than an order of magnitude Tower that the transition range

of 0.1 to 3 [83]. Details of the bulk modulus calculations can be found

in Appendix D.

3.2. Char Gasification in Steam

3.2.1. Evolution of Char Surface Area

Figure 23 shows total (BET) surface area as measured by nitrogen

adsorption for annealed Saran and coal char following H.0/H:
gasification at 1.0 MPa as a function of conversion for varying reactant

gas compositions. The annealed Saran char has an initial surface area

of 800 m’/g and increases linearly to about 1500 m?/g at 30% conversion.
Surface area remains fairly constant over the rest of the char
Conversion, and is independent of reactant gas composition. The annealed

Coal char has a surface area that is about an order of magnitude less

than that of the Saran. C0. adsorption was used to measure char surface

Areas in previous studies [37.73.84] and produced similar results.
Mercury intrusion was also performed on annealed Saran char to
Characterize porosity at the macropore (>50 nm) and mesopore (2-50 nm)

Tevels. The macropore/mesopore surface area is 0.12 m’/g, along with an

Qverage pore diameter of 47.5 um.
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3.2.2. Rate Dependence on Pressure,

Composition, and Conversion

Steam gasification rate of chars at all conditions tested is

reported in this section. Annealed Saran char is used for most of the

experiments, with annealed coal char and unannealed chars used for a few

representative runs. Unannealed materials were chosen in order to

relate findings in this investigation with previous research in our
1 aboratory (Section 1.3). Steam gasification rate is reported as the

sum of CO and CO: formation rates because CO: is formed in the gas phase

Trom CO by the shift reaction [8]. shown in Equation 4. Effluent

compositions for two reactions are compared to the equilibrium

Composition of the shift reaction in Figure 24. The gasifications were

Performed under conditions of minimum and maximum hydrogen concentration

TO ensure that the two extremes of effluent composition were tested. At

The chosen reaction temperature of 1123 K, it can be seen that the
€ T Fluent composition under both sets of conditions lies below the

€qQuilibrium value, therefore the CO. concentration is lower than its

€qQuilibrium value. Though this does not prove that CO: is not formed at

The char surface, if C0: concentration was above its equilibrium value
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in the reactor effluent it would prove that it is formed on the char
surface.
Effluent compositions of the same two reactions are also compared

to the equilibrium composition of the methanation reaction, which takes

p1ace in the gas phase.

Methanation Reaction: 3H, +CO<——K—”‘i—>CH4 +H,0 (21)

Huttinger and Merdes [8] performed char gasification under similar
conditions and concluded that methane formation was on the char surface
only, not in the gas phase. Figure 25 shows the effluent composition of
One reaction to be close to the equilibrium curve, but the composition
Of the other reaction is significantly above it. Both effluent
Ccompositions should lie on the equilibrium curve if methanation
dominates. Both points lie above the curve and indicate greatly

d i ffering compositions, indicating that methanation does not control

Outlet concentration of key species.

3 .2.2.1. Annealed Char Steam Gasification

3 _.2.2.1.1. Annealed Saran Char Steam Gasification

Several runs of Annealed Saran char gasified under identical
Conditions are shown if Figure 26. This set of conditions, 1.0 MPa and

40/0/60 H20/H2/Ar, was chosen for analysis because there were more
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experiments performed under this set of conditions than any other.
Error analysis for these runs is shown at 2% conversion in Figure 27. A
conversion of 2% was chosen for analysis because it represents steady
state gasification, and it has the greatest number of values to analyze
at steady state.

The average rate at 1.0 MPa and 40/0/60 H0/Hz/Ar is 1.43
mmol/gC*min with a standard deviation of 25%. This error is
substantial, however char gasification rate varies well outside of this
range at other sets of conditions used in this investigation. The
gasification rate curves, which were calculated from mass spectral data,
are accurate representations of actual reaction rate because the weight
loss calculated from integration of the rate curves matches closely with
measured weight loss. Calculated weight loss is consistently 1-3% less
than measured weight loss, mostly due to a small amount of sample
retention in the microreactor due to static electricity.

Rate data at all conditions tested are presented in Figures 28-33.
Annealed Saran char was gasified under mixtures of Ar, H.0, and H: at
pressures of 0.3, 1.0, and 3.1 MPa. Reactant gases for all experiments
contain 40% H.0 and varying ratios of Hz/Ar, with the exception of two

experiments presented in Figure 29, in which reactant gas contained no
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H.0. Deuterated reactant gases were not chosen for the bulk of the
gasification reactions for reasons given in Section 3.2.3.

Reaction rates at all tested pressures share several trends, the
most obvious being a significant decrease in CO+C0O. formation rate and
significant increase in CHs formation rate with increasing H. partial
pressure. A decrease in reaction rate for both CO+CO: and CHs formation
over the first 1% conversion is also easily noted, and is much more
pronounced under higher H: partial pressures. There is added difficulty
in observing this phenomenon at higher reaction rates because of the
lack of detector resolution with conversion. In the extreme case of a
total pressure of 1.0 MPa and 60% Hz in the reactant gas, the CO+CO:
formation rate approaches zero. This has been observed by Weeda et al.
[85] at higher Hz partial pressures. Reaction rate stabilizes after the
first 1% conversion for all conditions tested, and appears to remain at
a constant value or increase slightly at higher conversions.

Gasification at 3.1 MPa and 1.0 MPa are compared in Figures 34 and
35 to show the effect of total pressure on species evolution rates.
C0+C0z2 formation rate does not change with total pressure when no
hydrogen 1is present in the reactant gas, but increases with total
pressure when hydrogen is present. This is extremely pronounced in the

case of 60% Hz in the feed gas where CO+C0O: formation rate declines to
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zero at a total pressure of 1.0 MPa, but maintains a low but easily
detectable value at a total pressure of 3.1 MPa. CHs formation rate
increases with increasing total pressure at all compositions tested, and
shows a more pronounced increase at higher hydrogen partial pressures.

Figure 36 shows the C0+C0O: evolution rate of an experiment at 1.0
MPa in which the steam partial pressure in the reactant gas was kept
constant at 40%. but the balance of the reactant gas was cycled between
60% Argon and 60% H.. Included on this graph as a reference is a C0+CQ:
evolution rate curve for a char gasification at 1.0 MPa with 40/0/60
H.0/H2/Ar feed. The C0+C0: evolution rate‘rap1d1y declines to nearly
zero upon a step change to 60% Hz in the feed, which is consistent with
results presented previously. After switching back to a feed containing
no Hz, the CO+COz evolution rate rapidly increases back to what it would
have been if there had been no step change in feed gas composition.
This shows that beyond the first 1% conversion hydrogen inhibition is
completely reversible. Though the conclusion drawn was different, work
done by Huttinger and Merdes [8] shows a similar result.

Quadratic polynomials have been fit to both annealed Saran and
annealed coal char surface areas as a function of conversion. Software
included in Stanford Graphics (version 3.0) was used to calculate the

equation for this curve based on a least squares fit, which can be seen
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in Figures 37 and 38. For annealed Saran char the TSA curve fit is as
follows:

TSA (m?/gC) = 756 + 30.1x - 0.26X° (22)
Percent carbon conversion is represented by x. The TSA for annealed
coal char is as follows:

TSA (m*/gC) = 8.15 + 16.6x - 0.38X° (23)
Figures 39 and 40 compare CO+C0Oz and CHs formation rates from
annealed Saran char gasification reported on a weight basis to formation
rates reported on a surface area basis for a reactant gas composition of

40/0/60 H.0/H2/Ar and 1.0 MPa total pressure. An increase in surface
area is mainly responsible for the increase in CO+CO:z evolution rate for
the first 40% conversion. The rate is constant at 0.02 mmol/m**min
except for the first 3% conversion, which is thought to be an
experimental anomaly as it is inconsistent with all other experiments.
Past 40% conversion, the surface area remains fairly constant but the
CO+COz evolution rate still increases, indicating an increase in
reactivity of the char surface by a factor of about two. A similar
trend can be seen with CHs formation in Figure 40, but the first 40%
also shows a mild increase in reactivity of the char on a surface area
basis. Overall, the char surface reactivity for CHs formation increases

by a factor of about four. Figures 41 and 42 show the results of an
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CHg Evolution Rate (mmol/m2*min)
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CO+CO2 Evolution Rate (mmol/m2*min)
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CH4 Evolution Rate (mmol/m2*min)
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experiment that was performed under identical conditions, but to a much
Tower conversion. The rate behavior over the first 3% conversion is
consistent with the rest of the experiments performed in this
investigation.

Figure 43 compares CO+CO: and CHs formation rates from annealed
Saran char gasification reported on a weight basis to formation rates
reported on a surface area basis for a reactant gas composition of
40/60/0 H0/Hz2/Ar and 1.0 MPa total pressure. This experiment had to be
performed for 24 hours because the reaction rate under these conditions
is much lower than that of the previously described experiment, hence
the missing rate data between 3-8% conversion representing the overnight
period. The low reaction rate is also the reason why there is so much
more scatter in these data compared to the previously described
experiment. The CO+CO. formation rate appears to abruptly increase at
the start of data collection after the first range of missing data, but
this is an artifact of opening the inlet valve to the vacuum chamber
that the mass spectrometer is attached to. There is essentially no
C0+C02 formation under these conditions, which is consistent with other
experiments in this investigation. The increase in CHs formation is

partially compensated for by the increase in char surface area, but
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reactivity per unit surface area still increases slightly over the first

20% conversion.
3.2.2.1.2. Annealed Coal Char Steam Gasification

Annealed coal char steam gasification rate is shown in Figure 44.
The C0+C0: and the CHs formation rates are about half that of annealed
Saran char on a weight basis. Rate increases gradually over the first
10% and appears to be stable up to 20%. Pressure fluctuations at the
initiation of the reaction have made analysis of possible transient
behavior difficult.

Figures 45 and 46 compare CO+C0: and CHs formation rates from
annealed coal char gasification reported on a weight basis to formation
rates reported on a surface area basis for a reactant gas composition of
40/0/60 H20/Hz/Ar and 1.0 MPa total pressure. Formation rates of all
species on a surface area basis are actually several times higher for
coal than for Saran, because of the catalytic effect of ash.

Unlike rate curves for formation of species on a weight basis,
rate curves for formation of species on a surface area basis clearly
show initial transient behavior. The initial decrease in C0+C0: as well
as CHs formation persists to almost 10% conversion, compared to annealed
Saran char which displays initial transient behavior over the first 1%

conversion. This is most likely due to a higher content of dangling and
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CH4 Evolution Rate (mmol/gC*min)
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amorphous carbons in annealed coal char, and perhaps the ash in the coal
can catalyze the rapid reaction of carbons that are semi-ordered that
would not be subject to this kind of reaction in the low ash Saran.

Both C0+C02 and CHs formation rates remain constant up to 20% conversion

after the initial transient behavior.

3.2.2.2. Unannealed Char Steam Gasification

Unannealed Saran char was gasified in H:0 at a lower temperature
than the annealed material with and without the presence of H: in the
reactant gas. Reactivity profiles at 1000 K and 3.1 MPa are shown in
Figure 47 and share most of the same trends with annealed Saran char,
including a decrease in CO+CO: formation and an increase in CHa
formation with increasing Hz partial pressure. Gasification rate
decines over the first 3% conversion and then stabilizes with no H
Present in the reactant gas. but when H: is present the rate continues

to decline over at least 18% conversion.

Unannealed coal char was also gasified in H0 under the same

COnditions as the unannealed Saran char, and shares the same trends as
we1 q | Figure 48 shows that the only differences in reaction rate

beh Qvior between unannealed coal and Saran chars are that the effect of

h5'Clr‘ogen inhibition is less pronounced with coal char, and it takes up
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to 5% conversion for the coal char gasification rate to stabilize under

conditions of no Hz in the reactant gas.

3.2.3. Isotopic Studies

Annealed Saran char was gasified in 40%/60% D:0/Ar at 3.1 MPa for
a kiinetic comparison between gasification rates of annealed Saran char
in deuterated and non-deuterated reactant gases. Figure 49 shows that
the rate in D0 is about three fourths of the rate in H:0 and follows
the same behavior, which is consistent with results of Mims and Pabst
[61]. Initial rate declines over the first 1% conversion, followed by a
gradual increase over the rest of conversion. The difference in
gasiification rate between the two isotopes indicates that the breaking

OT hydrogen bonds is definitely involved in rate limitation.

3 . 3. Adsorbed Hydrogen Concentration

3.3.1. Transient Hydrogen Desorption

Verifying and quantifying the existence of transient species on
S ample surfaces during gasification is crucial to development of an
L"‘"Clerstanding of reaction phenomenon. Hz (or D2) immediately desorbing
1:""Orn the newly quenched surface of a gasified char would be indicative
OT \weakly and perhaps “associatively” bound hydrogen, which would have

To be included in active site balances and mechanistic models of the
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char gasification reaction. Further, the system transient response must
be subtracted from any transient species desorption to obtain an actual
species transient response.

Figure 50 shows high-resolution scans of the end of a D20
gasification, where there has been a step change from reactant gas to
purge gas. Both the Dz and the Kr show abrupt declines in effluent
concentration after about 30 seconds. The D2 transient response curve
matches the Kr curve exactly, indicating that there is no loosely bound
D on the char surface that is lost with the removal of D partial
pressure. This finding shows that all of the surface D2 (or Hz) can be
qQuantified with TPD; high-resolution scans for transient surface Dz (or

H2) do not need to be done at the end of each char gasification.

3.3.2. Adsorbed Hydrogen: Unit Weight Basis

Adsorbed hydrogen concentration was measured on annealed chars
Tol11owing H0/H. gasification by TPD in flowing Argon at 5 K/min to 1773
K and holding for 1 hour. Figure 51 shows two typical hydrogen TPD
Profiles for annealed Saran char following H.0/H2 gasification to
di fferent extents of char conversion. There is a large and distinct

peak for each TPD from 1100-1600 K that indicates dissociatively bound
hydrogen, but no peaks at lower temperatures which would indicate

“associatively” bound hydrogen.
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“Associatively” bound hydrogen will adsorb onto chars if they are
cooled in the presence of hydrogen after gasification. Figure 52 shows
TPD profiles for annealed Saran char after hydrogasification and
subsequent cooling in argon or hydrogen. The char quenched in argon
shows only dissociatively adsorbed hydrogen, while the char quenched in
hydrogen produces another TPD peak centered upon 900 K, indicating 0.02
mmo 1Hz(STP)/gC of "associatively” bound hydrogen. This hydrogen is not
stable on char surfaces during gasification because the TPD peak center
1s 223 K lower than the experimental gasification temperature of 1123 K.

Figure 53 shows adsorbed hydrogen concentration on annealed chars
at several conditions. Surprisingly, the adsorbed hydrogen
COncentration appears to be independent of reactant gas composition and
Pressure, spanning the range from 0% H. at 0.3 MPa to 100% Hz at 3.1
MPa . The value starts out very low at 0.02 mmolH2(STP)/g for unreacted
Chars, increases rapidly over the first 1-1.5% conversion to 1.2
MMQ1H:(STP)/g for Saran char, and increases gradually over the rest of
Conversion to about 4.0 mmolH2(STP)/g. The initial adsorbed hydrogen

Concentration is close to the value given by ultimate analysis of 0.019
wt%, (0.09 mmolH:(STP)/g). The average adsorbed hydrogen concentration

over the bulk of conversion is about 2.5 mmolHz(STP)/g. which matches

the quantity given by the ultimate analysis for unannealed Saran char of
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0.5 wt¥ (2.5 mmolH(STP)/g). Adsorbed hydrogen concentration on

gasified annealed coal char is about one fifth that of gasified annealed

Saran char on a unit weight basis.

Initial rapid hydrogen adsorption over the first 0.4% carbon

conversion in shown in Figure 54, along with the product gas evolution

rates. A reactant gas composition of 40/60/0 H0/Hz/Ar was used to

produce the most pronounced rate decline with conversion, and to ensure

that the initial rapid hydrogen adsorption is not limited by the

availability of hydrogen. Figure 54 shows that the initial transient

behavior of gasification rate and hydrogen adsorption take place over

the same range of carbon conversion. The reason why deuterated reactant

gases were not to be used for the bulk of the gasification experiments

1s because the initial hydrogen concentration on the unreacted annealed

Saran char is so low. The original purpose for using D:0 and D: as

reactant gases was to be able to distinguish between hydrogen that was
already present on the char and that which was fixed on the char during
the course of reaction, but the temperature chosen for pretreatment is

high enough to remove essentially all of the hydrogen in the Saran char,

therefore this distinction does not need to be made.
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Adsorbed Ho Concentration (mmol/g)
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3.3.3. Adsorbed Hydrogen: Unit Area Basis

Figure 55 shows adsorbed hydrogen concentration on annealed chars
at all conditions on a surface area basis. Initial rapid adsorption
over the first 1% conversion is followed by a steady, gradual increase
over the rest of the char conversion. The increase in surface area with
conversion partially offsets the increase in adsorbed hydrogen
concentration. Adsorbed hydrogen concentration on a surface area basis
roughly doubles from 1% to 80% conversion, which indicates an increase
in the ratio of exposed edge carbon atoms to those of the graphitic
basal planes. Since edge carbons have a much higher potential for
becoming gasification sites, this is consistent with the conclusion
drawn of an increased surface reactivity from gasification rate curves
presented on a surface area basis. Adsorbed hydrogen concentration on
gasified annealed coal char on a surface area basis is about twice that
O T gasified annealed Saran char, which is consistent with char

g asification behavior.
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Chapter 4

MODEL FITTING - LINEAR

REGRESSION ANALYSIS

The most surprising result of this investigation is that adsorbed
hydrogen concentration is independent of reactant gas composition and
extent of reaction past the first 1% char conversion. Because of this,
the linearized rate expressions originally developed, which include
explicit adsorbed hydrogen concentration, cannot be used. In developing
the rate expressions presented in Chapter 1, it was expected that
adsorbed hydrogen would increase in concentration on the char surface
Over the course of reaction, causing a decline in gasification rate with

Conversion. It was also assumed that higher hydrogen partial pressures

120
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would lead to higher adsorbed hydrogen concentrations, also causing a
decline in rate. However, none of these assumptions proved to be true.
What was found was that, after a very short period of transient
behavior, the édsorbed hydrogen concentration increased only slightly
with conversion, as did gasification rate. Application of the original
Tinearized rate expressions (Equations 10 and 11) to the data leads to
the left hand side being negative, which cannot work because rate
constants and partial pressures must all be positive. Further, the lack
of resolution of data over the first 1% conversion prevents these rate
expressions from being applied, where the adsorbed hydrogen and
gasification rate appear to behave more like what was originally
assumed.

Instead of using the original equations with adsorbed hydrogen
concentration expressed explicitly, basic rate expressions were
developed from Equations 1-8 which contain a term that includes the
total number of active sites in a lumped parameter. Hydrogen surface
concentration, as well as surface oxides and surface “free” sites, are
all expressed implicitly. The equations have been linearized and used
in regression of the rate data for several postulated hydrogen
inhibition mechanisms. Rate data at all conditions tested were

regressed as a function of carbon conversion to see how well the various



122

models describe actual rate behavior at different stages of char
gasification in steam.

Rate data was then normalized with char surface area for the best
representative models and regressed over the entire span of tested
conversion and conditions. The regression coefficients, F statistics,
rate constants, and the error on rate constant terms were then compared
to determine which inhibition model gives the best fit and therefore
helps to identify the most dominant hydrogen inhibition mechanism.
Methane formation rate data has also been regressed to develop a better

understanding of the mechanism of methane formation.

4.1. Char Gasification in Steam

The basic rate expression for gasification of chars in
Steam/hydrogen mixtures (Equation 8), as well as other similar
expressions, have been linearized so that all gasification data can be
fit to them to determine which expression best describes the rate
behavior. These expressions have been derived from the elementary
reaction steps given in Equations 2-7, excluding the shift reaction
given in Equation 4. Also included in the derivation of all expressions
IS the active site balance, given in Equation 9. Common to all
expressions are the two elementary steps of steam gasification: oxygen

exchange and CO desorption. The mode of hydrogen inhibition is what
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di fferentiates the various expressions. Rate expressions include one or
more of the elementary reaction steps of reverse oxygen exchange,
“associative” hydrogen adsorption, and dissociative hydrogen adsorption.
To further investigate possible reaction mechanisms, oxygen exchange and
reverse oxygen exchange are assumed to be rapid enough to be at

equilibrium in some rate expressions, which alters their form by

removing a term.

4.1.1. Reverse Oxygen Exchange

The first hydrogen inhibition elementary step reaction
investigated was reverse oxygen exchange, which involves no hydrogen
adsorption on the carbon surface; the C(H) term is not included in the
active site balance. The resulting rate expressions include the partial

pressure of hydrogen in the denominator raised to the first power (n=1).

4 .1.1.1. Reverse Oxygen Exchange

Equation 24 is the rate expression for H.0/H. gasification of
chars including reverse oxygen exchange as the inhibitory elementary
S tep.

_ k«CrPw (24)
1+ (ke /K2)Pw + (k1 /K2 )Pz

fco

The key assumption made in the derivation of this expression is that the

Concentration of the intermediate surface species C(0) is constant,
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which is typical of Langmiur-Hinshellwood expressions. The numerator
term includes contributions from the reactant gas partial pressure,
forward reaction rate constant, and total active site concentration.
The first term in the denominator is unity and represents the oxygen

exchange elementary step. while the second term in the denominator

represents CO desorption from the char surface. The last term in the

denominator represents hydrogen inhibition by reverse oxygen exchange,

and is proportional to hydrogen partial pressure raised to the first

power (n=1).

Equation 25 is the linearized version of the previous rate

expression.

o e ol [om o @
rco LkoCr kiCr \Pw kiCr | k2 \ Pw

Figure 56 shows the regression coefficient of determination (r?) as

Calculated using the LINEST function in Microsoft Excel 5.0. Rate data

at all gasification conditions tested were regressed simultaneously at

0. 0.5.1, 2,5, 10, and 20% conversion. The first 2% conversion has an

r< value of about 0.7, while the rest of the conversion range shows an
r? value above 0.9. An F test was performed on the data to make sure

the good fit above 1% conversion did not occur by chance. Figure 57

Shows the F statistic and the F critical values for 95% and 99%

Cconfidence. It is easily seen that the F statistic is near or below the
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critical values at and below 2% conversion, but is well above them for

the rest of carbon conversion.

4.1.1.2. Rapid Equilibrium Reverse Oxygen Exchange

Equation 26 is another rate expression for H.0/H: gasification of
chars including reverse oxygen exchange as the inhibitory elementary

step.

(26)

fo = k«{CrPw
k1 /K2 )Py + (ko1 /K2 )Prz

The key assumption made in the derivation of this expression is that
reverse oxygen exchange and oxygen exchange are in rapid equilibrium
making desorption of the C(0) surface complex rate limiting, also
typical of Langmiur-Hinshellwood expressions. The numerator term
includes contributions from the reactant gas partial pressure, forward
reaction rate constant, and total active site concentration. Unlike the
previous rate expression, the unity term in the denominator is no longer
present. This is because the first term in Equation 26, which
represents CO desorption from the char surface, is now the dominant
reaction term. The second term in the denominator represents hydrogen
inhibition, and as with the previous expression it is proportional to

the hydrogen partial pressure raised to the first power (n=1).
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Equation 27 is the linearized version of the previous rate

expression.

e e lR) @
lco koCr kiC+ k. Pw

Figure 58 shows the regression coefficient of determination (r?) as

calculated by the same method outlined for the previous expression. The
results are slightly worse, but almost the same as those of non-rapid
reverse oxygen exchange, included in this figure for comparison. The
first 2% conversion has an r? value of about 0.7, while the rest of the
conversion range shows an r? value above 0.9. An F test was performed
on these data as well. Figure 59 shows the F statistic and the F
critical values for 95% and 99% confidence. As with the previous rate
expression it is easily seen that the F statistic is near or below the
critical values at and below 2% conversion, but is well above them for

the rest of carbon conversion.

4.1.2. “Associative” Hydrogen Adsorption

The second hydrogen inhibition elementary step reaction
investigated was “associative” hydrogen adsorption, which involves a
diatomic hydrogen molecule adsorbing onto one surface carbon atom to
form two discrete C-H bonds on the same carbon atom, noted as C(H).

Hydrogen blocks water molecules from reacting with formerly unsaturated
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surface carbon atoms. thereby inhibiting oxygen exchange by decreasing
the surface concentration of free sites, noted as Ce. The active site
balance, seen in equation 9, contains a C(H)z term instead of a C(H)

term.

4.1.2.1. “Associative” Hydrogen Adsorption Only

Equation 28 is the rate expression for H.0/Hz gasification of
chars including “associative” hydrogen adsorption as the inhibitory
elementary step.

kiC1Pw
1+ (k1 /K )Pw + (k3 /K_3 )Puz

(28)

fco =

The key assumptions made in the derivation of this expression are that
the concentration of the intermediate surface species C(0) and C(H)z are
constant, which is typical of Langmiur-Hinshellwood expressions. The
form and terms are all identical to those of hydrogen inhibition by
reverse oxygen exchange except the last term in the denominator. The
last term in the denominator represents hydrogen inhibition by
“associative” hydrogen adsorption and is proportional to the hydrogen
Partial pressure raised to the first power (n=1), which is also the case
With hydrogen inhibition by reverse oxygen exchange.

Equation 29 is the linearized version of the previous rate

expression.
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o e [ o M w4 ) @
rco Lk2Cr kCr \Pw kiCr J k-3 \ Pw

Figures 60 and 61 can be referred to for the regression coefficient of

determination (r?) and F statistic. The form of this expression is
identical to that of hydrogen inhibition by reverse oxygen exchange, so
the conclusions drawn from these figures are also identical: a poor fit

from 0-2% conversion, and a good fit above 2% conversion.

4.1.2.2. “Associative” Hydrogen Adsorption and

Reverse Oxygen Exchange

Equation 30 is the rate expression for H.0/Hz gasification of
chars including “associative” hydrogen adsorption and reverse oxygen
exchange as the inhibitory elementary steps.

k:CrPw

= (30)
1+ (ke /K2 )P + {(ko1 /K2 ) + (ks /K_s )Pz + k-1 7k Xks /k_3 )}P%

fco

The key assumptions made in the derivation of this expression are the
same as those made for “associative” hydrogen adsorption only. The form
and terms are a combination of those for “associative” hydrogen
adsorption only and reverse oxygen exchange only except the last term in
the denominator. The second to last denominator term is proportional to
the hydrogen partial pressure raised to the first power (n=1), and

represents a simple addition of the separate contributions of
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“associative” hydrogen adsorption and reverse oxygen exchange. The last
denominator term is the product of the two separate inhibition terms,
and is therefore proportional to the hydrogen partial pressure squared
(n=2).

Equation 31 is the Tinearized version of the previous rate

expression.
: [ : H : ](1)[ : ]{[k][k]}(m)
rco | k2Cr kCr )\ Pw kCr || k2 k-3 ||\ Pw
1 Tk ks [ R%
+{k1CT][?2— E](—Pw J b

Figures 62 and 63 show the regression coefficient of determination (r?),
the F statistic and the F critical values for 95% and 99% confidence as
calculated by the same method outlined for the previous expressions.
Results for reverse oxygen exchange/"associative” hydrogen adsorption
only have been included for comparison. The results are nearly
identical to those of reverse oxygen exchange only and reversible
“associative” hydrogen adsorption only, with only a very slight
improvement over either one. This slight improvement caused by the
addition of the term in which hydrogen partial pressure is raised to the
second power is due to the fact that the model has another parameter by
which it can regress the data and not by an improvement in the reaction

description by including both elementary steps.
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4.1.3. Dissociative Hydrogen Adsorption

The third hydrogen inhibition elementary step reaction
investigated was dissociative hydrogen adsorption, which involves a
diatomic hydrogen molecule splitting and adsorbing onto two surface
carbon atoms to form two discrete C-H bonds, each noted as C(H).
Hydrogen blocks water molecules from reacting with formerly unsaturated
surface carbon atoms, thereby inhibiting oxygen exchange by decreasing
the surface concentration of free sites. The active site balance, seen

in equation 9, contains a C(H) term.

4.1.3.1. Dissociative Hydrogen Adsorption Only

Equation 32 is the rate expression for H.0/H: gasification of
chars including dissociative hydrogen adsorption as the inhibitory
elementary step.

k{CrPw

= 32
1+ (ke /k2 )P + (ko /k_q P22 (32)

fco

The key assumptions made in the derivation of this expression are that
the concentrations of the intermediate surface species C(0) and C(H) are
constant, which is typical of Langmiur-Hinshellwood expressions. The
form and terms are all identical to those of hydrogen inhibition by
reverse oxygen exchange or “associative” hydrogen adsorption except the

last term in the denominator. The last term in the denominator
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represents hydrogen inhibition by dissociative hydrogen adsorption and
is proportional to the hydrogen partial pressure raised to the one half
power (n=0.5), as opposed to n=1 as is the case with hydrogen inhibition
by reverse oxygen exchange or “associative” hydrogen adsorption.
Equation 33 is the linearized version of the previous rate

expression.

s Cbees o
_— + — |t - (33)
fco [k2Cr kiCr \ Pw kiCr J ks \ Pw

Figure 64 shows the regression coefficient of determination (r?) as

calculated by the same method outlined for the previous expressions,
with r? values for reverse oxygen exchange or “associative” hydrogen
adsorption included for comparison. The first 5% conversion has an r?
value of about 0.6 for dissociative hydrogen adsorption, but the rest of
the conversion range shows an r? value above 0.9. It is clear that
reverse oxygen exchange or “associative” hydrogen adsorption models
describe the actual reaction mechanism much better than dissociative
hydrogen adsorption over the first 5% conversion. At higher conversions
both models show similar fits. An F test was performed on the data to
make sure the good fit above 10% conversion did not occur by chance.
Figure 65 shows the F statistic and the F critical values for 95% and

99% confidence. It is easily seen that the F statistic is near or below
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the critical values at and below 5% conversion, but is above them for

the rest of carbon conversion.

4.1.3.2. Dissociative Hydrogen Adsorption and Reverse

Oxygen Exchange

Equation 34 is the rate expression for H.0/Hz gasification of
chars including dissociative hydrogen adsorption and reverse oxygen
exchange as the inhibitory elementary steps.

_ k«CrPw
14 (ke /K2 )Pw + (ko1 /K2 )Paz + (ka /Koo (P22 + (kor 1k JPREZ

(34)

lco

The key assumptions made in the derivation of this expression are the
same as those made for dissociative hydrogen adsorption only. The form
and terms are a combination of those of dissociative hydrogen adsorption
or reverse oxygen exchange, plus another term in the denominator. The
third denominator term is proportional to the hydrogen partial pressure
raised to the first power (n=1), and represents reverse oxygen exchange.
The fourth denominator term is proportional to the hydrogen partial
pressure raised to the one half power (n=0.5), and represents
dissociative hydrogen adsorption. The last term is the product of the
two separate inhibition terms, and is therefore proportional to the

hydrogen partial pressure raised to the three halves power (n=1.5).
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Equation 35 is the linearized version of the previous rate

expression.
e R LR
rco |K2Cr] LkCr \Pw/ [kiCr ] k2 \Pw
+[ 1 ][54_7(_"4'22 +[ 1 151 ke | R’ (35)
kiCr J k-« \ Pw kiCr | k2 1 k-« \ Pw

Figures 66 and 67 show the regression coefficient of determination (r?),
the F statistic and the F critical values for 95% and 99% confidence as
calculated by the same method outlined for the previous expressions,
with results for reverse oxygen exchange/“associative” hydrogen
adsorption and dissociative hydrogen adsorption included for comparison.
The results show a clear improvement upon inclusion of reverse oxygen
exchange with dissociative hydrogen adsorption as the inhibition
elementary steps. The results are nearly identical to those of reverse
oxygen exchange or “associative” hydrogen adsorption. This is because
there is a term with hydrogen partial pressure raised to the first
power, which appears to create.a much better fit between the data and
models than a term with hydrogen partial pressure raised to the one half

power.
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4.2. Comparison of Hydrogen Inhibition
Models

4.2.1. Linear Regression Parameters

The models which incorporate hydrogen inhibition by reverse oxygen
exchange or “associative” hydrogen adsorption (“n"=1) correlate much
better with actual data than models based on dissociative hydrogen
adsorption (“n"=0.5) for steam gasification of annealed Saran char. A
very slight improvement to the models can be made by combining modes of
hydrogen inhibition in a single expression, but this is due to the fact
that there are more parameters with which the data can be regressed to
fit the model, as seen in Table 2. Other rate expressions were
investigated involving methane formation as well as a combination of

hydrogen adsorption and rapid equilibrium reverse oxygen exchange, but

Table 2: Number of parameters in various kinetic models of H:0/H:
gasification of annealed Saran char.

Number of
Model Parameters ‘n" =7
2 1 for Rapid-ROE (no constant term)
3 1 for ROE, 1 for AHA, 0.5 for DHA
4 1 and 2 for ROE + AHA
5 0.5, 1, and 1.5 for ROE + DHA
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they yielded unnecessarily complicated rate expressions similar
to those given in Sections 4.1.2.2. and 4.1.3.2.

None of the models fit the data well up to 1% conversion because
the reaction is not at steady state over this range. Hydrogen is
rapidly adsorbing onto the carbon surface, therefore the concentration
of various surface intermediates is not constant. Constant surface
group concentrations are one of the key assumptions made in the
development of the mechanistic models.

It is not surprising to find the dissociative hydrogen inhibition
model fitting kinetic data well at 10% and 20% carbon conversion because
there are significantly fewer degrees of freedom for the models at the

higher conversions. Table 3 shows degrees of freedom as a function of

Table 3: Degrees of freedom for linear regression of various kinetic
models of H:0/H: gasification of annealed Saran char as a
function of conversion.

Percent
Carbon 2 Model 3 Model 4 Model 5 Model

Conversion  Parameters Parameters Parameters Parameters

0 30 29 28 27

0.5 27 26 25 24

1 27 26 25 24

2 22 21 20 19

5 17 16 15 14

10 10 9 8 7

20 7 6 5 4
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conversion for linear regression of the various kinetic models. Carbon
conversions lower than 10% have enough degrees of freedom to show a
significant difference between the way models which include reverse
oxygen exchange as an inhibitory mechanism describe kinetic data and
those that do not include reverse oxygen exchange. At 10% and 20%
carbon conversion the number of degrees of freedom approach the number
of model parameters, making it much more likely that a good fit between
the model and data will occur by chance as seen by decreasing F test
values at these conversions.

A further attempt was made to identify the actual inhibitory
mechanism by comparison of the regression results of two different forms
of the linearized rate expressions for both reverse oxygen
exchange/“associative” hydrogen adsorption and dissociative hydrogen
adsorption. Equations 36-38 show the alternate forms of the Tinearized
rate expressions. The difference between these expressions and the ones
presented previously (Equations 24, 28, and 32) is that each side of the
new expressions has been multiplied through by the water partial

pressure.
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r B 17 T 7
Bw _[_1 (p_W]+ LI 5N -'3*2) (37)
lco _k2CT 1 _k1CT_ ;_k1CT_._k-3-\ 1

B r 7 r T T 1/2
Bw _[_1 (P_w)+ L N L (38)
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Table 4 shows the regression results for both linearized forms of
the previous expressions. Rate data from 2-20% conversion has been
normalized to the total surface area, so it is relatively constant and
independent of conversion. These parameters therefore represent char
conversion over the entire 2-20% conversion range.

Form 2 of the n=0.5 model shows an improvement over Form 1 for
both the regression coefficient of determination and the F statistic,
but neither is as good as the n=1 models. The r? value for both forms
of the n=1 model are the same, while the F statistic for Form 2 shows
slight improvement over that of Form 1. Inspection of the
rate constants shows that Form 1 is better because it yields a positive
value for the constant 1/k:Cr. A positive value for the group 1/kaCr

also allows a positive value for the group ki/k-1 to be calculated.

4.2.2. Calculated Rate Constants

Hydrogen inhibition by rapid equilibrium reverse oxygen exchange
gives almost as good a fit to the data as the model derived for reverse

oxygen exchange. The difference between the linearized rate expressions
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Table 4: Regression results for linearized rate expressions.

H.0/H> Gasification of Char

r.2
F stat.
F crit. (99% confidence)

1/kaCr (gC*min/mmo1)
1/kCr error
k2Cr ~ (mmo1/gC*min)

1/kiCr (gC*min*MPa/mmol)
1/kiCr error
kiCr  (mmo1/gC*min*MPa)

k-1/kikeCr (gC*min/mmo1)
k-1/kik2Cr error
ki/k-1 (unitless)

ka/k-3kiCr (gC*min/mmol)
ka/k-3kiCr error
ka/k-3 (1/MPa)

ka/k-sk1Cr (gC*min*MPa'’2/mmo1)
ka/k-sk1Cr error
ke/k-«  (1/MPa'?)

Linear Regression Parameters

n=1 n=1 n=0.5 n=0.5
Forml Fform?2 Form1l Form 2
0.96 0.96 0.66 0.87
659 739 59 200
4.1 4.1 4.1 4.1
4.6 -1.0 12 -22
3.1 5.4 8.9 11
0.22 -1.0 0.08 -0.05
0.38 2.5 -7.0 -1.2
0.77 3.5 2.0 6.5
2.6 0.40 -1.4 -0.83
163 166
4.7 5.0
0.029 -5.7
163 166
4.7 5.0
425 66
149 221
14 13
-21 -184
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(Equations 25 and 27) is the term (1/kiCr)(1/Pw), which appears in the

reverse oxygen exchange expression. Inspection of the rate constant
group (1/kiCr) in Table 4 shows that it has a very Tow value, lower than
the error calculated for this parameter. This indicates that reverse
oxygen exchange is at rapid equilibrium, because this term is
effectively zero.

Comparison of the equilibrium constants for reverse oxygen
exchange and “associative” hydrogen adsorption helps to distinguish
between the two mechanisms as inhibitory reaction steps, which is the
most difficult distinction to make because the forms of rate expressions
for these two mechanisms is identical. The equilibrium rate constant
for reverse oxygen exchange (ki/k-1) is 0.029, which indicates a low
fractional coverage of C(0) surface groups compared to the free surface
sites, Cr. The equilibrium rate constant for "associative” hydrogen
adsorption (ka/k-3) is 425, which indicates a high fractional coverage of
C(H)2 surface groups compared to Cr. Table 5 shows that the rate
constant groups found in this investigation are closely matched to those
found by other workers.

TPD studies by Zhang [79] have shown that the surface coverage of
C(H)2 groups is negligible at reaction conditions, much lower than the

Coverage of C(0) groups. 0.02 mmolHz/gC of “associatively” bound
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Table 5: Comparison of rate constant groups.

Regressed Huttinger and Weeda and
Rate Constant Group Data Merdes [8] Kapteijn[86]
k2Cr - (mmo1/gC*min) 0.22 6.4 (0.33)*
kiCr  (mmo1/gC*min*MPa) 2.6 10 (0.52)* 2.3
ki/k-1 (unitless) 0.029 0.025
ka/k-3 (1/MPa) 425 68.3

* rate normalized to 1123 K via Ea = 56.1 Kcal/mol

hydrogen was seen at 900 K from the TPD of an annealed Saran char that
was cooled in hydrogen after gasification. This range is below the
experimental gasification temperature of 1123 K, therefore
“associatively” adsorbed hydrogen should not be stable on char surfaces
at gasification conditions and therefore have a very low fractional
coverage.

TPD studies have shown some surface coverage of C(0) groups at
gasification conditions. CO desorption peaks up to 0.07 mmol/g for
gasification in steam and less than 0.04 mmol/g for gasification in
steam/hydrogen are produced after gasification at 1123 K, with peak
maxima at 1200 K. Larger CO desorption peaks were also produced at 1200
K during TPD for gasification at 1000 K; 0.21 mmol/gC after gasification
in steam and less than 0.04 mmol/gC for gasification in steam/hydrogen.

This indicates a small but significant surface coverage of C(0) groups
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that are stable at gasification conditions, which is consistent with the
equilibrium constant calculated when reverse oxygen exchange is the

inhibitory mechanism.

4.2.3. Theoretical Rate Curves

Theoretical steady-state char gasification rate curves based on
the models and calculated rate constants for reverse oxygen exchange
(n=1), “associative” hydrogen adsorption (n=1), and dissociative
hydrogen adsorption (n=0.5) are compared to actual rate curves in
Figures 68-73. Both models fit well for char gasifications performed at
0.3 MPa, but only experiments with 0 and 5% H: in the feed gas were
performed at this pressure. The n=1 model produces a much better
overall fit than the n=0.5 model, which is supported by linear
regression analysis and by comparison of calculated rate constants. The
n=1 model is off by a factor of 2 at 1.0 and 3.1 MPa and 0% hydrogen in
the feed gas. but the fit improves with increasing hydrogen partial
pressure. The n=0.5 model is very close at 1.0 and 3.1 MPa and 0%
hydrogen in the feed gas, but as hydrogen partial pressure increases,

the error grows to an order of magnitude.
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4.3. Methane Formation Only

Expressions for methane formation excluding steam gasification
were derived to determine the mechanism by which direct
hydrogasification takes place. Methane formation by successive

“associative” hydrogen adsorption gives a rate expression as follows.

(39)

o kG
o (k-g /k3 )+ (1 + k5 /kg)Pﬂz

Methane formation by successive dissociative hydrogen adsorption gives a
much more complicated expression, with a general form as follows.

ksC1P%

40
fi(k)+ f2 (k)R + f3 (k)P + f4 (k)P322 (40)

fcHe =

Figure 74 shows the natural Tog of methane formation rate plotted
against the natural Tog of hydrogen partial pressure. The best fit line
to the data has a slope of 0.42, which is fairly close to 0.5. The only
way that the models can describe this relationship is if the
dissociative hydrogen adsorption expression is used with a dominant last
term in the denominator, therefore we can conclude that direct
hydrogasification takes place by successive dissociative adsorption.
This is consistent with the findings of Zielke and Gorin [19] and Cao

and Back [20].
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Chapter 5

CHAR PROPERTIES

DURING GASIFICATION

5.1. Hydrogen Adsorption

Direct measurement of adsorbed hydrogen over the entire range of
char conversion has shown that hydrogen inhibits steam gasification of
chars by two distinct mechanisms which remain active over different
ranges of conversion. The form of hydrogen inhibition that first
affects chars during gasification is initial rapid dissociative hydrogen
adsorption over the first 1% conversion. Figure 54 shows this along

with the initial rapid decline in steam gasification rate over the same

162
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conversion range. This adsorption decreases rate by covering active
sites, termed "free” carbon sites, on the char surface with stable
hydrogen atoms. This happens regardless of reactant gas composition and
is irreversible at reaction conditions.

The second form of hydrogen inhibition becomes dominant once the
dissociatively adsorbed hydrogen is in place. The small number of
remaining unblocked active sites (unsaturated surface carbon atoms) are
subject to the dynamic equilibrium of oxygen exchange/reverse oxygen
exchange with water. Most of the surface oxide complexes are stripped
of their oxygen atoms by gaseous hydrogen before they can desorb in the
form of CO. Active sites do not become blocked with “associatively”
adsorbed hydrogen because it is not stable at reaction temperatures.
Other workers that have identified dissociative hydrogen adsorption as
the only mode of inhibition have performed char gasifications under
conditions of very low reaction rate where this mode may dominate over

reverse oxygen exchange [6,43,48,49].

5.1.1. Initial Rapid Adsorption

Hydrogen rapidly adsorbs on char surfaces at the initiation of
Steam gasification, as seen in Figure 53 and 55, even with no gaseous
hydrogen present in the reactor feed. The source of hydrogen must be

that which is liberated by C0+C0. formation as well as surface oxide
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formation, so a comparison has been made between the initial hydrogen
generation rate and the initial hydrogen adsorption rate.

Hydrogen adsorbs on annealed char surfaces at a rate of 0.30
mmolH2/gC*min over the first 0.5% conversion, but is liberated at a rate
of 0.18 mmolHz/gC*min due to CO+CO2 formation under conditions of 0% He
in the reactant gas. The difference between the two values is 0.12
mmoTHz2/gC*min, and over the course of 0.5% conversion gives a total
value of 0.60 mmolHz/gC. The CO desorption peak upon outgassing the

char sample after several percent conversion accounts for 0.07

mmolHz2/gC, which is about one tenth of the difference. k
The most 1likely explanation for this is that the quantity of

surface oxide groups during the initial transient phase of gasification

attains a value that is several times greater than that present after

several percent conversion. The char surface is not initially blocked

by strongly bound hydrogen, so a relatively high concentration of

surface oxides can form, liberating hydrogen in the process. These

oxides, along with transient char structural properties, contribute to

the initial high gasification rate. After the initial transient phase

the quantity of adsorbed oxygen declines to a fraction of its former

value due to desorption and displacement by strongly bound hydrogen.
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5.1.2. Gradual Adsorption over Time

Hydrogen continues to build up very gradually on char surfaces
after initial rapid adsorption upon exposure to hydrogen containing
reactant gases. as seen in Figures 53 and 56. A final surface
concentration of 2.5x10 mmolHz/m® corresponds to 25% coverage. Unlike
the first 1% conversion, however, the gasification rate also increases
very gradually along with surface hydrogen concentration. Even though
these changes are very gradual compared to the initial changes in char
properties, they indicate that changes in the char morphology also play

an important role in determining reactivity.

5.2. Char Structure

Char structure is very important in determining rate behavior
because most chars have significant pore structure down to the micropore
level, and have surfaces which are heterogeneous and constantly being
renewed with reaction. Varying configurations of carbon atoms, as well
as heteroatoms, can all affect gasification rate. These properties can
also change in relative importance with conversion because of the

constant removal of surface carbon atoms throughout the course of

gasification.
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5.2.1. Total Surface Area and Pore Structure

The annealed Saran char used in this investigation is extremely
porous, with a large fraction extending below 2 nm into the micropore
range. The first indication of this is the long time required to
perform nitrogen adsorption on the annealed chars. The time it takes
for nitrogen to intrude into pores is inversely proportional to the pore
diameter, and eight hours are required to complete a nitrogen BET on the
annealed char samples.

TSA calculated by nitrogen adsorption is very high, about 1500
m’/g, which is also indicative of a microporous material. Figures 37
and 38 show TSA gradually increasing with conversion, indicating that
char micropore structure opens up and allows gaseous species greater
access to the internal surface. Char reactivity appears to increase
even on a unit area basis at higher conversion as seen in Figures 39,
40, and 43, but this may be partly due to the fact that the new char
surface area opening up is fresh and more reactive than that which has
been exposed to reactant gases for some time.

Further evidence of char microporosity is seen by comparing the N:
BET surface to that which is calculated by mercury intrusion, which only
measures down to the mesopore (2-50 nm) level. Mercury intrusion gives

a much lower value of 0.12 m?/g which is four orders of magnitude lower
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than 1500 m’/g. The value calculated by nitrogen adsorption is a
significant fraction of the theoretical maximum of 2600 m’/g. but this
is due in part to pore condensation. Taking this into account, the
surface area created by micropores is still at least two to three orders
of magnitude greater than those created by mesopores and macropores.

The average pore diameter calculated by mercury intrusion is 47.5 um,
but this is due mainly to the interstitial voids between particles. The
chars were ground and sieved to -60+100 mesh, which corresponds to 150-

250 pm.

5.2.2. Domain Sizes via H/C Atom Ratio

Values for adsorbed hydrogen concentration and total surface area
were combined to calculate an average ideal graphitic crystallite size
for annealed Saran char beyond 1% conversion. At steady state
gasification, the adsorbed hydrogen concentration is approximately 4
mmol1Hz2/gC. which corresponds to an H/C ratio of 0.1. Assuming an ideal
graphitic hexagonal crystallite with zig-zag configured edge carbon
atoms, dissociatively adsorbed hydrogen, no hydrogen adsorbed on the
basal planes, and a C-C bond Tength of 0.1421 nm [87] a graphitic basal
plane width of 3.8 nm was calculated. The number of graphitic layers

per crystallite was calculated based on the above plate width, a total
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surface area of approximately 1000 m’/g. and an interlayer spacing of
0.3364 nm [88] to be three.

The theoretical hydrogen fractional coverage of these crystallites
compares closely to that which was calculated based on the experimental
hydrogen surface coverage of 2.5x10° mmolHz/m?. Assuming an ideal
crystallite oriented so its basal planes are horizontal, the ratio of
the area of the sides to the area of the top and bottom corresponds to
the hydrogen fractional coverage. A value of 35% is calculated for the
ideal crystallite, which is close to 25% calculated from experimental

data.

5.2.3. X-ray Analysis

An attempt to confirm the previously stated theoretical values of
crystallite dimensions with X-ray spectroscopy using both angle
scattering (Bragg's Law) for unit cell dimensions and peak broadening
(Scherrer Formula) for ordered domain size shows that there is almost no
detectable ordered structure in annealed Saran char. Reference
graphites tested included and a 325 mesh and -10+60 mesh Alpha Graphite
and a 360 mesh Ultra “F" Graphite, all of which showed strong peaks
corresponding to an interlayer spacing of 0.336 nm and ordered domain

sizes corresponding to thicknesses of 18-40 nm, or 50-120 basal planes.
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X-ray spectra for all carbons tested are shown in Figures 75-78.
As can be seen in Figure 75, the annealed Saran char shows no detectable
peaks corresponding to spacing between graphitic basal planes. The
finer mesh graphites show relatively small peaks corresponding an
ordered spacing of 0.426 nm, which is the spacing between the zig-zag
faces along the basal planes. This peak was detectable in annealed
Saran char, but was nearly beyond the resolution of the detector, as
seen in Figure 79. Analysis of materials for ordered domain size
resulted in 20-40 nm for the reference materials, while the extremely
faint peak in Saran char corresponded to a domain size of 3.2 nm, which
is fairly close to the theoretical calculated value of 3.8 nm for ideal
graphitic crystallite basal plane widths.

The lack of prominent X-ray diffraction peaks in Saran char
annealed at 1773 K is consistent with small highly disordered graphitic
crystallites, which are similar in dimension to those calculated for
ideal graphitic crystallites based on an H/C ratio of 0.1 and TSA of
1000 m*/g. Several investigators have shown an abundance of defects in
small crystallites, such as increased interlayer spacing in networks
below 5 nm [89] and turbostratic structure [90]. The latter type of
defect is misalignment of adjacent basal planes, which contributes to

the Tack of lines in powder photographs. These investigators also make
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the point that X-ray methods become less precise with decreasing domain

size, as this broadens peaks. Graphitic crystallite size of dimensions

similar to those obtained in this investigation were formed by annealing
a cellulose carbon at 5 K/min to 1573 K, yielding a thickness of 4-5

layers and basal plane width of 2.1 nm [90].

5.2.4. Char Morphology

Annealed Saran char has a very high surface area, is highly
microporous. contains graphitic structure over small domains, but also
contains a fair amount of disordered structure. Initial rapid char
gasification rate can be partly attributed to reaction of a small amount
of highly disordered “"dangling” or “glassy” carbon atoms which form as a
result of char preparation. These amorphous carbon atoms are much more
likely than graphitic carbon atoms to be bound to heteroatoms and have
strained C-C bonds.

Figure 80 shows CHs formation rate during hydrogasification of
untreated (1023 K), outgassed (1273 K under vacuum), and annealed (1773
K) Saran char. It appears as if the rate curves are approaching each
other as carbon conversion increases. Untreated Saran char has the
higheét reactivity because it has the highest initial concentration of
amorphous carbon atoms and heteroatoms, while the outgassed char has a

lower concentration and the annealed char has the Towest. The amorphous
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carbon atoms and heteroatoms react rapidly. leaving behind a more
ordered, homogeneous. and inert graphitic structure.

The graphitic base structure is also critical to reactivity
because carbon atoms of the basal planes are practically inert while
edge carbon atoms are much more reactive. The ratio of edge to basal
plane carbon atoms may be partly responsible for the apparent increase
in char gasification rate in steam on a unit area basis for conversions
above 50%. This ratio could easily increase if the edges of the basal
planes react away simultaneously and at a relatively constant rate, but
would decrease if individual basal planes reacted away sequentially.

The configuration of the edge carbon atoms can also change with
conversion. A graphitic basal plane with edge carbon atoms in both zig-
zag and armchair configurations can be seen by referring back to Figure
2. Reactant gases which contain hydrogen have been shown by other
workers to preferentially react with edge carbon atoms of the armchair
configuration, leaving behind the less reactive zig-zag edges. This
phenomenon lends a great deal of insight into the steam gasification

mechanism, and is addressed further is the following sections.

5.2.5. Char Active Sites

An active site in char gasification is a surface carbon atom that

is not saturated with chemical bonds and has the potential to react with
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one or more gaseous or migrating surface species. If the unsaturated
surface carbon atom reacts in such a way as to be removed from the char
matrix in gaseous form and Teave one or more adjacent unsaturated
surface carbon atoms, it has successfully propagated. If the
unsaturated surface carbon atom reacts in such a way as to bind to one
or more species but remain on the char matrix, it has been blocked. If
it becomes bound to a relatively unstable functional group. the group
may desorb and re-expose the active site. If it becomes bound to a
stable group. such as dissociatively adsorbed hydrogen, the propagation
of the active site terminates as it is blocked.

Edge carbon atoms have the potential to become active sites in the
case of a graphitic char, but the vast majority of these are strongly
bound to hydrogen during steam gasification. Those that are not bound
to dissociatively adsorbed hydrogen are bound to other less stable
functional groups or are unsaturated. Some functional groups may
destabilize adjacent carbon atoms and increase their chances of becoming
active sites, most notably the off-plane oxygen functional groups of the

recently proposed “universal” char gasification mechanism [55,56].

5.2.5.1. Etch Pit Analysis

Of critical importance to understanding how hydrogen affects edge

carbon atoms during gasification is a series of experiments on etch pit
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conformation performed by Yang and Duan [43] and Yang and Yang [6].

They used etch decoration/transmission electron microscopy on graphite
samples after gasification at 923-1023 K to identify the shape and
orientation of etch pits on the basal planes of graphite samples.
Reaction with 0z or CO: produced round etch pits on graphite surfaces,
seen in Figure 81, which indicate a combination of zig-zag and armchair
edge configurations. Hexagonal etch pits with zig-zag edges only, also
pictured in Figure 81, were produced by reaction with H.0, H:0 then COQz,
C0z then H:0, CO2 plus Hz, and H:0 plus Hz. They conclude that hydrogen
chemisorption is preferred on the zig-zag edges and therefore
responsible for the anisotropy of reactivity toward the two principal
edge configurations.

This is clear evidence that the presence of hydrogen changes the
behavior of active sites on the char surface, or at least Timits
behavior to mechanisms which preserve the zig-zag edge configuration and
consume the armchair edge configuration. Of particular interest are two
experiments performed with successive exposure of graphite to H.0 and
then CO.. The C0: gasification rate at 1023 K was greatly reduced after
H.0 gasification, while no gasification with CO. at 923 K was observed
after reaction with H:0. Hexagonal etch pits with zig-zag edges were

detected following both experiments.
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Figure 81: Round and hexagonal etch pits
of the graphite basal plane.
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These experiments show how strongly hydrogen is bound at
gasification conditions on zig-zag edge carbon atoms. The preserved
2ig-zag edge configurations must be caused by residual surface hydrogen
since CO2 gasification alone produces round etch pits. This hydrogen is
stable enough at 923 K to completely inhibit gasification, indicating
complete blockage of active sites. At 1023 K CO: gasification takes
place at a greatly reduced rate, but in such a way as to preserve the
2ig-zag edge configuration. Since no hydrogen is present in the
reactant gas, the hydrogen must be migrating from one zig-zag edge to

the next zig-zag edge exposed by gasification.

5.2.5.2. Active Site Propagation

The work sited above shows that the presence of hydrogen during
char gasification changes the behavior of active sites from those which
show no preference for leaving zig-zag or armchair edge configurations
to those which show a strong preference for leaving zig-zag edge
configurations. The most reasonable explanation for this is that under
the presence of hydrogen, most steady-state gasification takes place via
active site propagation along zig-zag edges.

Reactant gases that produce round etch pits show no preference for
leaving zig-zag or armchair edge carbon atoms under conditions of no

hydrogen. Graphitic basal plane edges are unsaturated or covered
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primarily with oxygen functional groups which are less stable than
hydrogen, and therefore more likely to react and initiate active sites.
If some active sites do propagate, they do so in a chaotic sequence.

Reactant gases produce hexagonal etch pits with zig-zag edges in
the presence of hydrogen because there is a much more ordered sequence
of desorption of edge carbon atoms. The lack of armchair edge carbon
atom configurations indicates that they are more reactive and less prone
to hydrogen inhibition, while zig-zag edges are preserved. If active
sites were generated on the zig-zag edges they would become pitted and
rounded out, especially if the active sites only propagated to a few
adjacent carbon atoms before termination. Evidence of the difficulty of
initiating active sites on hydrogen-blocked zig-zag edges was seen by
Yang and Duan [43] and Yang and Yang [6] in the greatly reduced CO:
gasification rates following H:0 gasification.

Active sites are generated at defects in the zig-zag edges such as
armchair-1ike arrangements, crystallite corners, crystallite defects,
and unstable functional groups. These active sites propagate along the
zig-zag edges and remove the outer row of carbon atoms, preserving the
edge intact. Figure 82 shows two possible modes of active site
propagation along a zig-zag edge. They are both two-step mechanisms

which alternate between the removal of a cyclic carbon atom (step a) and
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Figure 82: Active site propagation along graphite zig-zag edge.
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a dangling carbon atom (step b). It is more likely that mechanism 1 is
correct because it entails sequential desorption of the edge carbon
atoms, while mechanism 2 does not and requires transfer of the active
site between non-adjacent carbon atoms.

Figure 83 shows two possible modes of active site propagation
along the armchair edge carbon atom configuration. Mechanism 3
alternates between two configurations which consist of removing a cyclic
carbon atom and removing a dangling carbon atom. The major pro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>