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SUMMARY

Gasification of black liquor is an alternative to the combustion of black liquor, which

is currently the dominant form of chemical recovery in the paper industry. Gasification of

black liquor offers the possibility of higher thermal efficiencies than combustion, reducing

manufacturing costs and creating new revenue streams through a forest biorefinery. Pres-

surizing the gasification reactor further enhances the efficiency advantage of gasification

over combustion.

This study uses a pressurized entrained flow reactor (PEFR) to study black liquor gasi-

fication behavior under pressures, temperatures, and heating rates similar to those of next-

generation high-temperature black liquor gasifiers. The effects of pressure on black liquor

char morphology, gasification rates, pyrolysis carbon yields, and sulfur phase distribution

were studied. These characteristics were investigated in three main groups of experiments

at 900oC: pyrolysis (100% N2), gasification with constant partial pressure (H2O and CO2),

and gasification with constant mole fraction (10% CO2, 2% H2O, 1.7% CO, 0.3% H2) under

five, ten, and fifteen bar total pressure.

It was found that pressure had an impact on the char physical characteristics immedi-

ately after the char entered the reactor. Increasing pressure had the effect of decreasing the

porosity of pyrolysis chars. Pressure also affected particle destruction and reagglomeration

mechanisms. Surface areas of gasification chars decreased with increasing pressures, but

only at low carbon conversions.

The rate of carbon conversion in gasification was shown to be a function of the gas

composition near the particle, with higher levels of inhibiting gases slowing carbon conver-

sion. The same phenomenon of product gas inhibition observed in gasification was used to

explain carbon conversions in pyrolysis reactions.

Sulfur distribution between condensed and gas phases was unaffected by increasing total

xv



pressure in the residence times investigated. Significant amounts of sulfur are lost during

initial devolatilization. With water present this gas phase sulfur forms H2S and does not

return to the condensed phase.

xvi



CHAPTER I

INTRODUCTION

Mankind has been producing paper-like materials for thousands of years. The Chinese

used the inner bark of mulberry trees as a source of pulp, while Egyptians used papyrus

reeds as a feedstock for their paper. By the time people began settling North America

paper mainly came from the alkaline digestion of old cotton rags. The first paper mill in

the United States was opened in Germantown, Pennsylvania in 1690 [7].

Modern paper making derives its fiber almost exclusively from trees via some type of

pulping process. In pulping, individual cellulose fibers are obtained from the tree or other

cellulose source, where the fibers exist in a matrix of cellulose and lignin. Lignin consists of

complex organic molecules that exist in and between individual cellulose fibers in vegetable

matter and serves to hold the cellulose together.

A variety of pulping processes exist which use mechanical energy, chemical reactions,

or a combination of both to produce pulp. An extreme example of mechanical pulping is

stone ground wood pulping, which works by pushing a tree into a rotating stone with ribs

grooved in its side. At the chemical end of the spectrum dissolving pulps are produced in

which 60-70% of the initial mass of the tree is dissolved, leaving only pure cellulose behind.

This pulp is then used in a variety of products from imitation crab meat to screwdriver

handles. A summary of different types of pulping processes is shown in Table 1.

Generally, mechanical pulps have higher yields than those produced by chemical means.

Mechanical pulps are subject to color reversion, which means they darken over time or

when exposed to light. This is due to the fact that the mechanical pulping process does

not remove lignin from the fiber. Mechanical pulps tend to have lower strength and higher

opacity than chemical pulps.

Chemical pulps have lower yields than mechanical pulps due to the dissolution of lignin

and hemicelluloses by the pulping chemical. Chemical pulps are darker than mechanical

1



Table 1: Pulping method comparison [7, 71]
Classification Pulping

Method
Yield Uses Examples

%
Mechanical mechanical,

thermal
85-95 newsprint, maga-

zines, books
groundwood, thermo-
mechanical

Hybrid mechanical,
thermal,
chemical

55-85 corrugated
medium

neutral sulfite semi-
chem, chemi thermo-
mechanical

Chemical thermal,
chemical

40-55 tissue, linerboard,
fine paper

kraft, sulfite, soda

pulps and must be bleached more to achieve the same brightness. Bleaching removes any

lignin still left on the fiber after the pulp cook, which results in the fiber being resistant

to color reversion. Chemical pulps are generally stronger than mechanical pulps, with pulp

generated by the kraft chemical process being the strongest.

Of the different methods of chemical pulping, the kraft process is dominant. In kraft

pulping, NaOH and Na2S are used to dissolve lignin in the pulper. The NaOH acts as a

pulping agent, dissolving lignin, cellulose, and hemicelluloses. A secondary function that

the NaOH serves is to swell the wood chips, increasing their accessibility to the pulping

chemicals. The Na2S is also a pulping agent that much more selectively attacks lignin than

the NaOH. There has been extensive research regarding the best ratio of Na2S to NaOH for

use in kraft cooking with respect to yield, lignin content, pulp strength, and other factors.

Some of these studies are outlined in Volume 5 of the CPPA’s Pulp and Paper Manufacture

series [28].

1.1 Kraft Chemical Recovery

One of the most important aspects of kraft pulping is the chemical recovery cycle, which

allows for the recovery and reuse of the pulping chemicals needed for the process. Without

the ability to recover these chemicals the cost of manufacturing would be prohibitively high.

Table 2 outlines the major processes, components, and chemical reactions involved in the

kraft chemical recovery process.

2



Table 2: Kraft recovery process
Process Components Chem. Reactions Description
Pulping white liquor,

wood chips
NaOH + Na2S+
wood −→ pulp
+ black liquor

Pulping chemicals
(white liquor) react
with wood chips and
solubilize lignin. Resul-
tant solution is called
black liquor.

Combustion black liquor,
heat

black liquor + O2

−→ CO2 + H2O+
Na2CO3 + Na2S

Organics in black liquor
are combusted, pro-
ducing heat. Inorganic
chemicals remain as
Na2CO3 and Na2S,
called smelt.

Smelt Dissolving smelt, water Smelt added to water to
produce green liquor

Causticizing green liquor,
lime

Na2CO3 + H2O +
CaO ←→ 2NaOH +
CaCO3

Reversible reaction
between lime (CaO)
and sodium carbonate
to produce sodium hy-
droxide. This produces
white liquor, which is
reused in the pulpers.

Calcining lime mud, heat CaCO3 + heat −→
CaO + CO2

Heat is added to lime
mud (CaCO3), driving
off carbon dioxide and
regenerating lime for
reuse in causticizing.

3



After pulping the combination of dissolved organics and spent pulping chemicals are

called black liquor. The black liquor is separated from the pulp fibers in washers located

after the pulpers. Due to the high volume of water needed to wash the pulp, the solids

content of the black liquor is too low for direct combustion. Therefore, the black liquor

goes through a series of evaporators in order to remove water and concentrate the solids for

combustion. The combustion reaction (shown in equation 1) is highly exothermic.

CxHy + (x + 1/4y)O2 −→ xCO2 + y/2H2O (1)

Combustion of black liquor occurs in a recovery boiler, shown in Figure 1. Black liquor

at greater than 65% solids is sprayed into the boiler from its sides. The organic portion

of the black liquor combusts very quickly, which provides the heat for the boiler. The hot

combustion gases then travel up and across a series of heat exchangers which generate high

pressure (up to 100 bar) steam. This steam is then used to generate electricity in a turbine.

Low pressure steam (approximately 20 bar) from the exhaust of the turbine is then used in

other parts of the mill, such as steam drying cans and pulpers.

The inorganic products which remain after the organics are combusted fall downward

in the boiler. These inorganic salts are collectively referred to as smelt and consists mainly

of Na2S, Na2SO4, and Na2CO3. The residence time of the smelt is controlled by the smelt

bed height, with smelt removal coming from the bottom of the bed. As the sulfate ions

move from the surface of the smelt bed to the interior, reduction of SO4
2− to S2− occurs.

The smelt must remain in the reactor long enough in order for this reduction reaction to

occur so that the Na2S can again be used in the white liquor.

After the smelt leaves the boiler it is added to water and cleaned either in a filter or

clarifier. The resultant solution is called “green liquor” and consists primarily of Na2S,

Na2CO3, and water. In order to regenerate the caustic necessary for pulping, lime (CaO)

is added to the green liquor in a stirred tank reactor called a slaker. The slaking reaction

is an equilibrium reaction between the lime and sodium carbonate, shown in equation 2.

Na2CO3 + CaO + H2O ←→ 2NaOH + CaCO3 (2)

The slaking reaction forms sodium hydroxide and calcium carbonate, a precipitate. The
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Figure 1: Black liquor recovery boiler
Source: Jaakko Poyry

5



liquor is once again processed to remove CaCO3, after which it is again called white liquor.

The white liquor is then reused in the pulpers.

The solid calcium carbonate is then further processed to regenerate the lime used in

the slaking reaction. This reaction, shown in equation 3, regenerates lime by heating the

calcium carbonate to high temperatures in a lime kiln, driving off CO2.

CaCO3
heat−→ CaO + CO2 (3)

The heat for this reaction is typically provided by the combustion of fossil fuels.

There are several limitations of the traditional kraft recovery process. Pressure drops

across the power turbine are not as great as those common in electrical generating plants

due to the necessity of using the exhaust steam at other places in the mill. This need

results in relatively small amounts of electricity and excess thermal energy being produced

in recovery boilers. Calcination requires the combustion of fossil fuels in the lime kiln to

provide the heat necessary to drive off carbon dioxide from the carbonate. Recovery boilers

need water cooled walls to prevent corrosion from the smelt. Leaks in the water tubes can

cause smelt explosions that destroy boilers. Recovery boilers are also very capital intensive,

with new boilers costing hundreds of millions of dollars. These shortcomings, along with

others, of the traditional recovery process have caused people to look for alternative methods

for many years.

1.2 Alternative Recovery Methods

Several chemical recovery alternatives have been investigated over the years in an attempt

to overcome the previously mentioned shortcomings of the black liquor recovery boiler. In

an excellent paper by Whitty and Verrill [92], twenty of these concepts are reviewed. The

authors placed the concepts into four broad categories, namely:

• Solid phase-non gasification

• Liquid phase coking

• Low temperature gasification
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• High temperature gasification

The solid phase non-gasification processes typically consisted of fluidized bed reactors

operated at temperatures below the melting points of the inorganic salts in the black liquor,

with the liquor either combusted or pyrolyzed. The liquid phase coking processes work by

pumping low solids black liquor to very high pressure and pyrolyzing them at elevated

temperatures in a reactor. This generates a combustible gas, a liquid phase that contains

the pulping chemicals, and a solid phase of carbon that can be combusted or converted to

activated carbon. Due to various problems the non-gasification processes were viewed as

being non-competitive with recovery boilers and abandoned by the early 1980’s.

Gasification is a technology in which substoichiometric amounts of oxygen are added to

a carbon source with the intention of generating a gas. The oxygen source is typically air,

oxygen, or steam. The gasification reactions that occur are shown in equations 4 and 5.

Cs + CO2 −→ 2CO (4)

Cs + H2O −→ CO + H2 (5)

The gas generated by these reactions has a high concentration of hydrogen and carbon

monoxide. Depending on the final use this gas is referred to as fuel gas or synthesis gas. If

the gasification gas is combusted (in a boiler or turbine, for example) it is referred to as fuel

gas. If the gas is used a a building block for further chemicals it is referred to as synthesis

gas, or syngas.

Development of low-temperature black liquor gasifiers began in the mid 1980’s and

continues today [92]. The low temperature process that is closest to commercialization is

one developed by MTCI. A schematic of their gasifier design is shown in Figure 2. In the

MTCI gasifier, black liquor is sprayed onto a fluidized bed that is fluidized by steam. This

fluidization steam also serves as the oxygen source for gasification. The process runs at

approximately 600oC, with its temperature being limited by the melting point of the bed

solids. Particle residence time in the reactor is on the order of 50 hours. Bed solids are

removed from the bottom of the reactor and combined with water to generate green liquor.
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The product gas travels through a cyclone to remove any entrained particulates. It is then

combusted in a pulse combuster, with the heat being transferred into the fluidized bed via

tube banks that run through the reactor.

Figure 2: Fluidized bed black liquor gasifier
Source: MTCI

There are currently two reactors of the type shown in Figure 2 in full scale operation.

Neither installation, however, is in a kraft mill. Development of the technology is ongoing

as operational challenges are identified and overcome. Significant issues that are currently

being investigated with this technology revolve around the production of tars and suitable

materials for the pulse combustors.

High temperature gasification has been investigated since the early 1960’s by a wide

range of companies [92]. As with the low temperature gasification route, development

continues today, with the main design developed by Chemrec. The Chemrec gasifier (shown

in Figure 3) is an entrained flow gasifier, with the liquor being injected axially from the top

of the reactor. Atomization steam is added to the liquor, and substoichiometric amounts

of air are added either tangentially or axially with the liquor. At the top of the reactor

the black liquor combusts with the oxygen present from the air, providing heat, CO2, and

H2O for the endothermic gasification reactions. As the liquor travels away from the top
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Figure 3: Entrained flow black liquor gasifier
Source: Weyerhaeuser

of the reactor the free oxygen is consumed and gasification with the combustion products

begins. Operating temperatures are around 950oC, and residence times for the liquor are

on the order of two seconds. The smelt that is left over from the gasification passes through

the bottom of the refractory-lined upper section of the reactor and into a quench zone,

where it is combined with water to form green liquor. The product gas exits the reactor

tangentially at the bottom of the refractory zone and is cleaned prior to combustion.

Weyerhaeuser has been operating an atmospheric pressure, air blown reactor of the

type shown in Figure 3 for several years at a kraft mill in North Carolina. The major

operational issue with this technology so far has been materials-related. Due to the fact

that the operating temperature of this gasifier is 300oC above the melting temperature of

the salts in the black liquor, they are able to penetrate the refractory that lines the upper

section of the reactor. Freezing of the salts inside the refractory causes spalling and loss of

the liner over time. Considerable effort is currently underway to identify suitable materials

for this application.
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1.3 Pressurized Black Liquor Gasification

Pressurizing the gasification reactor has several advantages, from operational to capital.

Since a black liquor gasifier has two products, syngas and green liquor, its pressurization

creates problems unique from coal or biomass gasification, which only have to produce a

syngas.

From a capital expense perspective, increasing the pressure inside the gasifier could

significantly decrease material costs. The current black liquor gasifiers that are installed in

North America operate at slightly over atmospheric pressure. Due to the low concentration

of gases at this pressure, the size of these reactors must be large in order to have sufficient

residence time for the reactions. This contributes to thermal inefficiency due to convective

heat loss from the reactors as well as increased capital costs from the additional materials

needed. While additional material would be required for increasing the thickness of the

reactor walls to contain the pressure, the overall volume could potentially be greatly reduced

by pressurizing the reactor, depending on the effects of pressure on gasification kinetics.

Carbon gasification rates are positively related to the pressures of the reactant gases in

equations 4 and 5 and negatively related to the pressures of the product gases. These

reactions have been observed to exhibit Langmuir-Hinshelwood type behavior [37, 38, 39,

57], with the currently accepted rate expressions for equations 4 and 5 shown in equations

6 and 7 respectively,

−r =
K1[CO2]

[CO2] + K2[CO]
(6)

−r =
K3

1 + K4[H2]
[H2O] + K5[CO]

(7)

where −r is the rate of carbon loss due to gasification and K1 through K5 are constants.

Depending on the relative value of the constants in equations 6 and 7, the rate of carbon

gasification can either go up, down, or remain the same with increasing pressure. Currently

very little is understood regarding the effect of pressure on gasification rate, especially at

higher temperatures.

In order for the syngas to be combusted or used as a building block for further chemicals

it must be under pressure. If the gasifier is pressurized, the only work needed is to pressurize
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a relatively small amount of cool oxidizing gas. If the point of pressurization is after the

reactor, however, not only is the syngas hot after leaving the gasifier, but a much greater

total number of moles of gas needs to be pressurized due to the creation of gases via

equations 4 and 5. The larger number of moles and higher gas temperatures combine to

greatly increase the volume required for compression. This results in a significant energy

penalty for pressurizing after the gasifier.

An additional concern particular to black liquor gasification is the phase distribution

of sulfur. In the presence of water and carbon dioxide the form of sulfur at equilibrium is

dictated by equation 8 [48].

Na2S + CO2 + H2O ←→ Na2CO3 + H2S (8)

In equation 8, two moles of gas on the left are in equilibrium with one mole of gas on the

right. Increasing the pressure of this equilibrium will have the effect of shifting it to the

right via Le Châtelier’s principle. As can be seen, shifting the equilibrium of equation 8 to

the right has the added consequence of forming more carbonate. This additional carbonate

must be removed at significant cost in the lime kiln . Currently little is understood about

the impact of pressure on the reaction of sulfur in pressurized black liquor gasification.
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CHAPTER II

LITERATURE REVIEW

2.1 Alkali Catalysed Carbon Gasification

Research interest in alkali catalyzed coal char gasification swelled in the late 1970s and early

1980s. Several mechanisms for the alkali catalysis of coal char were suggested during this

time, many of which are outlined in a review paper authored by Wood and Sancier in 1984

[93]. Common among most of these mechanisms was the presence of a metal-oxygen-carbon

complex which increased the rate of carbon gasification.

Freek Kapteijn and Jacob A. Moulijn were responsible for a body of work in the mid

1980s [37, 38, 39, 57] that suggested a fairly simple, two step mechanism was responsible

for the alkali catalyzed gasification of carbon. In the mechanism, an alkali metal oxide is

oxidized by an oxygen containing gas and then it donates the extra oxygen to a carbon

atom fixed in the matrix, producing CO.

CO2 + MxOy ←→ CO + MxOy+1 (9)

MxOy+1 + Cf −→ MxOy + CO (10)

Variations on this mechanism, in which either the CO in equation 10 was immediately

released to the gas phase or remained adsorbed on the carbon matrix and later released,

were also introduced.

CO2 + MxOy ←→ CO + MxOy+1 (11)

MxOy+1 + Cf ←→ MxOy + (CO) (12)

(CO) −→ CO (13)

The major advantage of this mechanism was that it could be used to explain the catalytic

effect with CO2, H2O, or O2 as the reaction gas.
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In the early 1990s Meijer, working with Kapteijn and Moulijn, developed a more complex

mechanism involving active sites, oxidized active sites, and CO2 chemisorbed sites, which

was capable of explaining experimental data for CO2 as well as H2O gasification [52, 53].

This more complex mechanism accounted for the detrimental effects of H2 and CO on the

gasification rate and has become the accepted mechanism for carbon gasification.

H2O + ∗ ←→ H2 + O∗ (14)

CO + O∗ ←→ CO∗
2 (15)

CO∗
2 ←→ CO2 + ∗ (16)

O∗ + Cf ←→ C(O) + ∗ (17)

C(O) −→ CO (18)

2.2 Black Liquor Gasification

Li and van Heiningen conducted early research in black liquor gasification using thermo-

gravimetric analysis (TGA) [45, 46]. They showed that CO2 and H2O gasify black liquor

char orders of magnitude faster than Na2CO3 impregnated activated carbon. They also

noted that the molecular ratio of sodium to carbon in black liquor was much higher than

the optimal ratio for gasification rate in alkali-catalyzed carbon. Using a scanning electron

microscope (SEM) and energy dispersive scanning, they showed that black liquor has atom-

ically dispersed sodium throughout the carbon matrix. This resulted in faster gasification

than the catalyst doped carbon, where the active sites tended to be located on the internal

surface of the carbon matrix. Black liquor was also dried using two different techniques,

one of which resulted in segregation of the black liquor solids into an organic-rich upper

portion and an inorganic rich lower portion. This segregated black liquor gasified at a slower

rate than the non-segregated black liquor due to its uneven distribution of sodium, further

underscoring the importance of sodium distribution. Gasification of black liquor by CO2

and H2O were mechanistically explained using Langmuir-Hinshelwood kinetics, utilizing the
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two step mechanism shown in equations 9 and 10. Activation energies were shown to be

250 kJ/mol and 210 kJ/mol for CO2 and H2O, respectively.

Frederick and Hupa [19, 20] expanded the body of knowledge for black liquor gasification

by using a pressurized TGA (PTGA), thereby allowing partial pressures of gases to exceed

atmospheric. CO was found to strongly inhibit the rate of gasification. Results with CO2

gasification at up to 30 bars total pressure showed a significant (4-6x) decrease in gasification

rate with constant CO/CO2 ratio and increasing total pressure. Gasification rate was

found to be related to CO2 concentration to the 0.88 power, and activation energy for CO2

gasification was shown to be 205 kJ/mol at 20 bars. Most significantly, the mechanism

proposed by Li and van Heiningen [45] did not hold true for higher pressures. When rates

of gasification were plotted as a function of PCO , rates measured in this study deviated

significantly from the extrapolated rate curve of Li and Van Heiningen. This indicated that

either a more complex mechanism was required for gasification, or more than one variable

was changing during the experiments.

Another study by Frederick and Hupa [18] detailed single drop gasification characteris-

tics at atmospheric pressure in a natural convection furnace. Cameras recorded the diameter

of the droplet as a function of gasification time, and it was shown that black liquor swelled

by a factor of 3 or greater when gasified under CO2 or H2O. Swelling factor did not seem

to be largely effected by initial particle diameter or temperature. Due to the relatively

large (3mm) initial diameter of the black liquor droplets, only the experiments conducted

at 700oC were shown to be kinetically limited. Higher temperatures resulted in increased

reaction rates, and intra particle diffusion and film mass transfer resistances became sig-

nificant. At 700oC, time to complete gasification by H2O was almost three times shorter

than that by CO2, indicating a higher rate. At higher temperatures the ratio of times for

complete gasification with water vapor versus CO2 at the same partial pressures approached

the difference in relative diffusivities.

Application of the three-site mechanism described in equations 14 through 18 was per-

formed by Frederick et al.[25] in an attempt to explain CO2 gasification of black liquor char

at elevated pressures. From PTGA experiments conducted at 700oC it was determined
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that gasification increased with PCO2 to the 0.88 power up to approximately 10 bars, then

became independent of PCO2 , indicating a saturation of catalyst sites. Again, the presence

of CO showed a strong inhibitory effect on gasification rate. Using the assumption that

the reaction of the oxygen radical site with fixed carbon was the rate limiting step in the

mechanism, a rate equation was established. While all constants in the rate equation were

positive for all conversion points in the data, there was a strong dependence of the constants

on the degree of conversion. The dependency of the constants on the degree of conversion

implied that either the number of active catalyst sites or active carbon sites change with

conversion.

Whitty et al. applied the three site mechanism to steam gasification of black liquor

[90]. Using a PTGA and black liquor char produced at atmospheric pressure, Whitty ran

experiments at up to 30 bar total pressure and between 600 and 675oC. CO and H2 were

found to inhibit the rate of gasification, with CO having a stronger effect. The rate of

gasification of steam was found to be of order 0.56 with respect to PH2O , which was less

than the 0.88 order found for CO2 in previous studies. As shown before, at the same

conditions (total pressure and molar concentration of oxidizing gas) steam gasification was

found to be several times faster than CO2 gasification. The data produced in this study

were evaluated with eight different gasification rate expressions. The expression based on

Meijer’s mechanism provided the best fit. However, the expression still did not account for

the decrease in rate as total pressure increased.

The first attempts at determining pressurized black liquor gasification rates with both

CO2 and H2O as reaction gases occurred at Abo Akademi University [87, 88]. Using statis-

tically designed experiments, Whitty et al. obtained an empirical expression for pressurized

black liquor gasification as a function of CO2, H2O, CO, and H2 partial pressures. Ex-

periments were conducted to see if the reaction gases were coming to equilibrium via the

water gas shift reaction prior to reaching the char, with the results indicating that they

were not. A six-term empirical rate equation (with rate units of sec−1 and pressure in bar)

was generated:

rate(×104) = 3.312+1.157PH2O +0.07119P 2
CO2
−2.943PH2−3.869PCO +0.6595P−1

CO (19)
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Interestingly, this equation predicts that at fixed gas composition gasification rate goes

through a minimum and eventually increases with total pressure.

Overacker et al. [62] applied a mechanistic approach based on the Meijer mechanism to

the data that was generated by Whitty et al. in the combined CO2/H2O study [87, 88].

As was found in Frederick et al. [25], a strong dependence of the rate equation constants

on carbon conversion was found. Modifications to Meijer’s equation were made to account

for water gas shift equilibrium, but ultimately it was found that using unshifted gas con-

centrations to evaluate kinetic parameters provided the best results.

2.3 Pressure Effects on Black Liquor Gasification

Verrill et al. [78] investigated the effects of sodium concentration on pyrolysis yield, char

composition, sodium loss during pyrolysis, and gasification rates for synthetically prepared

black liquor. Gasification rates for the synthetic liquors were also compared with those for

industrial liquor. Results from the study indicated that increasing sodium content resulted

in decreased mass volatilized during pyrolysis and decreased total carbon in the char during

gasification. Carbonate was found to increase with increasing liquor sodium content during

gasification. A maximum rate was found at Na/C molar ratio of 0.3 for the synthetic liquors,

after which gasification rates decreased with increasing Na/C molar ratio. Verrill et al. also

determined that the conditions during pyrolysis strongly influenced the reactivity of the

char, with increasing pressures decreasing reactivity.

The effects of pyrolysis conditions on char characteristics was investigated by Whitty

and Sandelin [91], and are summarized in Table 3.

Table 3: Effect of pressure, temperature, and time on char physical characteristics
Condition Swelling Volatiles Yield Gasification Rate

fixed gas %

↑ Pressure ↓ No Effect ↓
↑ Temperature No Effect ↑ Not Determined
↑ Time No Effect ↑ Not Determined

This report also introduced the idea that the conditions prior to gasification have a
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major impact on the gasification rates measured. Pyrolyzed samples were exposed to 10%

CO, 90% N2 at 1 and 20 bars and then separately gasified at 1 and 20 bars. The pressure

at which the sample was heat treated had more impact on the gasification rate than the

pressure at which gasification took place.

As described by Whitty et al. [89] and Saviharju et al. [68], the presence of CO prior

to gasification in the PTGA studies resulted in surface changes in the char. Samples were

brought to temperature under N2 and CO in order to reduce the carbothermic degradation

of sodium carbonate and subsequent sodium loss by shifting the equilibrium of the following

equations to the left.

Na2CO3 + 2C ←→ 2Na + 3CO (20)

Na2CO3 + C ←→ 2Na + CO + CO2 (21)

However, the presence of CO had the unintended consequence of depositing carbon on

the surface of the black liquor char through the Boudouard reaction.

C + CO2 ←→ 2CO (22)

While the mass of the deposited carbon layer was small when compared with the overall

mass of the samples, it contained no alkali catalyst, resulting in much slower gasification

than for the black liquor char without deposited carbon. This uncatalyzed carbon layer was

deposited over the catalyst sites and significantly contributed to the overall increased gasi-

fication time of the material. Increasing the pressure resulted in more soot being deposited

and slower gasification rates, especially at the beginning of the high pressure gasification

runs. This effect can be seen in the pressurized gasification rate curves plotted as a function

of conversion. The gasification rates are slow at the beginning and go through a maximum

before declining again. As the catalytic sites were exposed, the rate of gasification in-

creased until the amount of fixed carbon became the limiting effect, and the rates began

to decrease. Li and van Heiningen did not observe this parabolic rate vs. conversion curve

because at atmospheric pressures the partial pressure of CO was low enough to deposit
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negligible amounts of carbon on the catalyst sites.

2.4 Sulfur Release During Black Liquor Pyrolysis and Gasi-
fication

Harper conducted an investigation in the late 1980s regarding the release of sulfur

during pyrolysis of kraft black liquor [30]. Black liquors were prepared and black liquor

drops were pyrolyzed in a reactor at temperatures between approximately 300 and 750oC.

Sodium sulfide and sodium thiosulfate released up to 40% of their sulfur to the gas phase,

while sulfites and sulfates released very little of their sulfur. Thiosulfates also released their

sulfur, but at a slower rate than sulfide.

A sulfur release model was generated as part of Harper’s thesis and further elaborated

on by a group at the IPST [29]. Measurements were conducted of the percentage of sulfur

released from pyrolysis of sulfide and thiosulfate which showed a maximum in sulfur release

from these species near 500oC. The sulfur model showed that while thiosulfate and sulfide

had the same peak temperature with regard to percentage sulfur release, the sulfide had a

more narrow sulfur release peak with respect to temperature.

The findings of Harper were consistent with a previous study by Cameron and Grace

[10] in which the reduction of sulfate in black liquor char was investigated. The extent

of sulfate reduction in a mixture of black liquor char, K2CO3, Na2CO3, and Na2SO4 was

quantified by the amount of CO2 and CO released at 760oC. It was found that sulfate

reduction was first order with respect to the amount of carbon remaining in the char. A

Langmuir-Hinshelwood expression was derived for the rate using a mechanism similar to

alkali-catalyzed carbon gasification. The sulfate was reduced slowly, with CO2 continuing

to be evolved for 10 minutes after the reactor had reached the desired temperature. These

times were much longer than those modeled by Harper et al. [29], corresponding to their

finding that sulfate lost very little sulfur during pyrolysis. Once the sulfate was reduced to

sulfide, however, sulfur release could occur.

Sricharoenchaikul et al. performed a study on the transformation of sulfur species

during rapid atmospheric pyrolysis of kraft black liquor [72, 75]. Both condensed and gas
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phase sulfur species were determined as a function of black liquor residence time in a laminar

entrained flow reactor at temperatures between 700 and 1100oC and residence times from 0.3

to 1.7 seconds. Thiosulfate was found to disappear quickly at all temperatures. Sulfite was

not present in the original liquor and was thought to be produced from the decomposition

of thiosulfate through reaction 23.

Na2S2O3 −→ Na2SO3 + S (23)

The sulfate concentration of the char stayed constant at residence times up to 1.7 seconds

at 700oC due to the slow reduction of sulfate (as shown by Cameron and Grace [10]). After

700oC, however, increasing the temperature increased the rate at which sulfate was reduced

in the char. A slight increase in char sulfate was seen at high residence times and higher

temperatures, but it was attributed to reoxidation of sulfide while handling the sample.

The gas phase sulfur species investigated in Sricharoenchaikul’s work included H2S,

COS, SO2, CS2, and organosulfur species (various mercaptans). The organic sulfur gases

were found to be the dominant gas phase species present, accounting for up to 60% of

total sulfur at some conditions. The mercaptan concentrations were found to reach a peak

and then to decrease again, reflecting the fact that they are transient species and not

thermodynamically stable at these temperatures. Increasing the temperature reduced the

time at which this peak occurred. At 700oC the maximum occurred after the last residence

time of 1.7 seconds, while at 1100oC the maximum occurred before the first time of 0.3

seconds.

Hydrogen sulfide was also a major component of the gas phase sulfur, accounting for

over 20% of the sulfur at some data points. As with the organic sulfur gases, increasing

the temperature decreased the time at which maximum concentration of H2S was detected.

At 1000 and 1100oC the maximum concentration of H2S was found at the first data point,

meaning that the maximum concentration likely occured prior to 0.3 seconds.

Other sulfur species measured in the gas phase included CS2, COS, and SO2. None

of these gases measured above four percent of the sulfur in the black liquor solids. These

species were very unstable at higher temperatures, with all species gone from the gas phase
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by one second.

Two mechanisms were thought to create the high levels of mercaptan and mercaptan

derivatives found in these experiments. The first mechanism was the volatilization of or-

ganically bound sulfur in the lignin. This amount of sulfur, however, could only account

for approximately half of the mercaptans found in the gas. The rest of the mercaptans are

thought to have come from the insertion of elemental sulfur into the C-H bonds of hydro-

carbons. Elemental sulfur could come from the reactions of thiosulfate shown in reactions

23 and 24.

Na2S2O3 + 3CO −→ Na2S + S + 3CO2 (24)

This is supported by the observed rapid disappearance of thiosulfate from the char in these

experiments.

Li and van Heiningen performed a study in which the rate of H2S generation was studied

for black liquor gasification by steam [48]. The effects of temperature (from 600 to 700oC),

H2O (7-30%), and H2 (0-20%) concentrations were investigated using thermogravimetric

analysis. Sulfur species were analyzed using a gas chromatograph with a flame photometric

detector. Infrared gas analyzers were used for CO2 and CO. The main reaction of interest

is shown in equation 25.

Na2S + CO2 + H2O ←→ Na2CO3 + H2S (25)

In order to account for the generation of CO2 via the water gas shift reaction (shown in

equation 26), the rate of H2S generation was normalized by the rate of carbon dioxide

generation.

H2O + CO ⇀↽ CO2 + H2 (26)

The researchers concluded based on their experiments that the reactions involving the

generation of H2S were controlled by equilibrium and not kinetics.

2.5 Current Work on Pressurized Gasification of Coal and
Other Materials

Recent work on the influence of pressure on coal gasification has been produced by a group

centered at the University of Newcastle in Australia. They have access to a pressurized
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entrained flow reactor (PEFR), a pressurized drop tube furnace (PDTF), and a PTGA.

Cetin et al. recently published [12] work describing the effects of pyrolysis pressure and

heating rates on biomass char characteristics using SEM, X-ray diffraction (XRD), and

surface area analysis. Heating rates for the pyrolysis chars were varied by making chars in

different reactors. Char produced at low heating rates resembled the parent material, while

char at high heating rates underwent plastic deformation and had structures significantly

different from the parent material. Increasing the pressure of pyrolysis resulted in the

presence of more graphitic carbon in the pyrolysis char. Graphitic carbon is more ordered

than the amorphous char carbon, resulting in carbon gasification only at the edges of the

graphite crystals. The amount of graphitic carbon present (determined by XRD) explained

much of the variation between gasification rates for chars prepared at different pressures

and similar heating rates.

The University of Newcastle group also performed a study in which pyrolyzed coal char

was created at various pressures using a PEFR and PDTF [66]. Surface area measurements

were performed using N2 and CO2 adsorption, and gasification reaction rates were deter-

mined using a PTGA. The results indicate that while there is a significant change in the

global gasification rate with different pyrolysis pressures, when normalized for surface area,

the intrinsic reaction did not increase with increasing pyrolysis pressure. Chars created

at high pressures and heating rates had much greater surface areas than chars that were

generated at atmospheric pressures and slow heating rates. The crystalline structure of the

chars was measured using XRD. It was found that heating rate, not pressure, had an effect

on the crystallinity of the char carbon. High heating rate char had a lower percentage of

graphitic carbon, while the lower heating rate char had a higher percentage of graphitic

carbon.

In a letter to the editor of Fuel, Roberts et al. [67] shared data from PTGA experiments

in which the total pressure of the system was increased at a constant partial pressure

of either O2, CO2, or H2O. Conversion rates were shown from a PTGA at 10% carbon

conversion for 5 through 30 bar of pressure. The slopes of conversion rate vs. pressure for

all three reactant gases was zero, indicating that for low temperature (900oC) gasification
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of coal there is no effect of total pressure on the rate of reaction. The authors speculated

that pressure effects on gasification rates seen at higher temperatures may be related to

phenomena other than surface reactions, such as diffusion limitations.

Numerous papers in coal gasification discuss the relationship between increasing pyrol-

ysis pressure and increasing char plasticity [26, 82, 95]. The mechanism that is proposed

for the development of plasticity in char particles is the breakdown of the coal aromatic

structure with heat, creating aromatic radicals. These radicals can then become stabilized

by hydrogen transfer and become primary tar components. Increasing the pyrolysis pres-

sure has the effect of increasing the amount of time that the primary volatile matter is in

the char structure before it is evolved into the gas phase. This decreases the viscosity of

the char, decreases the minimum softening temperature, and increases the resolidification

temperature [26].

Several attempts have been made to determine the effects of pressure on coal char

swelling. These involve modeling the effects of pressure on the viscosity and metaplast

content of coal chars [95]. It has been found that the swelling behavior is quite complex

and is a function of several different factors, including:

• Specific volume of volatile gases emitted

• Decrease in volatile matter yield

• External resistance to swelling of particle

• Plasticity of char

Increasing the pyrolysis pressure will of course decrease the specific volume of volatile gases

generated. There is also a trend in decreased tar (or volatile matter) yield with increasing

pressure. This is thought to be related to the effect of pressure on plasticity. Increasing

the pressure increases the amount of time that the tar precursors are in the carbon matrix.

This increases the time available for these primary tar precursors to participate in secondary

reactions, decreasing their molecular weight. Evidentiary support for this is the decrease

in average molecular weights of tars with increasing total pressure and an increase in the

amount of light weight carbon gases at higher pressures [82].
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The presence of more light weight carbon gases at higher pressures suggests that some of

the tars are able to decompose into permanent gases, while others only decrease their molec-

ular weight. The lower molecular weight of the tar and higher level of hydrocarbon gases

will increase the internal char pressure created by these gases by increasing the number of

moles present inside the char particle. However, increasing the total pressure also increases

the PV work required to swell the particle, as well as decreasing the specific volume of the

volatile gases. All these factors must be taken into consideration, as well as the pressure

effect on the plasticity of char, in order to model coal char swelling.

Coal char morphology has been classified in three distinct groups based on porosity

and macro pore distribution in the char [51, 82, 95]. Group I, or cenospheric, chars are

mostly hollow spheres with thin walls and very open interiors. Group II, or network, chars

are largely hollow spheres with some internal networking and smaller pockets. Group III,

or dense, chars consists of angular chars with low porosity and high densities. Increasing

pressure increases the tendency of group I chars to be formed. This is thought to be because

higher pressures allow for more fluid char and slower devolatilization of the gases, allowing

the char to swell like a balloon. Lower pressures, with less fluid char and more rapid

devolatilization, will result in the formation of more network and dense chars.

The formation of char is also a function of the coal components. Figure 4 shows the

percent volume distribution of different coal chars by pyrolysis pressure and vitrinite content

of the parent coal. Vitrinite is a primary component of coal. It is an organic portion of coal

that is derived from cell walls or woody portions of plants.

Figure 5 shows SEM micrographs of coal chars generated at pressurized and atmospheric

pyrolysis conditions [95]. The network-like honeycomb structure evident in subfigures (a)

and (b) is reported to be typical of chars generated at high pressures. This suggests a more

ordered release of gases at higher pressures. Subfigure (c) contains a hole in the surface,

where rapidly evolving gases could escape at the surface of the particle.

Recently, a group of researchers in Japan utilized a combination drop tube/fixed bed

reactor to determine the effects of total pressure and steam partial pressure on the gasi-

fication behavior of a Victorian brown coal [5]. A steam/N2 mixture was fed through a
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Figure 4: Influence of pressure and composition on coal char morphology
Source: [82]

(a) Pressurized (b) Pressurized (c) Atmospheric

Figure 5: Coal char physical appearance after pressurized and atmospheric pyrolysis
Source: [95]

tube and across a filter plate. Once stable reaction conditions were reached, a sample of

coal was released from a pressurized sample holder upstream of the filter plate. The sample

holder was pressurized at five bar above the pressure of the reactor, and the release had

the effect of shooting the coal onto the filter plate. The coal was then gasified by the gas

passing the plate for a specified amount of time. It was found that two parallel gasification

reactions were occurring: one catalyzed and one not. The catalyzed reaction was due to the
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presence of trace amounts of Ca, Na, and Mg present in the coal. The catalyzed reaction

rate was found to be a function of the amount of catalyst present, which was being lost due

to volatilization and deactivation. The catalytic activity of the alkaline and alkaline earth

metals was also a function of the heating rate, total pressure, and partial pressure of steam.

The non-catalytic gasification was first order with respect to the amount of unconverted

carbon. The researchers also acid washed the coal, thereby removing any catalytic alka-

line earth metals, and compared the gasification rates with unwashed coal. The result was

that the unwashed coal had much higher gasification rates until approximately 10% carbon

conversion, after which the rate was the same as the washed coal.

In 2006 Harris et al. [31] published work on the gasification behavior of coals at high

temperatures and pressure using a reactor very similar to the one used in this thesis. Harris

added oxygen to his reactor in stoichiometric ratios of 50% to 200% (with 100% being

enough oxygen added to convert all of the coal carbon to CO). It was found that increasing

temperatures and increasing volatility of coal increased the “gasification efficiency” of the

reactor. Gasification efficiency was defined as the ratio of CO/H2 to CO2/H2O produced

in the syngas. With respect to stoichiometric ratio, gasification efficiency went through a

maximum near 100-110% and then decreased, as the excess oxygen available allowed for the

formation of CO2 and H2O.

Since oxygen was added to the reactor in stoichiometric ratios, the gas concentration

changed as a function of coal conversion as it traveled down the reactor. The equilibrium

gas concentration of water gas shift species was calculated for the system as a function of

conversion. These equilibria were then compared with actual gas concentrations measured

at known carbon conversions. The results showed that the actual gas phase concentrations

of the water gas shift species were very close to the equilibrium values at 1373K and 1673K,

shown in Figure 6.
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Figure 6: Actual and equilibrium water gas shift species concentrations for coal char gasi-
fication. P=20 bar, O2 and N2, O:C ratio 1:1

Source: [31]
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CHAPTER III

SPECIFIC THESIS OBJECTIVES

The main technique that has been used to study gasification kinetics is thermogravimetric

analysis (TGA). In TGA, a microbalance containing a sample to be gasified is heated to

reaction temperature and exposed to a mixture of gases. The gasification rate is determined

by calculating the rate of mass loss from the microbalance signal, with the assumption that

all mass lost is due to the gasification reaction. Due to the alkali-catalyzed nature of black

liquor gasification, however, this technique is unusable above approximately 750oC due

to mass transfer limitations. Several studies [12, 68, 89] have also shown the importance

of pyrolysis char structure on subsequent gasification characteristics. The heating rate of

black liquor has a large impact on the resultant char morphology. The slow heating rates

employed in TGA are not representative of those found in industrial gasifiers.

Another technique that can be used to determine gasification kinetics are entrained

flow reactors (EFR). EFRs are not subject to the mass transfer limitations associated with

TGA, so kinetic investigations can be conducted at much higher temperatures. The heating

rates of EFRs are also similar to those of industrial high temperature gasifiers, resulting

in char morphology and kinetic data much more relevant to industrial applications. EFRs

do not produce a continuous weight vs. time curve as TGA, but rather samples must be

collected and separately analyzed at different residence times. The advantage of this discreet

char sampling of the EFR over TGA, however, is that carbon conversion can be directly

calculated instead of assumed from the weight signal.

The added variable of pressure significantly adds to the complexity of apparatus required

for high temperature kinetic investigations. Consequently no data currently exists regarding

the effects of pressure on the gasification characteristics of black liquor at high temperatures

and heating rates relevant to black liquor gasification. Accordingly, the specific objectives

of this thesis are to determine and mechanistically explain the effect of pressure on:
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1. Pyrolysis and gasification char physical and chemical characteristics

2. High heating rate pyrolysis char carbon conversion

3. The rate of black liquor carbon gasification by H2O and CO2

4. Black liquor sulfur phase distributions under H2O and CO2 gasification
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CHAPTER IV

EXPERIMENTAL AND ANALYTIC PROCEDURE

4.1 Experimental Overview

The black liquor used in this study was obtained from the New Bern, NC pulp mill

owned by Weyerhaeuser. The liquor was received as approximately 50% solids, and spray

dried under nitrogen at approximately 33% solids. After spray drying the liquor was sieved

in standard 10 inches sieves. The main size fraction used in the study was 75-90 µm, with

a smaller size of 38-53 µm used to experimentally determine the effect of particle size on

conversion rates.

Table 4 outlines the experiments performed for this study. They can be clustered into

three broad experimental groups: pyrolysis, constant partial pressure gasification, and con-

stant mole fraction gasification.

Table 4: Experimental overview
Group Description
Pyrolysis 5, 10, and 15 bar total pressure; 100%

N2; residence time between 0.9 and 3.5
seconds

Constant Partial
Pressure Gasifica-
tion

5, 10 and 15 bar total pressure; 0.25
bar H2O, 0.5 bar CO2; residence time
between 0.6 and 3.5 seconds

Constant Mole Frac-
tion Gasification

5, 10, and 15 bar total pressure; 10%
CO2, 2% H2O, 1.7% CO, 0.3% H2; resi-
dence time between 0.9 and 3.5 seconds

When discussing the high temperature black liquor reactions it is important to define

the terms devolatilization, pyrolysis, and gasification.

For the purposes of this work, devolatilization refers to the initial mass lost after the

black liquor enters the reactor. This mass is converted to various components such as
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alcohols, aldehydes, and ketones, which are not thermodynamically stable and further de-

compose [74]. Studies have shown that this occurs in less than 0.1 seconds at 900oC [74].

Pyrolysis reactions are defined as the char reactions occurring after the initial de-

volatilization of the black liquor. These reaction include, but are not limited to, the re-

duction of carbonates, sulfates and thiosulfates, and other reactions due to the thermal

degradation of the lignin present in the black liquor. These reactions are slower than the

initial devolatilization, occurring during the residence times investigated in this study. If

any thermal decomposition of the black liquor results in carbon dioxide (for example the

reduction of sulfate), then this CO2 is referred to as secondary CO2 and any reaction in-

volving it will be considered pyrolysis as well. Due to physical limitations of the reactor,

residence times of less than approximately 0.6 seconds were not obtained. Therefore it is

not possible to differentiate between devolatilization and early pyrolysis reactions.

Gasification reactions are defined as the reactions between carbon from the black liquor

and the CO2 and H2O that were separately introduced to the reactor. The presence of

these gasification gases will impact the progression of the previously mentioned pyrolysis

reactions. For example, CO2 in the gas phase will suppress the reduction of carbonate,

thereby decreasing the amount of secondary CO2 generated.

Every char that was generated was analyzed for carbon, carbonate, and various metals.

A smaller number were analyzed by various physical methods as described below. By using

vanadium as a tie element, a char yield was determined for each char according to equation
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CY =
[V]bl

[V]char
(27)

where CY is the char yield, [V]bl is the vanadium concentration of black liquor used to

generate that specific char, and [V]char is the vanadium concentration of the char. From

the char yield and metals, total carbon, or carbonate data, the amount of any remaining

material in the char was determined as a percentage of that material in the feed black liquor.

This is shown in equation 28,

%M = CY × [M ]char

[M ]bl
(28)
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where %M is the percent of material remaining, CY is the char yield, and [M ] is the

concentration of the material in either the char or black liquor.

The pyrolysis experiments were conduced under 100% nitrogen in order to study the

effect of pressure on carbon conversion due to the oxidation of carbon from the oxygen

inherent in the black liquor. The black liquor used in this analysis was determined to

contain 34% by weight oxygen, which results in an equilibrium conversion of almost 75% of

solid carbon to CO (see Figure 16).

In addition to pyrolysis experiments performed at multiple residence times, a series

of pyrolysis experiments were conducted at a short residence time of 0.9 seconds. These

experiments were used to determine the effects of pressure on the physical characteristics

of the char, under the assumption that the physical effects of pressure would manifest

themselves in the char immediately after the black liquor enters the reactor, swells, and

devolatilizes. The char will continue to change as it travels down the reactor, but these

changes will be a function of conversion, not a function of the pressure. These chars were

put through a suite of tests, including mercury porosimetry, particle size analysis, SEM and

optical microscopy, and surface area analysis.

The constant partial pressure experiments were conducted in order to elicit the true

effect of pressure on gasification rates, since the partial pressures of reacting gases would be

constant at all conditions. While there was no upper limit on the partial pressure of CO2,

0.25 bars of pressure for H2O was the practical limit for the reactor due to condensation

issues in the exit piping. In addition to being chemically analyzed as described above, fifteen

constant partial pressure gasification chars were analyzed by nitrogen adsorption for their

surface area. Five chars at each pressure were selected so that the widest possible range of

conversions was tested.

The constant mole fraction experiments were conducted due to industrial interest. Pro-

duction gasifiers do not have the luxury of independently changing reaction gas partial

pressures, they can only manipulate the total pressure and stoichiometric oxygen ratio en-

tering the reactor. In order to address the effect of the water gas shift reaction, which

shifts toward equilibrium as function of the reaction gas partial pressures, sufficient CO
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and H2 were added so that the entire system was at equilibrium prior to any gasification

reactions. As with the constant partial pressure experiments, the limiting factor for water

concentration was the saturation pressure. Therefore these experiments could not have an

H2O content exceeding 2%.

4.2 Black Liquor Preparation

4.2.1 Spray Drying

The liquor used in this study was obtained from the Weyerhaeuser mill located in New

Bern, North Carolina. Table 5 shows analysis results for a sample of liquor that was taken

on December 17, 2005. The nominal concentration of the liquor was assumed to be 50%

solids, and all consistency calculations for for spray drying were based on this assumption.

Table 5: Weyerhaeuser black liquor analysis [77]
Test Value Comment

130o Solids 48.6% As Recieved
HHV (BTU/lb) 6060 TAPPI Solids Basis

Total S 6.47% TAPPI Solids Basis
S2− 3.26% TAPPI Solids Basis

SO4
2− 3.67% TAPPI Solids Basis

Cl 0.17% TAPPI Solids Basis
C 35.1% TAPPI Solids Basis
H 3.2% TAPPI Solids Basis
N 0.1% TAPPI Solids Basis
K 1.14% TAPPI Solids Basis
Na 19.6% TAPPI Solids Basis

OH− 2.56% TAPPI Solids Basis
CO3

2− 3.70% TAPPI Solids Basis

The spray dryer used for preparing the liquor is a Lab Spray-1 model made by Anhydro.

The spray dryer configuration utilizing the stationary nozzle was used to generate the spray

dried liquors for these experiments. Of the two orifice sizes available, the larger size was

used, measuring 1016 µm in diameter. A magnetically coupled gear pump with variable

frequency drive was used to feed the black liquor. A complete list of settings used can be

found in Table 6. Further details on the operational procedure and setup of the spray dryer

can be found in Appendix C.
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Table 6: Spray dryer settings
Setting Range
Heater 4-6 kVa

N2 to Atomizer 10-12 psi
BL Pump Output 4-12%

Atomizer Stationary, Large Orifice

4.2.2 Sieving Conditions

The dried black liquor was removed from the collection cup of the spray dryer and stored

in 2-liter glass jars until ready to sieve. Sieving was conducted using standard 10” sieves of

106, 90, 75, and 63 µm mesh sizes. The four sieves were placed in a forced-air oven at 105o

C for at least 5 minutes prior to sieving to ensure dryness. The sieves were immediately

placed in the shaking rack after removal from the oven, and black liquor was added to the

106 µm sieve to a depth of approximately one inch. A stainless steel lid was then placed on

top of the sieves, as well as a plexiglass shield to keep the sieves tight in the rack. The liquor

was allowed to sieve for 5 minutes at the “high” setting on the rocker switch and at 55%

on the rheostat. The liquor was then brushed out of each sieve onto a teflon pan, and then

transferred to another 2-liter jar for storage until used in the experiments. In between each

use the sieves were washed, towel dried, and placed back in the oven for several mintues to

ensure dryness.

Another important variable when sieving the liquor is the dryness of the black liquor.

The unsieved black liquor will pick up small quantities of water even with brief exposure to

the atmosphere. The presence of this water will cause the liquor to behave like a Geldart

Class C powder [64] when turning the glass storage jar, meaning that the liquor will tend

to fall in clumps together instead of flowing like sand. If the liquor behaves like this then

it is quite possible to get uneven distributions of the liquor across the sieves. The best

way to avoid this is to place the open jar of unsieved liquor in a quiescent oven while the

sieves are drying in the forced air oven. Remove the liquor from the oven using gloves and

immediately pour it into the hot sieves placed on the rack.
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4.3 Pressurized Entrained Flow Reactor Operation

The pressurized entrained flow reactor (PEFR) is by far the most complex piece of

equipment used in this study. See figure 7 for a cross sectional diagram of the PEFR.

Details regarding the design and construction of the PEFR can be found in reference [69].

Figure 7: Cross section of the Pressurized Entrained Flow Reactor (PEFR)

The spray dried black liquor and a carrier gas (hereafter referred to as primary nitrogen)

enter the reactor via a liquid cooled injector, shown in green. The secondary gases, consisting

of N2, H2O, CO2, H2, and CO enter the reactor via gas headers located at the top of the

preheat section, shown in orange in Figure 7. As the secondary gases travel down the

preheater section, four electric kilns heat the gases up to the reaction temperature. At the

end of the preheat section, the hot secondary gases travel through a cordeirite honeycomb

flow straightener (100 cells/in2). This imparts a flat velocity profile to the gas as it enters

the reactor section, shown in yellow in Figure 7. The reactor section is also heated by seven

separate electric kilns, and the radiant heat from the walls of the reactor, as well as the

already hot secondary gases, combine to rapidly heat the primary nitrogen and black liquor

particles to the reaction temperature.
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Table 7: PEFR reactor dimensions [69]
Dimension Value units

Pre-heat Diameter 155 mm
Pre-heat Length 1.372 m
Reactor Diameter 82.5 mm
Reactor Length 2.0 m

Injector OD 34 mm
Injector ID 14 mm

Collector OD 50 mm
Collector ID 12.7 mm

The concentric placement of the injector in the preheat section, along with the proper

ratio of primary and secondary gases, serve to keep the particles located in the center of

the reactor. The particles then travel down the center of the reactor and are collected

by a liquid cooled collector, shown in Figure 7 in blue. The collector is located on a set

of jacks and can be moved up and down in the reactor. This is the primary method by

which residence time is varied. An additional flow of cool nitrogen is added in the top of

the collector in order to rapidly quench any reactions after the particles and gas enter the

collector. The mixture of particles and gas then enter a cyclone that separates the char

particles from the gas. The cyclone is designed to have a 50% size cut of 2-4 µm at these

flow conditions. The gas exiting the cyclone then passes through a glass fiber fume filter,

which removes fine particles such as condensation aerosols down to 0.01 µm from the gas.

Hundreds of hours of observation were made regarding the operability of the reactor.

Many of these observations can be found in Appendix A, which lists specific troubleshooting

tips for reactor operation. On August 4th, 2005 the reactor was taken apart to replace a

damaged reactor tube. The data shows a marked difference before and after the reactor

tube replacement. While the trends stayed the same, they were shifted with respect to

residence time. All data shown in the main body of this thesis was generated after the

reactor tube was replaced.
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4.3.1 Important Modifications

The main difficulty in operating the PEFR is plugging of the black liquor injector at

the tip, where the black liquor enters the reactor. Since the injector must be liquid-cooled

there is a large difference between the inner and outer diameters (see Table 7). This creates

a dead zone at the beginning of the reactor between the secondary gas and the primary

gas, creating a zone of separated flow. Also, the reaction conditions are above the melting

point of the inorganic salts in the black liquor, making them sticky. The separated flow

zone near the tip of the injector combined with the sticky nature of the black liquor char

makes control of the entrance conditions critical to successful PEFR operation.

Pressure Seal Removal

From March 25, 2005 until the reactor was taken apart in mid-May 2005, the reactor

was limited to approximately 8 minutes of feeding before a plug formed at the tip of the

injector. After removing the collector, visual inspection of the reactor revealed that the

plug was asymmetric and tended to grow toward the same side of the reactor time after

time. The injector was removed and repositioned several times in the flow straightener in an

attempt to fix the irregular flow, but to no avail. Only after dismantling the main pressure

vessel and lowering it did we discover that hot gases were leaking out of the reactor core and

into the main pressure vessel. The gases were then re-entering the reactor at the bottom

of the reactor section, where the bottom “can” bolts onto the end of the reactor, finally

leaving the system through the collector.

During the May 2005 rebuild of the reactor the secondary, interior sliding pressure seal

(which the collector passes through, located in the bottom of the can) was removed due to

char buildup in it. The removal of this second pressure seal had the additional benefit of

improving the flow pattern of the reactor. At the end of a set of experiments the pressure

in the vessel needs to be reduced. This is done by venting the pressure at a port in the

exterior shell of the reactor. The presence of the second pressure seal resulted in the hot gas

still present in the reactor core having to exit either at the flange where the can bolts to the

reactor section or at the flange that connects the preheat section to the reactor section. A

synthetic gasket sealant is applied to both of these flanges, but the gases are at temperatures
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much higher than what the gasket sealant can withstand (which is approximately 600oF).

The same phenomenon of gas penetrating the reactor core through the flanges would occur

when pressurizing the reactor as well. The repeated pressurizing and depressurizing of the

reactor created a situation where the path of least resistance for the reaction gases was out

the flange connecting the preheat and reactor sections and returning to the collector by

passing back through the flange connecting the can to the bottom of the reactor section.

Removal of the second pressure seal at the bottom of the can allows the hot gases in

the reaction section to exhaust through the annulus between the collector and the hole

in the bottom can. There is very little differential pressure created while pressurizing or

depressurizing the reactor. This allows the high temperature sealant placed in between

the flanges to remain intact, and maintains a desirable flow pattern down the axis of the

reaction section. This mechanism is supported by evidence of gases leaving and entering

the reactor at the respective flanges and the fact that 165 runs have now been performed

since removal of the second pressure seal with no reduction in the time before plugging the

injector.

Loss in Weight Feeder

Another important modification that improved the runnability of the reactor is the

introduction of the loss in weight (LIW) feeder. The LIW feeder consists of a clear plastic

tube with two concentric hollow brass shafts in the center. The exterior shaft has fingers

that agitate the black liquor as it is rotated by a 12 volt DC motor. Turning the motor

forward causes the exterior shaft to rotate while keeping the inner shaft stationary, exposing

holes in the inner shaft. The exterior shaft continues to rotate until it hits a pin fastened

to the interior shaft, after which the two shafts rotate as one. Feed rate can be slightly

modified by changing the voltage on the DC motor, but the best way to increase the feed

rate is to drill larger holes in the center shaft. The entire LIW feeder is placed on a strain

gauge, which has a readout in the Labview screen in the control room. The LIW feeder gives

direct verification that liquor is entering the system by the weight readout on the control

screen, which is a significant improvement over the previous auger design, which had no

such readout. The ability to directly read the weight at the beginning and end of each run
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makes for much more accurate mass closures on days when multiple runs are performed.

Water Gas Header

In early October 2005 the water vapor addition at the top of the preheat section was

changed from a point-source to an unused semi-circular gas header. These changes were

made to more evenly distribute the water vapor across the cross section of the reactor. It is

suspected that water vapor distribution may have been a problem after observing increasing

condensation problems in the cyclone as the total pressure decreased, even though the partial

pressure of water in the cyclone decreased (due to the constraint that quench nitrogen flow

could not exceed 100 NLM). See Table 8.

Table 8: Cyclone saturation temperature for constant partial pressure experiments
Pressure H2O Reactor Quench Ratio Cyclone Cyclone

(bar) (Mole %) PH2O (bar) (% Total Gas) PH2O (bar) Tsat (oF)[11]
5 5.0 0.249 88 0.132 124
10 2.5 0.244 66 0.147 128
15 1.7 0.246 44 0.171 134

The condensation problems could be explained by uneven water distribution in the

reactor section, causing a locally high concentration of water that would condense on the

liquid cooled collector. The higher mole percentage of water and lower gas phase Reynolds

number present at the lower pressures would increase this problem.

Another reason why it is suspected that water distribution may be a problem was the

initial data for sulfur phase distribution. Figure 8 illustrates the increased variability of

percent sulfur remaining in char with increasing pressure. The five bar data (with the

exception of one point) follows a clearly defined trend. The ten bar data exhibits more

scatter, and the fifteen bar data is quite scattered with respect to percent sulfur remaining.

Carbon conversion, carbonate concentration, and distribution of all other elements

seemed to make sense for these points, but the sulfur phase distribution did not seem

to follow any trend. This could also be explained by poor water distribution, which would

preferentially affect the sulfur distribution due to the reaction of some sulfur species with

water, which creates H2S. The higher pressure experiments run under constant partial
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Figure 8: Sulfur phase distribution prior to changing water gas injection. 900oC, 0.25 bar
H2O, 0.5 bar CO2, balance N2

pressures of reacting gases have both a lower mole percentage of water and lower gas dif-

fusivities. If the char particles were not exposed to water vapor as they traveled down the

reactor the sulfur would return to the condensed phase, since the primary sulfur species

present at equilibrium without the presence of water is Na2S. After changing the water

injection from a point source to a gas header the sulfur data was more consistent, with an

easily distinguished equilibrium. This will be discussed in more detail later Chapter 8.

Velocity Ratio

The last important modification that was made to the reactor was the ability to change

the primary to secondary gas velocity ratio. Prior to May 2005 the velocity ratio was fixed

at 3.0, based on observations made by Flaxman [15] and previous runs with another black

liquor, provided by Babcock and Wilcox. It was observed, however, that the New Bern

liquor used in the study had different plugging characteristics than the B&W liquor, which

had been used quite extensively in the reactor. This is not surprising given the large amount

of experimental evidence regarding the dependence of black liquor swelling on composition

[24, 56].
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Based on observations while running the PEFR and by evidence given in this thesis, the

black liquor char is in a plastic state immediately after entering the reactor. The plastic

surface of the char will conform and adhere to any surface that it comes in contact with.

By being able to independently change the velocity ratio it was possible to identify a ratio

for this specific liquor that minimized its contact with the walls of the injector tip. This

gave run times of up to one hour while allowing four to five grams of char to be captured

in the cyclone during each experiment.

4.3.2 PEFR Daily Operation

The daily operation of the PEFR required the use of extensive checklists to ensure quality

data and safe operation. A detailed list of tasks can be found in Appendix C

4.4 Surface Area Measurements

The surface area for pyrolysis and gasification chars was determined using a Micromeritics

Gemini II 2370 surface area analyzer, in conjunction with a Micromeritics degasser. The

BET method [9] of surface area analysis was used, in which the pressure of nitrogen, the

volume of nitrogen adsorbed (in cm3/gram), and the saturation pressure of nitrogen are

plotted as a function of relative pressure, so that

X =
P

Po
(29)

Y =
P

V (Po − P )
(30)

where P is the partial pressure of nitrogen at a sample point, Po is the saturation pressure of

nitrogen, and V is the volume per gram of nitrogen adsorbed on the char. The surface area

can then be calculated from the slope and Y intercept (which have the units of gram
cm3 STP

) of

the line using

S.A.BET =
(0.162 nm2

N2 molecule)(6.023× 1023 molecule
mole )

(22, 414 cm3 STP
mole )(1018 nm2

m2 )(Slope + Yint)
(31)

Further details regarding these calculations can be found in Appendix A of the instru-

ment operation manual [54].
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Investigative experiments were conducted with excess PEFR char in order to determine

optimum operating conditions of the system. Variables investigated included:

• Degassing temperature

• Degassing time

• Free space measurement

• Surface area mode (scan or equilibration)

• Equilibration time

• Amount of char

The studies showed that the surface area of the char did not vary much in the degas

temperature range of 150oC to 350oC. The time required for complete degassing, however,

increased as the degas temperature decreased. If the volume of N2 adsorbed decreased at

increasing partial pressures of N2, it was assumed that the sample was not fully degassed

and these points were not used.

Other parameters used in the analysis can be found in Table 9. Daily operational

procedures can be found in Appendix C.

Table 9: Surface area analysis conditions
Parameter Value Units

Minimum Relative Pressure 0.1
Maximum Relative Pressure 0.3

Number of points 5
Degas Temperature 300-350 oC

Degas Time > 60 minutes
Evacuation Time 1.0 minutes
Evacuation Rate 300 mm Hg/min
Analysis Mode Equilibration

Equilibration Time 5.0 seconds

The surface area of each char was determined at least three times. If the experiment

had more than one point in which the volume of N2 adsorbed decreased as the pressure of

41



N2 was increased, that experiment was not included in the calculation of the surface area.

See Appendix A for troubleshooting tips regarding the use of the instrument. See Appendix

B for example surface area calculations.

4.5 Scanning Electron Microscope

Scanning electron microscopes (SEM) use a stream of electrons to illuminate a sample,

which causes secondary electrons to be emitted. These secondary electrons are then collected

and used to produce images of both high resolution and good depth of field. The SEM used

in this study was the Hitachi X800 Field Emission Gun Scanning Electron Microscope

located in room 170 of the Love Building. It is a medium resolution microscope that is very

user friendly to operate. Electron microscopy is better than optical microscopy for high

magnification applications. Any microscopy technique will be limited in resolution by the

wavelength of the source. This is because as the size of objects near the wavelength of the

source it becomes impossible to focus on the object. The short wavelength of an electron

beam relative to light allows for much smaller objects to be studied in detail.

Char samples were prepared by sprinkling the char particles onto a 1/2” inch diameter

double stick conductive carbon tab that was adhered to a 13mm sample mount. The special

conductive tape minimizes charging, or buildup of negative charge due to the insulative

properties of a sample. It is important that the sample have good contact with the carbon

tape, and care must be taken to ensure good adhesion of the sample while also not damaging

the char structure. If a sample contains many oxides or is otherwise non conductive, it

must be sputtered with gold to increase conductance. The char generated in the study was

sufficiently conductive to not require this step. The black liquor did have a greater tendency

to charge, but it was possible to take several detailed pictures by decreasing the accelerating

voltage, which also reduces charging. In order to minimize the fouling of the optics in the

electron microscope, gloves were used whenever handling the sample after it was stuck to

the carbon tab. Detailed instructions regarding the operation of the S-800 can be found on

the Georgia Tech Material Science Department website [6]. Table 10 lists specific settings

for this study.

42



Table 10: SEM settings
Parameter Value Units

Accelerating voltage, char 10.0 kV
Accelerating voltage, liquor 4.0 kV

Aperture size 100-200 µm
Magnification 250-10,000

4.6 Mercury Porosimetry

Mercury porosimetry is an analytical method that uses the natural characteristics of

mercury (non-wetting, high surface tension) to determine the macro-pore size distribution

of a solid. A non-wetting liquid will penetrate a capillary if sufficient outside pressure is

applied to the system. Washburn defined the relationship between pressure and pore size

as pr = −2σ cosθ [85], where p is pressure, r is pore radius σ is surface tension, and θ is

the contact angle.

Ritter and Drake [65] were the first to use this principle in conjunction with mercury

to characterize the macro porous structure of solids. By increasing the pressure in fixed

increments a profile of pore volume vs. pore diameter can be determined. Sufficient time

must be given between pressure increases in order to allow the mercury to stop flowing, as

shown by the Hagen-Poiseuille law, Q = V/t = (πr4)(8η)(∆P/l), where Q is the flow rate

of the liquid, V the volume of liquid, t the time, r the capillary radius, η the liquid viscosity,

and ∆P/l the pressure drop down the capillary [85].

Incrementally increasing the pressure of mercury to determine pore characterization is

called intrusion analysis. As the name suggests, the mercury will penetrate the particle

from the outside toward the center. If the pore contains a constriction or is otherwise non-

cylindrical, the mercury will not penetrate past this constriction until sufficient pressure is

applied to the system. Mercury extrusion analysis works in exactly the opposite fashion as

intrusion. By decreasing the pressure on the system, mercury will recede from pores. A

constriction in the pore will result in some mercury being retained in the particle on the

interior side of the constriction. If the pores are perfect cylinders, a plot of intrusion volume

and extrusion volume as a function of pore diameter would be exactly the same. In reality,
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however, intrusion and extrusion volumes will often display a hysteresis. The magnitude of

this hysteresis is illustrative in determining the number of pores which contain a constriction.

Table 11: Mercury porosimetry data
Data Units Comments

Total Intrusion Volume mL/g Directly measured
Total Pore Area m2/g Assumes cylindrical pores

Median Pore Diameter µm Diameter at which 50% of Hg in particle
Average Pore Diameter(4V/A) µm Intrusion Volume divided by Pore Area

Bulk density (ρb) g/mL Determined before any pores are filled
Particle Density (ρp) g/mL Determined after open pores are filled

Porosity (ε) % 1 - ρb/ρp

Mercury intrusion/extrusion analysis was performed by Micromeritics Analytical Ser-

vices using an AutoPore IV 9500 porosimeter. Three pyrolysis chars and a sample of spray

dried black liquor were analyzed. The pyrolysis chars were formed at 5, 10, and 15 bars total

pressure, with the collector positioned 200 millimeters away from the injector. In addition

to pore sizes, several other characteristics of the char were determined by the experiments,

shown in Table 11.

As shown in Table 11, the total pore area and average pore diameter are determined by

assuming a cylindrical pore. In actuality the char particles have extremely non-cylindrical

pores, so these data were not used for analysis of the char. More information regarding the

pore size and structure will be given in Chapter 5.

Other parameters used by Micromeritics in their mercury intrusion and extrusion anal-

ysis are listed in Table 12. Details regarding specific calculations provided in the report

generated by Micromeritics can be found in Appendix D of reference [55]

4.7 Laser Light Scattering

Laser light scattering is a technique that uses a laser of a single wavelength to determine

the size of particles in a dilute solution based on the tendency of the solution to scatter

the light. Light scatter is the sum of the effects of reflection, refraction, and diffraction of

the solution [84]. By knowing the wavelength of light, λ, the intensity of the original light

source, Io, the index of refraction of the particle, n, and the scattered light intensity Isc and
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Table 12: Mercury porosimetry experimental parameters
Parameter Value Units

Advancing/Receding Contact Angle 130 degrees
Hg Surface Tension 485 dynes

Hg Density 13.5335 g/mL
Evacuation Pressure 50 µm Hg

Evacuation Time 5 minutes
Hg Filling Pressure 0.55 psia
Equilibration Time 10 seconds

Sample Weight 0.05-0.18 grams

it’s angle θ, it is possible to determine the size of particles in a solution via the relationship

Isc = Io×f(θ, λ, d, n). This theory, first described by Gustav Mie, is the underlying principle

by which these particle sizes were determined.

Particle size distributions were determined by Micromeritics Analytical Services. The

instrument used was a Saturn DigiSizer 5200, which can measure particle sizes from 1000

to 0.1µm. The intensity of the scattered light is determined by the instrument at various

angles. Scattered light intensity for various particle sizes are then calculated via the Mie

theory. The particle size distribution used in the Mie theory calculation is varied until

agreement with the experimentally determined scattering pattern is achieved.

The report provided by Micromeritics gives a particle volume frequency distribution

as a function of particle diameter. Table 13 gives the input parameters and information

provided in the report. The mean diameter is a weighted average of the volume distribution

and average particle diameter. The median diameter denotes volume median, at which 50%

is greater than the median, and 50% is less than the median.

4.8 Other Analytical Methods

4.8.1 Inductively Coupled Plasma-Atomic Emission Spectroscopy

Char samples were analyzed by the IPST analytical laboratory for sodium, potassium, sul-

fur, calcium, and vanadium using inductively coupled plasma atomic emission spectroscopy

(ICP-AES). The samples were first digested using EPA method 3050B [2], which uses heated

50% HNO3 and 30% H2O2 to digest the char and dissolve all metals. The samples were
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Table 13: Light scattering experimental parameters and information
Parameter/Data Value Units

Material Carbon/Isopropanol
Flow Rate 120 sec

Ultrasonic Intensity 100 %
Ultrasonic Time 60 seconds

Sample Concentration 0.02-0.04 %
Mean Volume Diameter µm

Median Volume Diameter µm

analyzed following EPA method 6010B [3]. Two dilutions were made for each char sample in

order to ensure linearity across the wide ranges of concentrations analyzed. A large number

of samples were analyzed over nine months which required that a consistent procedure be

used from batch to batch. In addition to EPA method 6010b, Table 14 outlines conditions

specific to this analysis.

Table 14: ICP-AES analysis conditions
Item Value Units

Method EPA 6010b
Digestion amount 100 mg, total solid

Digestion final volume 25 mL
Na,S dilution 20 times

Ca,K,V dilution 1 times

The liquor used in this study has an unusually high concentration (approx. 200ppm)

of vanadium as a result of fuel oil being burned in the mill. This high concentration

of vanadium allowed for the use of it as a tie element in this study in lieu of calcium.

Vanadium remains in the solid phase at 900oC (see Figure 20), making it a valid choice for

a tie element. Also, it is more evenly dispersed than calcium in the black liquor, as shown

in Figure 9, where the variation of vanadium concentration across 32 black liquor samples

is much less than the variation in the calcium concentration across the same samples.

A possible explanation for the more even distribution of vanadium than calcium could

be that calcium can be present either as organically bound or as CaCO3, which can settle
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Figure 9: Tie element comparison

out and cause concentration gradients if the samples are not handled properly. The or-

ganically bound calcium would correspond to the soluble fraction and the carbonate would

be associated with an insoluble fraction, as defined by Frederick and Grace [17]. Work by

Lansdell [41] indicates that the insoluble fraction can be up to 70% of the total calcium in

black liquors obtained from mills.

Wallberg et al. [83] found that multivalent cations such as Mn and Fe have a very high

retention rate in black liquor ultrafiltration. This was attributed to their ability to form

complexes with the organic ions present in black liquor. This observation was also made

by Westervelt [86], who noted the tendency of transition metals to easily form chelates in

black liquor. Since Vanadium is also a transition metal, with similar electron structure as

Mn, the same mechanism could be used to explain it’s even distribution in the black liquor.

Also, the potential for environmental contamination from calcium is much greater than

for vanadium. Calcium can easily contaminate dilutant water and is known to be a trace

contaminant in the plastics used in the IPST analytical lab.

Finally, the uncertainty of the vanadium concentration peaks from the AES data (as
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measured by relative standard deviation) are typically two to four times less than the

uncertainty of the calcium peaks. All these facts combine to explain the differences in

variability between vanadium and calcium shown in Figure 9.

4.8.2 Carbonate

Carbonate was measured using two different methods: coulometric and headspace gas

chromatography. Both methods were comparable, as illustrated by Figure 10.

Figure 10: Carbonate analysis comparison

The headspace gas chromatograph method [13] utilizes the acidic decomposition of

CO3
2− into CO2 by measuring the CO2 concentration in the headspace above a sample.

A measured amount of char or black liquor was added to a known volume of water and

vigorously agitated so that all the carbonate would be dissolved. An aliquot was extracted

using a syringe and added to an excess amount of 2 molar H2SO4, producing CO2. The

concentration of this CO2 is then measured in the chromatograph. Table 15 contains actual

conditions used in these experiments.

The coulometric technique uses a UIC model CM 140 Total Inorganic Carbon Analyzer,

which uses an acid digestion to dissolve inorganic carbon and release CO2 and other gases.
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Table 15: GC-HS carbonate analysis conditions
Parameter Value Units
Char Weight 0.2-0.3 grams

Liquor Weight 0.05-0.1 grams
H2O volume 1.0 mL

Aliquot volume 100 µL
Standard Concentration 0.1 Molar Na2CO3

These gases are then passed through scrubbers that preferentially eliminate gases other

than CO2. The CO2 gas then passes to UIC model 5014 CO2 coulometer, which reacts

with a solution and decreases its pH. The coulometer then uses electricity to restore the

solution to its original pH.

4.8.3 Total Carbon

Total carbon was analyzed by the IPST analytical lab using a UIC Model 120 Total

Carbon Analyzer, which heats a sample in an oxidizing environment, oxidizing all carbon

to CO2 and evolving numerous other non-carbon containing gases. These other gases are

scrubbed away using several chemical scrubbers, and the CO2 then continues to a UIC

model 5014 CO2 coulometer, previously described in the carbonate section. Total carbon

is determined via coulometric titration. A comparison of total carbon results obtained by

the IPST analytical lab and contracted Huffman Laboratories of Golden, Colorado can be

seen in Figure 11. Very similar results were obtained, with all results within 3%.

4.9 Residence Time Determination

Residence times were determined for the experiments by using the computational fluid

dynamics package of Gambit and Fluent. First, a three dimensional grid of the PEFR

was created in Gambit. In order to reduce computational time only one quarter of the

cross-section for the reactor was modeled, with symmetry boundary conditions used on the

radial planes. 0.3 meters of the injector were modeled so that the primary gas would have

a parabolic velocity profile upon entering the reactor, and only the first 1.2 meters of the

reactor was modeled, which corresponds to the farthest collector position used in the study.
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Figure 11: Total carbon analysis comparison

A picture of the reactor geometry is shown in Figure 12.

Figure 12: View of PEFR geometry

The grid was structured so that the grid sizes were smaller near the center and the

beginning of the reactor, the areas of maximum interest. Figure 13 shows a detailed picture

of the beginning of the reaction section, where the injector meets the larger reactor section.
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Subfigure a shows the different zones present at the beginning of the reactor: blue for the

injector, yellow for the secondary gas inlet, and red for the reactor wall. Subfigure b shows

the grid structure for the same area.

(a) Entrance Zones (b) Entrance Grid

Figure 13: Reactor geometry detail: Reactor Entrance

Table 16 has the PEFR dimensions that were used to model the reactor, and Table 17

has a list of the boundary conditions used in the model.

Table 16: 3-D PEFR model dimensions
Parameter Value Units
Injector ID 14 mm
Injector OD 34 mm

Injector Length 300 mm
Reactor ID 82 mm

Reactor Length 1200 mm

Table 17: 3-D PEFR model boundary conditions
Zone Type Condition

Primary Inlet Mass Flow Inlet Per experiment, T = 300K
Secondary Inlet Mass Flow Inlet Per experiment, T = 1173K
Injector Wall Wall T = 300K
Injector End Wall T = 300K
Reactor Wall Wall T = 1173K

Outlet Pressure Exhaust Tbackflow = 1173K
X-plane Symmetry
Y-plane Symmetry
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Once the geometry was created the three dimensional mesh was imported into Fluent

6.1.22 for modeling. The set points and conditions (temperature, pressure, mass flows) used

for the constant partial pressure runs were used to determine residence times. Once the

gas phase flows and temperatures were established, particles were injected into the model

at the beginning of the injector. The particle diameters and densities corresponded to the

characteristics of the short residence time pyrolysis chars generated at each pressure. The

mixture of reaction gases was assumed to have viscosity and thermal conductivity close to

that of nitrogen, the main component. The viscosity and thermal conductivity used a four-

point temperature profile with linear interpolation in the model. See Table 18 for specific

model inputs for the simulations.

Table 18: 3-D PEFR model inputs
Value

Input 5 Bar 5 Bar 10 Bar 15 Bar Units
20cm/s 30cm/s

1o Mass Flow 3.65×10−5 5.47×10−5 7.30×10−5 1.04×10−4 kg/s
2o Mass Flow 3.68×10−4 5.51×10−4 7.20×10−4 1.08×10−3 kg/s

2o Mass Fraction CO2 16.6% 16.6% 8.5% 5.7%
2o Mass Fraction H2O 3.4% 3.4% 1.7% 1.1%

Dab CO2 3.61×10−5 3.61×10−5 1.79×10−5 1.19×10−5 m2/s
Dab H2O 5.77×10−5 5.77×10−5 2.91×10−5 1.94×10−5 m2/s

Particle Density 30.3 30.3 54.6 65.6 kg/m3

Particle Diameter 30.2 30.2 40.1 47.7 µm
Model ID # 1 2 3 4

Table 19 shows which model numbers, as shown in Table 18, correspond to which exper-

iments. Even though the gas composition changed between the types of experiments per-

formed, the total number of moles input at the primary and secondary inlets remained con-

stant at the various pressure/velocity combinations. The conservative assumption was there-

fore made that even though changing the gas composition slightly changes the Reynold’s

number, a model using the correct molar addition rate of gases would accurately represent

residence times regardless of input gas composition.
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Table 19: 3-D PEFR model number and experiment correlation
Total P. Avg. Vel. Model ID#

Bar cm/s Const. P. Press. Const. Mole Frac. Pyrolysis
5 20 1
5 30 2 2 2
10 20 3 3 3
15 20 4 4 4

4.10 Process Considerations

It is important when studying heterogeneous kinetics that no step other than the

intrinsic chemical kinetics limit the rate of reaction. Therefore, particle sizes, reaction

conditions, gas compositions, and many other items must be considered prior to conducting

experiments. Engineers have developed several dimensionless numbers that attempt to

characterize systems based on the relative importance of these items. Table 20 gives a partial

summary of the dimensionless numbers and other information that has been considered for

these experiments. Also included is a brief description of each number.

Preliminary estimates of these values were obtained prior to the thesis proposal in order

to verify that the experiments were in a kinetically limited regime. After the experiments

were completed these estimates were updated with experimentally determined values. These

calculations were made separately for 5, 10, and 15 bars of pressure by using the charac-

teristics of the short residence time pyrolysis chars, which were generated at each pressure.

Detailed calculations for these numbers can be found in Appendix B.

Particle Reynolds Number

This number was determined by first assuming a spherical geometry for the particle. The

terminal velocity of the particle was calculated by equating the drag force on the particle

with the force of gravity [58].

Fdrag = 6πµgrvterminal (32)

Fgrav =
4
3
πr3(ρpart − ρgas)g (33)

vterminal =
2r2(ρpart − ρgas)g

9µg
(34)
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Table 20: Process considerations for system
Item Description

Particle Reynolds Number Ratio of inertial to viscous forces
Schmidt Number Ratio of momentum to mass diffusivity

Sherwood Number Used to calculate mass transfer coefficients
Prater Number Indicates magnitude of non-isothermality due to reac-

tion
Biot Number Relates the heat transfer inside and at the surface of

a body
Weisz Modulus Indicates magnitude of intra-particle concentration

gradients
Thiele Modulus Indicates importance of internal diffusion to overall

rate of reaction
Effectiveness Factor Ratio of actual rate of reaction to external surface rate

of reaction
M.T. Limited Burnout Time Time to complete reaction assuming film mass transfer

limited
Film ∆T Film temperature gradient assuming film mass trans-

fer limited rate of reaction
Intra-particle ∆T Particle temperature gradient assuming film mass

transfer limited rate of reaction
Oxidizing gas to Cf ratio Molar ratio of CO2 and H2O to Cf in experiments

ρpart, the char bulk density, was determined from mercury intrusion data, r the mean

volume radius determined by laser light scattering, and µg and ρg the viscosity and density,

respectively, of N2 at 900oC from NIST [1].

The Reynolds number was then calculated by

Rep =
vterminalρgL

µg
(35)

where L was the mean volume diameter determined by laser light scattering.

Schmidt Number

The Schmidt number was calculated by the equation

Sc =
νg

Da,mix
(36)

where νg is the kinematic viscosity of N2 at 900oC from NIST.

Da,mix is calculated in a two-step approach. First, binary diffusion coefficients for water-

nitrogen, water-carbon dioxide, and carbon dioxide-nitrogen are calculated for experimental
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conditions. Second, these coefficients are adjusted for a ternary mixture. The binary

diffusion coefficients are calculated by adjusting experimentally determined inter diffusion

coefficients for binary systems (located in Table 2.5 of Hines and Maddox [32]) to the system

temperature and pressure via equation 2.16 in Hines and Maddox,

Dab,T2,P2 = Dab,T1,P1

P1

P2

(
T2

T1

)3/2 ΩT1

ΩT2

where P1 and T1 are at 1 atmosphere and approximately 300K, P2 and T2 are at experimental

conditions, and Ω is the Lennard-Jones collision integral for the specified temperature.

Once Dab for water-nitrogen, water-carbon dioxide, and carbon dioxide-nitrogen are

determined they are inserted into equation 2-55 of Hines and Maddox [32]

Da,mix = (1−Xa)÷

 n∑
j=2

Xj

Daj

 (37)

where n is 3 and X is the mole fraction of the component in the system.

Sherwood Number

The Sherwood number is calculated by the relationship

Sh = 2 + 0.552(Rep)1/2(Sc)1/3 (38)

which can be found in Eq. 6.149 of Hines and Maddox [32], where Rep is the particle

Reynolds number and Sc is the Schmidt number.

Prater Number

The Prater number, symbolized as Bi, is calculated via the relationship

Bi =
(−∆Hri)Di,effCi,surf

kpartTsurf
(39)

where i represents either water or carbon dioxide, Csurf is the concentration of the compo-

nent at the particle surface, assumed to be equal to the gas phase concentration, and Tsurf

is the surface temperature of the particle, which will be discussed later. kpart is the thermal

conductivity of the particle, which was calculated by the equation

kpart = (1− ε)kbl + εkg (40)
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where ε is the experimentally determined porosity, kg is the thermal conductivity of nitrogen

at 900oC from NIST [1], and kbl is the thermal conductivity of anthracite coal as found in

Appendix 2 of Kreith and Bohn [40]. ∆Hr is the heat of reaction of carbon gasification at

900oC. This was calculated by first determining the standard heat of reaction by equation

4.15 in Smith, Van Ness, and Abbott [70]

∆Ho
0 =

∑
i

νi∆Ho
fi (41)

where ∆Ho
0 is the standard heat of reaction, ν is the stoichiometric coefficient in the gasifi-

cation reaction, and ∆Ho
fi is the the standard heat of formation of each component in the

gasification reaction. The heat of reaction is then adjusted to 900oC via equation 4.18 of

Sm. V.N. and Ab.,

∆Ho = ∆Ho
0 + R

∫ T

To

∆Co
p

R
dT (42)

where ∆Ho and ∆Ho
0 are the heats of reaction at reaction conditions and the reference

temperature, respectively. Values for ∆Co
p/R were determined from Appendix C of reference

[70]. Di,eff is the effective diffusivity of the component inside the particle, calculated by

combining equations 2-62 through 2-64 in Hines and Maddox [32]

Di,eff =
ε

τ

[
1

1
Di,k

+ 1
Di,mix

]
(43)

where ε is the experimentally determined porosity, τ is the particle tortuosity (assumed to

be 7), Di,mix as previously described, and Di,k the Knudsen diffusivity of the component i

in the particle. Di,k was determined by Hines and Maddox equation 2.61

Di,k = 97.0r

(
T

Mi

)1/2

(44)

where T is the reaction temperature in Kelvin, Mi is the molecular weight, r is the average

pore radius, and Di,k is in units of m2/s. The average pore radius was calculated via H&M

equation 2.62

r =
2ε

Sρb
(45)

where ε and ρb are porosity and bulk density as determined by mercury porosimetry, and

S is the specific surface area of the particle as determined by nitrogen adsorption. Since

56



the surface area changed as a function of carbon conversion, the maximum surface area for

each char was used to determine pore radius.

Prater numbers were calculated for water and carbon dioxide separately and combined

to give an overall Prater number for the particles.

Biot Number

The Biot number is calculated via equation 2.81 in Kreith and Bohn [40]

Bi =
hLc

kpart
(46)

where kpart is the thermal conductivity of the particle as described above and Lc is the

characteristic length of the particle, equal to volume/surface area. Assuming spherical

geometry, Lc reduces to r/3, where r is the mean volume radius as determined by laser light

scattering. h is the convective heat transfer to the particle, and is calculated by equation

7.10 from Kreith and Bohn [40]

h = Cp,gVtermρg

(
2.2
Rep

+
0.48√
Rep

)
(47)

where Cp,g and ρg are the heat capacity and density of nitrogen from NIST and Vterm is

the terminal velocity of the particle. A convective heat transfer equation could not be

found that was valid in the extremely low Reynolds number range for these particles. This

equation is valid for Reynolds numbers between 1 and 25, so a value of 1 was used for these

calculations.

Weisz Modulus

There are several monikers that are applied to the same equation which uses experi-

mentally determined data to quantify the magnitude of internal diffusion resistance in a

particle. Levenspiel [42] alternately refers to this as the Weisz Modulus, Wagner Modulus,

or Wheeler-Weisz-Wagner Modulus

Mw = L2 (−r
′′′
a /Ca)obs

De
(48)

where −r
′′′
a is the volumetric rate of reaction, Ca is the concentration in the gas phase, L

is r/3 for spherical particles, and De is the effective diffusivity in the particle. Fogler [16]
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refers to this value as the Weisz-Prater Criterion (Eq.12-61)

Cwp =
−r

′
a,obsρcR

2

DeCas

(49)

where −r
′
a,obs is a mass based rate of reaction, ρc is the density of the catalyst, R is the

radius of the catalyst, De is the effective diffusivity inside the catalyst, and Cas is the

concentration at the surface of the particle.

For this study a modified Weisz modulus has been used, based on the previous work of

Li and Van Heiningen [44]

Mw =
rρcf

L2

McCgasDeff
(50)

in which r is the rate of fixed carbon conversion as determined by the slope of the conversion

vs. time plots for the constant partial pressure gasification experiments, Mc is the molecular

weight of carbon, and L is r/3 of the char particle. ρcf
is the density of fixed carbon in the

char, which is determined by the initial concentration of fixed carbon in the black liquor

based on the average of 32 samples tested and the experimentally determined density of

the pyrolysis chars. Cgas is the total molar concentration of oxidizing gases in the system.

Deff is 1/3 the effective diffusivity of H2O plus 2/3 the effective diffusivity of CO2, since

the partial pressure of carbon dioxide was twice that of water. The terminology used will

be Weisz Modulus, which reflects Levenspiel’s choice to use a characteristic length that is

the same as the lengths used in other calculations.

Thiele Modulus

The Thiele modulus was calculated by combining equations 12-58 and 12-61 in Fogler

[16]

Cwp = 3(φ1cothφ1 − 1) (51)

which equates the Weisz-Prater Criterion Cwp to the Thiele Modulus, φ1. The value of φ1

can be directly calculated from the value of the Weisz-Prater Criterion, which is equivalent

to the Weisz Modulus.

Effectiveness Factor

The effectiveness factor of the particles is calculated by equation 18.24 of Levenspiel [42]

Mw = M2
T ε (52)
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where Mw is the Weisz Modulus, MT is the Thiele Modulus (equivalent to φ1 in Fogler),

and ε is the effectiveness factor (equivalent to η in Fogler). The effectiveness factor can be

calculated directly from this equation.

Mass Transfer Limited Time to Burnout

The mass transfer limited time to burnout was calculated by the first determining the

mass transfer limited gasification rate,

rMT limited = 4πr2(kcH2O CH2O + kcCO2
CCO2) (53)

where kc is the mass transfer coefficient, r is the mean radius as determined by light scat-

tering, and C is the constant partial pressure concentration of the oxidizing gases in the

bulk phase.

The mass transfer limited rate was then used to calculate the time to gasify all the

carbon in a particle, shown in equation 54,

tburnout =
4/3πr3ρbρcf

× 1000
rMT limited

(54)

where r is the mean radius as determined by light scattering, ρb is the bulk density of the

char as determined by mercury porosimetry, and ρcf
is the concentration of fixed carbon in

the black liquor in moles per gram of BLS.

Film ∆T

The film temperature gradient was calculated by performing a steady state heat balance

on an individual black liquor particle by stating that

(heat consumed by gasification) + (heat from convection) + (heat from radiation) = 0

(55)

The heat consumed from gasification was determined by

qr =
2∑

i=1

[∆Ho
i × rmt,i] (56)

where ∆Ho is the previously described heat of reaction at experimental conditions and rmt

is the mass transfer limited rate of reaction, based on the amount of carbon present and

the previously described mass transfer limited time to burnout, and i is CO2 or H2O.

59



The heat from convection was calculated by

qc = hcS(Ts − Tg) (57)

where hc is the convective heat transfer coefficient (described in Biot Number), S is the

surface area of the char using the volume average diameter and spherical geometry, Ts is

the surface temperature of the char particle, and Tg is the gas temperature surrounding the

particle.

The heat from radiation was calculated from equation 1.18 of Kreith and Bohn [40]

qrad = AradFεrad[T 4
s − T 4

rad] (58)

where Arad is the area of radiation (assumed to be 100mm of reactor tube length), F is the

view-factor between the particle and the radiating surface (assumed to be 1.0), εrad is the

emittance of the radiating body (assumed to be 0.8), Ts is the particle surface temperature,

and Trad is the radiating temperature (assumed to be 900oC).

The resulting equation,

∑
[∆Ho × rmt] + hcS(Ts − Tg) + AradFεrad[T 4

s − T 4
rad] = 0 (59)

was solved by assuming a gas phase temperature, Tg, and iteratively solving for Ts.

Intra-particle ∆T

The intra-particle temperature difference was calculated by performing a steady state

spherical shell balance around a char particle.

(Energy in)− (energy out) + (energy consumed) =
d(energy)

dt
= 0 (60)

After performing the shell balance and applying the appropriate boundary conditions

BC #1 :
dT

dr
= 0 @ r = 0 (61)

BC #2 : T = Ts @ r = R (62)

the following equation results:

T = Ts +
Q

6k
(R2 − r2) (63)

60



where Ts is the surface temperature as previously determined, Q is the volumetric heat

generation term calculated by dividing the mass transfer limited heat of reaction, qr, by the

volume of a char particle, k is the thermal conductivity of the char particle (as previously

discussed), R is the volume average radius of the char particles, and T is the temperature

at any point r inside the particle.

Oxidizing Gas to Fixed Carbon Ratio

In order to determine chemical kinetics in the PEFR it must be run as a differential

reactor. This means that a sufficient excess of oxidizing gases must be present in the

reactor so that their concentration remains unchanged as the black liquor particles react.

This excess, however, must be balanced with the fact that the equilibrium species present at

the experimental conditions must be representative of actual gasifiers, and will be discussed

in Chapter 4. The ratio was calculated by

QCO2 + QH2O

Qblρcf

(64)

where QCO2 and QH2O are the molar feed rates, known from the mass flow controllers, Qbl

is the mass feed rate of black liquor the system (approximately 1.2 grams/minute), and ρcf

is the previously discussed molar concentration of fixed carbon in the black liquor solids.
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Calculated and generally accepted critical values for the above system considerations

are located in Table 21. If the values for the system considerations are on the correct side

of the critical value then they can be considered to have an insignificant impact on the

process.

Table 21: Calculated values for dimensionless numbers

Item Critical Actual Value Units
Value 5 Bar 10 Bar 15 Bar

Rep - 3.07×10−4 2.58×10−3 7.78×10−3

ScH2O/CO2
- 0.56/0.89 0.55/0.90 0.56/0.91

ShH2O/CO2
- 2.01/2.01 2.02/2.03 2.04/2.04

Prater Number < | 0.1 | -0.07 -0.03 -0.02
Biot Number < 1 9.69×10−5 7.93×10−4 2.27×10−3

Weisz Modulus < 0.15 1.67×10−4 4.44×10−4 1.01×10−3

Thiele Modulus < 0.4 0.013 0.021 0.032
Effectiveness Factor > 0.95 0.999 0.999 0.999

M.T. Limited Burnout Time - 3.13×10−5 1.97×10−4 5.00×10−4 sec
Film ∆T - 0.15 0.10 0.08 oC

Intra-particle ∆T - 12.11 6.27 4.44 oC
Oxidizing gas to Cf ratio 10:1 22:1 15:1 15:1

The extremely low particle Reynolds numbers are indicative of their low slip velocities in

these experiments. The lower values of the Schmidt number for water than carbon dioxide

reflect the greater mass diffusivity of water due to its lower molecular weight. At these

low Reynolds and Schmidt numbers the value of the Sherwood number is independent of

species.

The negative value of the Prater number is due to the endothermic gasification reaction.

All values are smaller than the critical value, which means the particles can be treated as

having no radial temperature gradients. The Biot number is also used for temperature

calculations, but does not take the heat of reaction into account. The low values of the Biot

number indicate that heat transfers more quickly through the particle than from the gas to

the particle. Just as with the Prater number, this indicates negligible radial temperature

gradients at experimental conditions.

The Weisz modulus, Theile modulus, and effectiveness factors are all used to evaluate
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the importance of pore diffusion on the rate of reaction. The Weisz and Theile moduli

are both less than their respective critical values, indicating that the rate of reaction is

much slower than the rate of diffusion inside the particle. An effectiveness factor of unity

indicates that the reaction in a particle occurs as fast as if the entire reaction happened at

the surface. This is another way of expressing that the kinetics of the reaction are slower

than the diffusion in the particle.

The mass transfer limited burnout time is four orders of magnitude faster than the

time to burnout indicated by the experimental results. This tells us that mass transfer to

the surface of the particle is not a limiting factor in the rate. The film and intra-particle

temperature gradients were calculated with the mass transfer limited reaction rates, which

are significantly faster than what was actually seen. Even with this conservative assumption,

film and intra-particle temperatures gradients were still very low. This means that we can

assume isothermality throughout the particle.

The high ratio of oxidizing gases to fixed carbon indicates that the oxidizing gas con-

centration will vary little as the carbon reacts with it. Therefore the assumption can be

made of constant gas phase concentrations, and the reactor can be treated as a differential

reactor.
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CHAPTER V

EQUILIBRIUM CALCULATIONS

The experiments that were performed in the PEFR had gas-to-solids ratios that were

much higher than those of production gasifiers. The main reason for this is because in order

to determine kinetic behavior of gasification the PEFR must be run as a differential (as

opposed to an integral) reactor. This means that a sufficient excess of reacting gases (with

respect to the gasifiable carbon added via the black liquor) must be present in the system

so that their concentration remains relatively constant as they react with the black liquor.

A constant concentration of H2O and CO2 can then be assumed when calculating kinetic

values.

Production gasifiers, on the other hand, are run like integral reactors. In a production

high temperature black liquor gasifier, substoichiometric amounts of oxidizing gases (either

air or O2) are added to the entrance of the gasifier along with the black liquor. These oxi-

dizing gases then combust a portion of the carbon and hydrogen present in the black liquor,

providing CO2, H2O, and heat for the endothermic gasification reaction. The concentration

of CO2 and H2O does vary with position in the gasifier; however particle residence time

is long enough for complete conversion of carbon. Additional air or O2 would increase the

amount of carbon that would be converted to CO2, increase the temperature of the reactor,

and decrease the amount of carbon converted to CO. This would decrease the amount of

CO and H2 created, thereby defeating the purpose of gasification.

Since the PEFR is run with a different ratio of oxidizing gases to solids it is important

to make sure that the products of the reaction are similar to those of actual gasifiers. The

way that this was investigated was by evaluating the equilibrium species present for each

of the experiments that were performed. The EQUILIB program of FACTSAGE 5.3.1, a

thermodynamic software package, was used for these calculations. After inputting masses

and defining conditions, EQUILIB minimizes the Gibbs free energy of the system via the
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equation
G

RT
=
∑

ni

[(
go

RT

)
i

+ ln(ai)
]

(65)

where G is the global free energy, R is the gas constant, T is temperature, ni is the moles

of substance i, go is the chemical potential, and a is the activity. Other examples of black

liquor gasification equilibrium modeling can be found by Backman and Hupa [4], Zeng [97],

and Sricharoenchikul [76].

Phase distributions for elements were determined for all of the experimental conditions

investigated. A basis of one minute was used to convert the gas and black liquor feed rates

into mass inputs for the program. It is important to note that these calculations represent

the species that would be present assuming equilibrium has been reached, irrespective of

the kinetics or pathways involved in creating those species. Therefore, the actual species

that may be present in the system could differ significantly from the equilibrium species.

Nevertheless, given the differences between the PEFR and actual gasifiers, it is important

to ensure that representative equilibria are achieved.

5.1 Procedure in FACTSAGE

Seven gasification and three pyrolysis equilibria were calculated, as shown in Table 22.

The actual molar addition rates of all gases were used in the calculations. This is especially

important for the gasification equilibria because the ratio of H2O to S is important to the

phase distribution of sulfur at equilibrium. Black liquor was input to the program as a

single stream component of C14.48H15.73O10.6N.04SNa4.23K.14Cl.02. This was the elemental

analysis of the feed black liquor provided by Weyerhaeuser [77], with oxygen determined by

difference. A constant addition rate of 1.2 grams per minute was assumed in all calculations.

All equilibrium calculations for the experiments were performed at 900oC.
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Table 22: Equilibrium calculation and experiment correlation
ID P Gas Comments
# Bar Moles Composition (Mole%)
G1 5 3.33 85% N2, 10% CO2, 5%

H2O
5 Bar, 20cm/s, const.
partial pressure

G2 5 5 85% N2, 10% CO2, 5%
H2O

5 Bar, 30cm/s, const.
partial pressure

G3 10 6.66 92.5% N2, 5% CO2, 2.5%
H2O

10 Bar, 20cm/s, const.
partial pressure

G4 15 10 95% N2, 3.33% CO2,
1.67% H2O

15 Bar, 20cm/s, const.
partial pressure

G5 5 5 86% N2, 10% CO2, 2%
H2O, 1.72% CO, 0.27%
H2

5 Bar, 30cm/s, const.
mole fraction

G6 10 6.66 86% N2, 10% CO2, 2%
H2O, 1.72% CO, 0.27%
H2

10 Bar, 20cm/s, const.
mole fraction

G7 15 10 86% N2, 10% CO2, 2%
H2O, 1.72% CO, 0.27%
H2

15 Bar, 20cm/s, const.
mole fraction

P1 5 5 100% N2 5 Bar Pyrolysis
P2 10 6.66 100% N2 10 Bar Pyrolysis
P3 15 10 100% N2 15 Bar Pyrolysis

Screening runs were performed to determine which species would be present at equilib-

rium. All species that contained greater than 0.01% of a specific element were retained in

further calculations. 23 gas phase, 10 liquid phase, and 5 solid phase species were included

in the calculations, as shown in Table 23. An ideal solution of K2S, Na2S, K2CO3, and

Na2CO3 was created to more accurately predict the destination of sulfur at equilibrium.

The binary solution of sodium salts is known to exist, and previous researchers have used

mixtures of K2CO3, Na2CO3, and Na2S to determine the kinetics of Na2SO4 reduction in

black liquor [10]. It is generally accepted that the quaternary solution exists as well. How-

ever, little is known about the quaternary thermodynamic properties at this time. It was

therefore assumed to have ideal characteristics.
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Table 23: Species included in equilibrium calculations. * indicates ideal solution
Gas Phase Liquid Phase Solid Phase
H2 Na2CO3

∗ Na2CO3

CH4 Na2S∗ Na2S
N2 Na2SO3 K2SO4

NH3 Na2SO4 K2S
H2O NaCl
CO K2CO3

∗

CO2 K2S∗

Na K2SO3

NaOH K2SO4

S2 KCl
H2S
H2S2

CS2

SO2

COS
HCl
NaCl
(NaCl)2
K
KCN
KOH
KCl
(KCl)2
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5.2 Water Gas Shift Reaction

The water gas shift reaction must be considered whenever gasification is occurring with

water vapor and carbon dioxide. In the water gas shift reaction, CO and H2O react to form

CO2 and H2 in a reversible reaction shown in equation 66.

H2O + CO ⇀↽ CO2 + H2 (66)

While insensitive to pressure due to the equimolar amounts of gas on either side of the

equation, the equilibrium concentration is sensitive to temperature, especially in the range

of concern for black liquor gasification. This is easily visualized in Figure 14, which shows

the equilibrium concentration of equimolar amounts of H2O, CO2, H2, and CO as a function

of temperature. Methane is also formed at the lower range of temperatures in Figure 14,

but it is not included in the figure.

Figure 14: Water gas shift species as a function of temperature. Inputs: 1 mole each of
CO2, H2O, H2, and CO; 10 bar total pressure

The relationship between the species involved in the water gas reaction is best charac-

terized by the equilibrium constant, Keq, of the competing forward and reverse equilbria,
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shown in equations 67 through 69.

H2O + CO k→ CO2 + H2 (67)

CO2 + H2
k′
→ H2O + CO (68)

Keq =
k

k′
=

[H2O][CO]
[H2][CO2]

(69)

Figure 15 shows a plot of the equilibrium constant for the water gas shift reaction. As can

be seen in Figure 15, the equilibrium constant at 9000Cis approximately 0.8.

Figure 15: Keq for the water gas shift reaction

The rates of the forward and reverse equilbria, k and k′, respectively, will be a function

of the product gases, expressed by equations 70 and 71,

k = f(PH2OPCO ) (70)

k′ = f ′(PH2PCO2) (71)

where f and f ′ are temperature dependent functions and P represents the partial pressure

of the specified gases. For the constant partial pressure experiments all of the values found
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in equations 70 and 71 are the same. Therefore the entire system will shift toward the water

gas equilibrium at the same rate.

For the constant mole fraction experiments, however, the partial pressure of the gases

increase with increasing pressure, possibly changing the rate at which the system approaches

water gas equilibrium. Therefore, sufficient amounts of CO and H2 were added to the

constant mole fraction experiments to put the entire system at equilibrium, minimizing the

effect of pressure on the rate of water gas shift for these reactions.

5.3 Equilibrium Distribution of Elements at Pyrolysis Con-
ditions

Three equilibrium calculations were performed for pyrolysis at 5, 10, and 15 bars of

total pressure and 900oC. The pyrolysis reactions that occur involve the components of

the black liquor only, with nitrogen gas present primarily as a carrier through the re-

actor. An interesting result of this is that the high oxygen content of the black liquor

(C14.48H15.73O10.6N.04SNa4.23K.14Cl.02) results in the almost 75% of the carbon being con-

verted to CO at equilibrium, as shown in Figure 16. At all pressures, over 99% of the carbon

present in the system exists as either CO or C(s), with the remaining 1% consisting of trace

amounts of CH4, CO2, and KCN.

Figure 16: Equilibrium carbon species for pyrolysis experiments. T = 900oC, 1.2 grams
BLS, gas addition given in Table 22.
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Sulfur was present exclusively as Na2S for all the pyrolysis pressures. Since this liquor

is spray dried and the carrier gas is 100% N2, no water or carbon dioxide was input to the

system. Since very little CO2 or H2O was present in the system, the equilibrium amount of

H2S, as shown by equation 72, was low.

Na2S + CO2 + H2O ←→ Na2CO3 + H2S (72)

The hydrogen present in the liquor exists primarily as H2 because of the oxygen constrained

nature of the system. With a oxygen to carbon ratio of 0.73:1 in the liquor, very little oxygen

is left over after the formation of CO. The domination of the reduced species in the water

gas shift equilibrium (see Equation 66) is the reason why the sulfur remains as Na2S.

5.4 Equilibrium Distribution of Elements at Gasification
Conditions

While in the pyrolysis equilibria carbon is split between the gas and condensed phase and

sulfur is only in one, nearly the opposite is true for gasification. Due to the fact that there

is at least a 15:1 mole ratio between oxidizing gases and fixed carbon in the black liquor,

almost 99% of the carbon input (including reaction gas CO2 and CO) exists as either CO

or CO2 at equilibrium, with the remaining 1% present primarily as Na2CO3. No carbon

remains in its elemental form in the gasification equilibria.

The presence of water and carbon dioxide at gasification conditions cause the formation

of a significant amount of Na2S, as shown in Figures 17 and 18. The higher amounts of

oxygen present in the system from CO2 and H2O allow COS to be formed as well. Figure 17

shows the equilibrium sulfur phase distribution for the constant partial pressure gasification

experiments. The predicted equilibrium distribution of sulfur for the 5 bar 20 cm/s, 10 bar,

and 15 bar experiments are very similar. The reason for this is twofold. First, the partial

pressure of CO2 and H2O is constant for all the experiments, causing the equilibrium

concentration of Na2S according to equation 72 to remain constant with increasing total

pressure. Second, the molar ratios of CO2, H2O, and fixed carbon added to the system were

constant for these three sets of experiments. The slight increase in gas phase sulfur in the

5 Bar 30 cm/s graph is due to the slightly higher gas to solids ratio for that experiment, as
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Figure 17: Equilibrium sulfur species for constant partial pressure gasification experiments.
T = 900oC, 1.2 grams BLS, gas addition given in Table 22.

Figure 18: Equilibrium sulfur species for constant mole fraction gasification experiments.
T = 900oC, 1.2 grams BLS, gas addition given in Table 22.
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shown in Table 21. This results in a higher ratio of H2O:S, which results in more H2S at

equilibrium.

Figure 18 shows the equilibrium sulfur phase distribution for the constant mole fraction

gasification experiments, as outlined in Table 22. For these experiments increasing the

pressure increases the amount of sulfur that is present in the gas phase at equilibrium.

Again, the reason for this increase is twofold. First, increasing the total pressure at a

constant mole fraction will increase the partial pressure of both CO2 and H2O, shifting the

equilibrium of equation 72 to the right. Second, as shown in Table 22, the constant mole

fraction experiments have increasing molar flow rates of gas at increasing pressure. This

results in more CO2 and H2O being added to the system at a constant amount of sulfur

from the black liquor. This results in more H2S being produced.

A 50% increase in the oxidizing gas to sulfur ratio (as shown by the 5 bar, 30cm/s graph

in Figure 17) at a constant partial pressure results in a 360% increase in the amount of

SO2 at equilibrium, indicating the sensitivity of the system to these ratios at the conditions

investigated. Despite this sensitivity, in all seven gasification equilibrium calculations the

dominant sulfur species present in the gas phase is H2S. This is representative of the gas

phase sulfur seen in production black liquor gasifiers.
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5.5 Equilibrium Distriution of Tie Elements at Reaction
Conditions

Tie elements are species that are used for mass balance calculations in many high tem-

perature reactions. They are necessary when it is not possible to measure all the materials

leaving the system, which is the case for these experiments. Mass is lost by black liquor

adhering to the injector, collector, and exhaust piping, among other places. Also, all of the

mass converted to the gas phase was not accounted for in these experiments. A tie element

allows for the calculation of a char yield (equation 27), which accounts for the mass lost

due to the gasification reaction. This char yield is the used to determine the percentage

material in the black liquor that remains in the char (equation 28).

Tie elements should remain completely in one phase at the reaction conditions, so that

the assumption can be made that all of the tie element that enters the reactor leaves the

reactor in the one phase. Calcium is commonly used as a tie element due to its ubiquity

and stability to very high temperatures, as shown in Figure 19.

Figure 19: Calcium phase distribution as a function of temperature. P = 10 bar, 1.2 grams
BLS, 6x10−6 moles Ca, gas addition #G3 in Table 22.
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Luckily, the black liquor acquired for this study had a very high concentration of vana-

dium due to the co-firing of #6 fuel oil in the process. Due to several factors previously

discussed the vanadium had a much more consistent concentration in the feed black liquor

(see Figure 9) than calcium. Figure 20 shows that vanadium remains completely in a con-

densed solid or liquid phase until approximately 1500oC, which is 600oC higher than the

experimental conditions. Therefore, from a thermodynamic standpoint, vanadium is a valid

material to use as a tie element.

Figure 20: Vanadium phase distribution as a function of temperature. P= 10 bar, 1.2 grams
BLS, 6x10−6 moles V, gas addition #G3 in Table 22.
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CHAPTER VI

PHYSICAL CHARACTERISTICS

The effect of pressure on the physical characteristics of black liquor char is an impor-

tant consideration in the overall effect of pressure on pyrolysis and gasification. Changing

pressure can impact characteristics such as porosity, particle size, and pore diameter of the

resultant char. Given the large differences in mass diffusion rates between liquids and gases,

these changes can significantly impact the diffusive characteristics of the resultant chars.

Given the work by Cetin et al. [12] indicating the importance of heating rate on char

morphology, coupled with numerous studies describing the swelling of black liquor during

pyrolysis [21, 23, 24, 33], it was concluded that a series of experiments would be performed

in which short residence time (approximately 0.9 seconds) pyrolysis chars would be gener-

ated. These short residence time pyrolysis chars would then go through a suite of physical

characterizations under the assumption that the primary effect of pressure on char physical

characteristics would manifest itself at the entrance of the reactor, where the black liquor

devolatilizes, swells, and begins pyrolysis. As the char travels down the reactor further

physical changes will happen due to ongoing pyrolysis and gasification reactions. Table 24

contains a list of physical tests and corresponding experimental conditions under which the

char was formed.

6.1 Microscopy Images

Figure 21 shows SEM micrographs of the black liquor used in the study. The smooth spheres

are indicative of the spray drying technique that was used to generate them.

Figure 22 contains SEM micrographs of the short residence time pyrolysis chars gen-

erated. As can be seen in the figure, all chars have relatively smooth surfaces with little

porosity. Clustering of individual spheres can be seen in the 5 bar char, as well as the

tendency toward more individual spheres in the 15 bar char. Subfigures (e) and (f) contain
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Figure 21: SEM micrographs of 63-75 µm black liquor, spray dried under nitrogen.
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Table 24: Physical test and experiment correlation
Test Method Material Tested

Particle Size Light Scattering Short Residence Time Pyrolysis Char and
Black Liquor

Pore Size Hg Porosimetry Short Residence Time Pyrolysis Char and
Black Liquor

Density Hg Porosimetry Short Residence Time Pyrolysis Char and
Black Liquor

Porosity Hg Porosimetry Short Residence Time Pyrolysis Char and
Black Liquor

Surface Area N2 Adsorption Short Residence Time Pyrolysis Char and
Constant Partial Pressure Gasification Char

Morphology SEM Short Residence Time Pyrolysis Char and
Constant Partial Pressure Gasification Char

pictures of hollow spheres of 15 bar char. These hollow spheres were found at all pressures,

but the tendency of the 15 bar char to contain individual spheres resulted in the best exam-

ples being found in that char. The char morphology is quite different than that of the black

liquor which created these chars. The continuous, unbroken appearance of the pyrolysis

chars, despite the dramatically different morphology, implies that these chars are plastic

during their initial devolatilization and swelling. This is consistent with the body of work

involving coal gasification, where the plasticity of char has been well documented [26, 82, 95].

If the chars were not conformable in nature these char particles would appear broken and

fractured instead of smooth, continuous spheres. Also, note the similarity between the char

in Figure 22 and the pressurized pyrolysis coal char shown in Figure 5. The similarities in

behavior and appearance between pressurized black liquor and coal chars implies that there

could be some application of the knowledge of pressure on coal char morphology to black

liquor.

Figures 23 through 25 show the evolution of the surface area of the 15 bar constant

partial pressure gasification char, shown in Figure 39. Note the spheres found in the 36%

conversion gasification char in Figure 23, and the similar morphology of the short residence

time pyrolysis chars in Figure 22. The rougher spherical surface in the gasification char

implies that gas phase CO2 and H2O have been removing carbon from the spherical surface,
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(a) 5 Bar (b) 5 Bar

(c) 10 Bar (d) 10 Bar

(e) 15 Bar (f) 15 Bar

Figure 22: SEM micrographs of short residence time pyrolysis chars generated in PEFR at
900oC, 100%N2.
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where the short residence time pyrolysis chars do not have such surface texture. Also note

the presence of char particles that have partially merged together, such as in Figures 22 (c)

and Figure 23, which again indicates an initial plastic nature to the char particles. Further

evidence of this plastic nature will be discussed later in the chapter.

Increasing the conversion to 71% (shown in Figure 24) significantly increases the poros-

ity and texture of the surface. Figure 24 shows a highly textured, porous char with fine

structures. The presence of these fine structures seems to indicate the loss of the previously

mentioned plastic nature of the char as the conversion increases, possibly due to thermal

degradation of the carbon matrix into more rigid moieties. This corresponds to coal char

behavior as well, which is also plastic for a limited time during pyrolysis or gasification [26].

As conversion approaches 100% (shown in Figure 25) the particles again become spheri-

cal and less textured. Increasing carbon conversion from 71% to 96% resulted in the removal

of the rigid carbon “skeleton” in Figure 24 by gasification. The remaining char is consists

mainly of inorganic salts, which are liquid at these temperatures. The surface of the par-

ticles is rougher than those in Figure 23, likely due to the high concentration of sodium

carbonate, which would form crystals such as those seen here.

All of the particles shown in Figures 21 through 25 were investigated further with

porosimetry, light scattering, and surface area techniques (as shown in Table 24). These

data will be used to further explain the observations seen in these figures.

For comparative purposes, Figure 26 shows SEM micrographs of coal char gasified by

CO2 at 900oC and various conversions [51]. Figures 23 through 25 show the morphological

changes that black liquor goes through as a function of conversion at 900oC. Note the huge

differences in morphology changes between the two types of char. This is mainly due to the

high presence of sodium in the black liquor. Not only does sodium catalyze the gasification

reaction, it lowers the melting temperature of the inorganic salts in the char. This allows the

black liquor char to return to a relatively low surface area sphere as conversion approaches

100%. The coal char, which has solid salts at 900oC, is unable to minimize its surface area.

What results is an increasingly skeletal particle such as the one shown in Figure 26 (c).
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Figure 23: SEM micrographs of 15 bar gasification char, 36% conversion, 4.1 m2/g. Gener-
ated in PEFR at 900oC under 0.25 bar H2O, 0.5 bar CO2, balance N2.
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Figure 24: SEM micrographs of 15 bar gasification char, 71% conversion, 115.0 m2/g.
Generated in PEFR at 900oC under 0.25 bar H2O, 0.5 bar CO2, balance N2.
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Figure 25: SEM micrographs of 15 bar gasification char, 96% conversion, 7.5 m2/g. Gener-
ated in PEFR at 900oC under 0.25 bar H2O, 0.5 bar CO2, balance N2.
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Figure 26: Coal gasification char at various conversions. TGA, 900oC, CO2

Source: [51]
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6.2 Particle Size Distribution

6.2.1 Pyrolysis Char

Figure 27: Volume distribution of short residence time pyrolysis chars chars, as determined
by light scattering. Generated in PEFR at 900oC, 100%N2, 0.9 second residence time.

Figure 27 shows the volume distribution of 5, 10 and 15 bar short residence time

pyrolysis chars. These chars were generated by placing the collector of the PEFR 0.2 meters

from the entrance of the reactor and using a constant 20 cm/s of superficial gas velocity

through the reactor. The first thing to notice about Figure 27 is that increasing the pressure

at which the char is formed increases the average diameter of the char. Second, increasing

the pressure widens the particle size distribution, evidenced by the increasing width of the

volume distribution curves.

Hundreds of short residence time pyrolysis char particles were examined. It was noted

that chars which were formed at higher pressures had a much greater tendency to have both

larger individual spheres and large amorphous particles, such as the ones shown in Figure

29. The char formed at 5 bars of pressure (shown in Figure 28 and Figure 22 (a) and (b))

tended to exist as small spheres that were clustered together, suggesting minimal collision
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(a) (b)

Figure 28: Optical picture of 5 bar short residence time pyrolysis char. Generated in PEFR
at 900oC, 100%N2, 0.9 second residence time.

(a) (b)

Figure 29: Optical picture of 15 bar short residence time pyrolysis char. Generated in
PEFR at 900oC, 100%N2, 0.9 second residence time.

when the particles were present in the reactor and in a plastic state. These clusters probably

formed as the particles entered the collector. The constriction of the collector would cause

the particles to become very close to each other as they enter. The particles have a sticky

surface when they are at high temperatures. The rapid cooling of the particles to below

their softening temperature by the quench gas would cause them to be unable to coalesce

into larger particles.

This phenomenon of particle collision and coalescence will continue until the quench gas,

located at the tip of the collector, cools the particles to below their melting temperature.

The result of cooling the particle to below its melting temperature before it has had a
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chance to return to a spherical shape are large, amorphous, non-spherical char particles,

such as those shown in Figure 29.

Both the increasing average size and increasing distribution of sizes with increasing

pressure is due in part to the increasing Reynolds number of the gas phase. The large

difference between the interior and outer diameter of the injector (14 and 34 mm respectively,

see Table 16) creates a boundary condition of zero velocity at the tip of the injector, where

the black liquor enters the reactor. This step-change of velocity, from primary gas to injector

end to secondary gas, will induce a zone of separated flow at the entrance of the reactor.

This is clearly shown in Figure 30, which is a plot of gas velocity vectors in the 3-D PEFR

model colored by radial velocity magnitude.

Figure 30: Gas velocity vectors at entrance of reactor from 3-D PEFR model, colored by
radial velocity. Boundary conditions shown in Table 17, inputs from Model ID #2, Table
18.

At the tip of the injector, shown as the dark boundary at the end of the reactor, no gas

enters the reactor due to obstruction by the injector. The primary gas is shown traveling

down the injector and expanding outward as it enters the main body of the reactor. The

secondary gases are shown entering the reactor through the flow straightener, shown as

the light boundary at the end of the reactor. The zone of separated flow is indicated by

the vectors of the secondary gases at the interface of the flow straightener and injector

end, shown moving radially inward at approximately 4 cm/s, and the the expansion of the
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primary gas outward at approximately 25 cm/s. See Table 17 and Figure 13) for further

description of the 3-D PEFR boundary zones, grids, and inputs.

Increasing the pressure from 5 to 15 bars will increase the density of the gas threefold.

At a constant gas velocity this will also increase the gas phase Reynolds number threefold,

vis á vis equation 73,

Reg =
vρL

µ
(73)

where v is velocity, ρ is density, and µ is viscosity. This increase in gas Reynolds number

would increase the size of the zone of separated flow exhibited in Figure 30. The high

heating rate, pressure, and temperature combine to make the char becomes plastic in this

zone. As the zone of separated flow increases in size, the tendency of these particles to collide

increases as well. Since the char particles are plastic at this point the collided particles will

stick together and move to a more spherical shape in an attempt to minimize surface energy.

Another reason why the black liquor char particle size and size distributions increase at

higher pressures is due to the increased plasticity of the carbon matrix in the char. Coal

chars have been shown to become more fluid or plastic with increasing pressure [26, 95].

This is thought to occur due to the increased time that aromatic radicals are present in the

char matrix before becoming primary tars. The same may be true of black liquor chars as

well. This would cause an increase in the ability of individual char particles to flow together,

resulting in a larger average diameter and wider size distribution.

6.2.2 Black Liquor

Two size fractions of black liquor were used in the experiments to experimentally determine

the effect of particle size on gasification rate. The main size used in the experiments was

between 75 and 90 µm, with a smaller size cut of 38-53 µm used for a limited number

of runs. Unfortunately there was no liquor of the 75-90µm size fraction left by the time

samples were sent to the analytical lab for size distribution measurement, therefore the next

smaller size fraction of 63-75 µm was sent. Figure 31 shows the volume size distribution

of the measured black liquors, with an estimate of where the 75-90 µm size fraction may

lie. The actual particle size distributions have a significant volume fraction present that
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is below the nominal size range. This is due to the fact that the black liquor behaves like

a Geldart class C powder (flour-like in nature) while sieving. This behavior will create

clusters of small particles that will be unable to pass through the sieve.

Figure 31: Size comparison of black liquors used in experiments

6.2.3 Black Liquor Size Reduction

Another interesting phenomenon that seems to be occurring is the size reduction and

subsequent reagglomeration of the initial black liquor particles. The reagglomeration mech-

anism is the same as discussed in the previous section. At a fixed distance from the injector,

the size of the separated flow zone, characterized by the Reynolds number, would affect the

probability of char particles impacting and agglomerating.

Evidence of this physical reduction in size of the particles is shown in Figure 32, where

the volume size distributions of 5 bar short residence time pyrolysis char is compared with

a size distribution of 63-75 µm black liquor. Since the short residence time pyrolysis char

was generated with a 75-90 µm fraction of liquor, the estimate of where the 75-90 µm size

cut would lie is on the figure as well.
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Figure 32: Size comparison of spray dried black liquor and short residence time pyrolysis
char, generated in PEFR at 900oC, 5 bar, 100% N2

As can be clearly seen in Figure 32, the size distribution of the 5 bar char is significantly

smaller than the black liquor from which is was created. Additional data provided from

mercury porosimetry (Figures 35 and 37) show that the short residence time pyrolysis chars

have bulk densities approximately 5% of the feed black liquor. Therefore, it can be surmised

that the only way to conserve mass in a system where the product particles are less dense

and smaller than the feed particles is to have product particles being generated in the

system.

This supposition can be further supported by other data obtained from the short resi-

dence time pyrolysis experiments. By knowing:

• Mass of black liquor fed

• Size distribution of black liquor

• Bulk density of black liquor

• Mass of char collected
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• Size distribution of char

• Bulk density of char

• Mass closure of experiment

one can calculate the ratio of the number of black liquor particles fed in the experiment to

the number of char particles collected in the experiment. Results of these calculations are

shown in Table 25.

Table 25: Char and black liquor particle number comparisons for short residence time
pyrolysis experiments

Pressure Mass BL ρ BL Mass Char ρ Char # Char Particles
Bar g kg/m3 g kg/m3 # BL Particles

5 10.5 618 6.8613 30.3 6.8
10 11.2 618 4.3614 54.6 0.79
15 10.1 618 5.6172 65.6 0.49

The two main assumptions made in the calculations from Table 25 are 1) spherical

geometry for the black liquor and char, and 2) black liquor size distribution for the 63-75

µm size fraction is representative of the actual 75-90 µm size fraction used in the experiment.

From the optical and SEM pictures of the black liquor and char the first assumption is not

unrealistic. The second assumption will have an effect on the ratio of char to black liquor

particles. By assuming a smaller size fraction than what was actually fed, the number of

black liquor particles is over estimated, causing the ratio of char to black liquor particles

to be under estimated. These two assumptions, however, would have no effect whatsoever

on the overall trends shown, as both assumptions would introduce the same error in all

calculations.

The trend shown in Table 25 can have two interpretations. The first interpretation is

that the tendency for the black liquor to physically blow apart occurs at all pressures, and

that the larger zone of separated flow created by the higher gas Reynolds numbers causes

these individual small particles to coalesce by collision. The second interpretation is that

higher pressure prevents the black liquor particles from blowing apart in the first place, due

to the greater PV work needed to expand the particle and the smaller specific volume of the
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devolatilization gases at higher pressure. Given the fact that increasing coalesence has been

shown with increasing pressure by other methods it is believed that the first interpretation

is more accurate.

The size reduction of black liquor particles is due mainly to the high heating rate found

in the PEFR, resulting in a rapid evolution of devolatilization gases. There are very small

temperature gradients across these particles, as exhibited by their low Biot numbers. There-

fore, these gases would be generated throughout the cross-section of the particle. The rapid

appearance of these gases, with their extremely high specific volumes in relation to their

solid or liquid phases, would create pressures inside the particle that would cause porosity

and possibly blow the initial black liquor particle apart as the gases escape. This mechanism

of physical ejection has been proposed by Verrill and Wessel [79, 80] for the introduction of

sodium into the gas phase during combustion of black liquor.

Experiments were conducted by Frederick [23] in which the effects of solids content on

the swelling properties of black liquor was investigated. The study showed that for pine kraft

liquors, such as the one used in these experiments, increasing the solids content increased

the rate of swelling. Increasing temperature was found to decrease the tendency to swell

[24]. These experiments, however, were conducted with much lower heating rates (approx.

102 oC/min) than what is experienced in the PEFR (approx. 104 oC/min). The higher

rate of heating would cause a much more rapid and therefore violent evolution of gases,

increasing the tendency of the particles to physically blow apart.

6.3 Mercury Porosimetry

Two methods are commonly used to characterize pore sizes: gas adsorption and mercury

porosimetry. Gas adsorption is used to characterize microporous structures, and is limited to

a maximum pore diameter of approximately 150 Angstroms. Mercury porosimetry is a useful

method for materials with meso or macropores, and is valid for pore size characterization

from 300 µm to 30 Angstroms in diameter, and is therefore a complementary method to

gas adsorption. Materials with a preponderance of micropores also have specific surface

areas of several hundred square meters per gram, while materials with larger pores have
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much lower surface areas. Given the range of surface areas (approximately 4-19 m2/g, as

measured by N2 adsorption) for the short residence time pyrolysis chars, it was decided to

use mercury porosimetry for pore size characterization.

In addition to pore size information, mercury porosimetry gives information regarding

bulk and particle densities. From these measurements the porosity of the particles can be

measured. This information is very useful in modeling the reactor and in the calculation of

particle properties.

6.3.1 Pyrolysis Char

Pore Size

Figure 33 shows incremental mercury intrusion data for the short residence time pyrol-

ysis chars generated at each pressure. The incremental volume, with units of milliliters of

mercury per gram of char, is useful for determining the relative volumes associated with

each pore size. The first thing to note in Figure 33 is the presence of pores in the char that

are larger than the diameters of the individual particles shown in Figure 27. This can be

explained by the fact that these chars exist primarily as clusters of spheres, as shown in

Figure 28. During the initial pressurization of the cell, mercury will envelop these clusters

of spheres very loosely, not penetrating areas with a dimension smaller than approximately

300 µm. Increasing the pressure will cause this envelope of mercury to tighten around the

cluster of spheres, eventually penetrating pores in individual spheres once the pressure is

sufficient to do so. The amount of “pores” that are larger than the diameter of the spheres

decreases with increasing pressure, which is consistent with the previously stated observa-

tion that the higher pressure chars tend to consist of larger, individual spheres as opposed

to clusters of smaller spheres.

The 5 bar char contains significant volumes of intrusion from 200 to 0.3 µm with no

discernible trends in that range. The 10 bar char appears to contain the emergence of a

bimodal distribution, which becomes readily apparent with the 15 bar char. The fact that

the bimodal trend emerges as the char formation pressure increases can also be explained

by the observation that increasing the char formation pressure decreases the formation of
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(a) 5 Bar (b) 10 Bar

(c) 15 Bar

Figure 33: Incremental mercury intrusion data for short residence time pyrolysis chars,
generated in PEFR at 900oC, 100%N2

clusters of spheres. The 5 bar char has a continuous region of mercury intrusion because

of the high importance of interparticle (as opposed to intraparticle) mercury intrusion in

the clusters. Increasing the pressure decreases the amount of interparticle intrusion and
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increases the amount of intraparticle intrusion. The right hand node of the 15 bar char

signifies the presence of broken, mainly hollow spheres, while the left node signifies the pore

sizes present in a relatively continuous hollow sphere. See Figure 22 for SEM pictures of 15

bar char that further illustrate this point.

The statement that the spheres are mainly hollow is supported by other methods as

well. First is the mercury extrusion data, which is included in the cumulative mercury

data shown in Figure 34. Just as systematically increasing pressure will force mercury into

smaller and smaller pores, decreasing the pressure will cause mercury to come out of larger

and larger pores. If, however, the pore is not perfectly cylindrical, a hysteresis will occur

between the mercury intrusion and extrusion data. This is due to the fact that if there

is a localized constriction in the pore, mercury will be trapped in the pore on the side of

the constriction closest to the center of the particle. The magnitude of the hysteresis is

one way to indicate the number of pores which have such a constriction. As can be seen

in Figure 34, the horizontal line of cumulative mercury in the particle indicate that as the

pressure is released on the cell almost no mercury is released from the particle. This would

be consistent with mercury filling a primarily hollow sphere and then being unable to leave

due to the constriction of the particle surface.

The second piece of data that supports the idea that these spheres are hollow is the

surface area calculated for the short residence time pyrolysis chars with the assumption of

cylindrical pores. By knowing the volume of mercury that penetrates the pore at a given

pressure, the surface area of that pore can be calculated by equations 74 and 75,

li =
πD2

i

4Vi
(74)

S.A.i = πDili (75)

where Di is the pore diameter as determined by the pressure, Vi is the volume of mercury

penetrated at that pressure, li is the length of the cylinder, and S.A.i is the surface area of

the cylinder.

When compared with the surface area measured directly from nitrogen adsorption (see

Table 26), the surface area calculated with the assumption of cylindrical pores is an order
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Figure 34: Cumulative mercury intrusion and extrusion data for short residence time py-
rolysis chars, generated in PEFR at 900oC, 100%N2

Table 26: Surface area comparisons for short residence time pyrolysis chars, generated in
PEFR at 900oC, 100%N2. Hg surface area assumes cylindrical pores, BET surface area
measured with nitrogen.

Pressure BET Surface Area Hg Surface Area
Bar m2/g m2/g

5 19.0 188.0
10 10.4 203.9
15 4.3 88.1

of magnitude greater, indicating that not only are the pores not cylindrical, but that the

volume may exist as one or more large cavities inside the particle. Additional data that

supports the supposition of hollowness for the char particles include the ratio of total surface

area to external surface area and SEM micrographs, both of which will be discussed later.

Density and Porosity

Figure 35 shows the particle (or skeletal) density, bulk density, and porosity of the

short residence time pyrolysis chars. Particle density, or the density of the solid portion
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of the black liquor char particle, exhibits no particular trend with respect to pressure and

varies between 1100 kg/m3 at 15 bars to 1600 kg/m3 at 10 bars. For reference, amorphous

carbon has a density between 1800 and 2100 kg/m3 [63]. No mechanistic explanation can

be attributed to this variation in particle density. Given the actual char weights used in the

experiments and the particle densities calculated, the volumes used for the particle density

measurements were between 0.034 and 0.095 mL. Even a slight fluctuation in volume caused

by a sealed pore or other anomaly could easily impact this calculation.

Figure 35: Density and porosity of short residence time pyrolysis chars generated in PEFR
at 900oC, 100% N2. From mercury porosimetry data.

The bulk density and porosity measurements are related to each other via equation 76

%Porosity = 1− ρb

ρp
(76)

where ρb is the bulk density and ρp is the particle density, as described in Table 11. As can be

seen in Figure 35, increasing the pyrolysis pressure decreases the porosity. The mechanism

is thought to be two-fold. First, increasing the pressure decreases the specific volume of

pyrolysis gases generated. If the same number of moles of pyrolysis gas are generated at
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higher pressures, less volume of gas would escape the particle. This lower volume of gas

would tend to decrease the particle porosity. Second, increasing the pressure would decrease

the volume change in the particle. The PV work to expand the particle to a given swollen

volume would be greater at higher pressures. However, the amount of energy available for

particle expansion would be less, due to the lower volume of pyrolysis gases. Therefore,

increasing the total pressure will decrease the change in volume and result in higher bulk

densities.

These chars would be classified as cenospheric under commonly accepted coal char clas-

sification [82]. SEM pictures show that these chars are primarily hollow spheres, with

porosities much greater than the 70% minimum of cenospheric coal chars (see Figure 4).

The morphology of this black liquor char is also consistent with the observed tendency

of coal chars to have increasing percentages of cenospheric particles with increasing vitri-

nite content, which is derived from woody biomass and other organics. Black liquor has a

very high organic content, making the percentage of hollow, low density, cenospheric char

particles very large.

6.3.2 Black Liquor

Pore Size

Figure 36 shows the incremental and cumulative mercury intrusion data for the black

liquor used in these experiments. Both plots differ significantly from the short residence

time pyrolysis chars. Subfigure (a) shows a single, large increase in mercury intrusion at

around 7 µm, as opposed to broad or bimodal distributions in mercury intrusion with the

chars (shown in Figure 33) . This indicates that the spray dried black liquor primarily

exists as individual particles, with little clustering as seen in the 5 bar short residence time

pyrolysis chars. Subfigure (b) shows that approximately 20% of the mercury penetrates

the black liquor in less than 0.1 µm pores, as opposed to all of the mercury penetrating

the char particles by this point (shown in Figure 34). This indicates a much finer pore

structure in the spray dried black liquor than in the char. The replacement of this fine

pore structure with much larger pores in the pyrolysis chars further supports the fact that
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(a) Incremental (b) Cumulative

Figure 36: Incremental and cumulative mercury intrusion data for 63-75µm spray dried
black liquor

these chars are plastic when they enter the reactor. The evolution of pyrolysis gases causes

the relatively dense black liquor with fine pore structure to distend into a hollow, spherical

shape. The walls of these spheres have stretched and plasticized to the point where this fine

pore structure has been removed. The pores that are remaining consist of holes or broken

sections of these spheres. The lower range of the mercury intrusion in Figure 36 verses

Figures 33 and 34 is due to the higher density of the black liquor.

Density and Porosity

Figure 37 show the density and porosity of the black liquor used in these experiments.

While the particle density is similar to those of the short residence time pyrolysis chars,

the porosity is only 62%, as opposed to the 90+% porosity of the pyrolysis chars (shown in

Figure 35).
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Figure 37: Density and porosity of 63-75µm spray dried black liquor. From mercury
porosimetry data

Figure 38: Total and external specific surface area of short residence time pyrolysis chars.
Total specific surface area by nitrogen adsorption, external surface area assuming spherical
geometry, ρb from porosity data, and particle size distribution from light scattering.
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6.4 Surface Area

6.4.1 Pyrolysis Char

Figure 38 shows a comparison of total and external specific surface area (assuming

spherical geometry) for the short residence time pyrolysis chars. The total specific surface

area was determined by nitrogen adsorption using the BET method.

The external specific surface area was calculated by combining light scattering and

mercury porosimetry data. First, the total number of spheres was counted from the laser

light scattering data using equation 77,

ni =
3Vi

πD2
i

(77)

where ni is the number of spheres in bin i of the laser light scattering data, Vi is the volume

percentage, and Di is the diameter. The surface area of the spheres, SAi, for a particular

diameter Di is then calculated,

SAi = niπD2
i (78)

Finally, the external specific surface area is calculated using the equation

Ext. S.A.k =
∑

SAi

ρk
∑

Vi
(79)

where ρk is the bulk density of the 5, 10, or 15 bar pyrolysis char. As can be seen in

Figure 38, the ratio of total to external specific surface areas of the short residence time

pyrolysis chars varies between 1.2 and 2.0. This indicates that when the black liquor first

enters the reactor and begins to react, the char has very little surface texture or porosity,

a fact supported with the scanning electron micrographs shown in Figure 22. The surface

area ratio of 1.2 to 2.0 further supports the notion that the short residence time chars are

mainly hollow spheres. If these chars were perfect hollow spheres, the ratio of total to

external specific surface area would be 2.0.

6.4.2 Gasification Char

Gasification chars were measured using char generated from the constant partial pressure

gasification experiments. Five chars from each pressure were selected so that the widest
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Figure 39: Surface area of constant partial pressure gasification chars generated in PEFR
at 900oC, 0.25 bar H2O, 0.5 bar CO2, balance N2.

range of conversions at a given pressure would be measured. The surface area was measured

with nitrogen adsorption using the BET method. Figure 39 shows the surface area of these

chars as a function of carbon conversion.

A minimum of three replicates were made of each char. The highest and lowest mea-

surement for each specific char are shown with the range indicators. Also included in Figure

39 are the short residence time pyrolysis chars.

The first thing to note in Figure 39 is that the assumption that the pressure effects on

char physical characteristics would manifest themselves quickly after the black liquor enters

the reactor holds true for surface area. The surface areas of the 5, 10, and 15 bar pyrolysis

chars are very similar to the lowest conversion gasification chars at the same pressures. This

dependence of surface area on pressure and not conversion seems to hold until about 40%

carbon conversion.

After approximately 40% carbon conversion is achieved, surface areas begin to increase

quickly until a maximum is reached around 60% conversion. After the maximum surface

area is reached, it decreases to approximately 10 m2/g as conversion approaches 100%. This
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increase and decrease in surface area occurs at all pressures. In fact, after 40% conversion the

surface area no longer appears to be a function of pressure but instead solely of conversion.

The fact that at low conversions surface area is independent of conversion and a function

of pressure is because of the initial devolatilization and pyrolysis of the black liquor. As

previously explained, the entrance pressure greatly effects the resultant morphology. In-

creasing pressure decreases the volume of devolatilization gases created and increases the

work required to swell the black liquor. The plastic nature of the char particles is seen in

two ways. First, the reduction in fine porous structure of the black liquor (as exhibited

by the mercury intrusion characteristics of Figures 36 and 34) shows that the solid phase

can plasticize as it expands, sealing the original fine pore structure. Second, the pictures

of collided particles (Figures 22, 23, and 29) clearly show that collided particles have the

ability to minimize their surface areas by merging together.

This plastic nature of the particles seems to hold true until approximately 40% carbon

conversion, when the surface areas begin to increase quickly. At this point the plasticity of

the char particles seems to have decreased to the point where surface area minimization is

no longer possible. Incremental conversion results in rapid increases in surface area as the

fixed carbon is “eroded” away by the gasification reaction. This results in the formation

of highly textured, porous structures such as those shown in Figure 24, which shows the

maximum surface area of the char at 71% carbon conversion.

Past approximately 71% carbon conversion the surface area begins to decline as the

finely textured surface of Figure 24 begins to be gasified and removed. As the fixed carbon

is increasingly removed, the ratio of inorganic salts (which are liquid at these conditions) to

fixed carbon (which is solid at these conditions) increases. The result is that the particle can

again minimize its surface area by the flowing of the liquid salts to a more spherical shape,

as shown by Figure 25. The free-flowing ability of the inorganic salts would explain the

fact that at 100% conversion the 5 and 15 bar chars have approximately the same surface

areas, even though they began the process with a five-fold difference. The predominance

of carbonate at high conversions would cause the formation of carbonate crystals on the

surface, as seen in Figure 25.
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Figure 40: Surface area of coal char at various conversions
Source: [36]

Figure 40 shows a surface area vs. conversion plot generated for coal char in a reactor

similar to the one used in this study [36]. The char was pyrolyzed at 1400oC and atmospheric

pressure, collected, and then put into a pressurized drop tube furnace. While the specific

gasification conditions for this figure were not listed in the paper, it was somewhere between

2 and 20 bar pressure and 1100 to 1500oC. Note the similarity between Figures 39 and 40,

both in terms of total surface area and the trends exhibited. The coal char achieves a

maximum surface area near 40% conversion, while black liquor seems to reach a maximum

of near 60% conversion. The black liquor surface area curve occurs under a much tighter

conversion range, possibly indicating that black liquor char has a longer plastic stage than

coal char. This longer plastic stage would allow conversion to progress further before the

char lost plasticity and incremental conversion began to increase the surface area.
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Figure 41: Average pore radius of constant partial pressure gasification chars generated in
PEFR at 900oC, 0.25 bar H2O, 0.5 bar CO2, balance N2. Calculated using equation 80.

6.5 Average Pore Radius

Figure 41 shows the average pore radius of the constant partial pressure gasification chars

as calculated by equation 2.61 of Hines and Maddox [32],

ri,k =
2εk

Si,kρk
(80)

where r is the average pore radius of the ith constant partial pressure gasification char

formed at pressure k, ε is the porosity of the short residence time pyrolysis char formed

at pressure k, S is the surface area of the gasification char, and ρ is the density of the

short residence time pyrolysis char formed at pressure k. This equation assumes a constant,

cylindrical pore throughout the char particle. While this has been shown to not be true,

these calculations can serve to give a worst case scenario regarding diffusion characteristics

of these chars.

As can be seen in Figure 41, the average pore radius for the chars changes by over an

order of magnitude across the full range of conversion, from a maximum of approximately

7 µm to a minimum of near 0.3 µm. Even though the pore radius decreases by a factor
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of 20, they are still large enough so that bulk diffusion dominates over Knudsen diffusion,

as shown in Figure 55. This decrease in pore diameter can be seen visually in Figures

23 through 25, which show SEM micrographs of 15 bar char at various conversions. The

assumptions made in Figure 41 are that the gasification chars have the same porosity and

density as the short residence time pyrolysis chars that were formed at the same pressure.

The assumption of constant porosity was necessary due to a lack of porosity data versus

conversion, and given the previous discussion this may not be correct. The assumption

of constant density reflects the observed tendency of higher pressure chars having higher

densities across all conversions.
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CHAPTER VII

CARBON CONVERSION DURING PYROLYSIS

Oxygen is present in very high quantities in black liquor. The liquor used in this study

had an oxygen to carbon ratio of 0.73:1. This high ratio results in a significant amount of

carbon being converted to CO without the addition of any oxidizing gases at all (see Figure

16). Therefore, in order to elicit the differences between the conversion of carbon due to

internal (in black liquor) vs. external (in CO2 and H2O) sources of oxygen, a separate study

of black liquor pyrolysis is required.

The study of black liquor pyrolysis also serves to determine the mechanisms for carbon

loss, especially at short residence times. By analyzing char collected near the entrance of

the reactor, the amount of carbon that was lost during devolatilization can be determined.

The amount of devolatilized carbon is important for determining the required residence

times for gasification reactors.

7.1 Char Yield

Figure 42 shows the pyrolysis char yields for the experiments conducted under 100%

N2 and 900oC. The points shown are the averages of at least two data points, with the

error bars representing the high and low value of each individual point. Yield seems to be

independent of pressure, with the 5, 10, and 15 bar data points intermingled at shorter

residence times. This finding is consistent with what was found by Whitty and Sandelin

[91], whose study is outlined in Table 3. At longer residence times the yield points are more

scattered. A slight trend could be found with increasing pressure resulting in a decrease in

the rate of yield loss, which is primarily due to differences in the carbon conversion rates

between pressures. More will be discussed on this subject later.

With the exception of the shortest five bar residence time, the pyrolysis char yield

stays constant at around 90% until approximately two seconds. Based on mass closure
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Figure 42: Pyrolysis char yield generated in PEFR at 900oC, 100% N2

calculations, the 10% mass lost at these short residence times consists mainly of carbon,

oxygen, and sulfur, probably lost to the gas phase during the initial devolatilization and

swelling of the black liquor.

Yields found for this liquor are approximately 25% higher than those found at sim-

ilar heating rates under atmospheric pressure [73]. One possible explanation for this is

the formation of significant amounts of carbonate reducing the loss of carbon to the gas

phase during initial devolatilization. Pyrolysis char yields determined by captive drop ex-

periments, which have lower heating rates and longer residence times, have been shown to

be 10-35% lower than the yields in Frederick and Sricharoenchaikul’s experiments [22, 73].

Sulfate and carbonate reduction, as well as oxidation of fixed carbon by these reduction

products, could be possible for the additional yield loss in these experiments.

After the initial 10% mass loss, however, the yield appears to remain constant until

approximately two seconds. This constant char yield is the result of the formation of

intermediate carbonates, as shown in Figure 43, which plots the percent of carbonate in

the char as a function of residence time. The points are averages of at least two separate
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Figure 43: Carbonate content of pyrolysis char as percent of carbonate in black liquor.
Char generated in PEFR at 900oC, 100% N2

experiments, with the error bars showing the highest and lowest value in each average. In

Figure 43 the Y-axis is defined as the amount of carbonate remaining in the char divided

by the amount of carbonate originally in the black liquor. The definition of the Y-axis is

shown by equation 81,

Y = CYj ×
Ci,j

Ci,bl
(81)

where CY is the char yield of char j and Ci is the carbonate content of the sample, as

determined by GCHS or coulometric techniques. This phenomenon has been observed

in atmospheric black liquor gasification under similar heating rates, temperatures, and

residence times [76]. The transient nature of the carbonate implies that both formation and

destruction reactions occur. Various formation reactions involving the reduction of oxidized

or partially oxidized sulfur species, or the reaction of reduced sulfur with CO2, CO, or H2O,

have been proposed for the formation of carbonates [10, 47, 75] and are shown in equations

82 through 84.

Na2S + 2CO2 −→ Na2CO3 + COS (82)

Na2S + H2O + CO2 −→ Na2CO3 + H2S (83)
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Na2S2O3 + CO2 −→ Na2CO3 + SO2 + S (84)

Based on the black liquor analysis provided by Weyerhauser (Table 5) the reactions of sulfide

or thiosulfate illustrated above could account for no more than 50% of the carbonate formed

during pyrolysis. Therefore, other reactions involving organically bound oxygen must also

contribute to the formation of carbonate or carbonate-like compounds. For example, Wag

et al. [81] suggested a mechanism for carbonate formation in black liquor char from alkali

carboxylates present in the black liquor.

The destruction of carbonates can occur from reduction with solid carbon to form CO,

CO2, and Na(v), shown in equations 85 and 86 [27, 45].

2C + Na2CO3 −→ 2Na(v) + 3CO (85)

C + Na2CO3 −→ 2Na(v) + CO + CO2 (86)

At thermodynamic equilibrium there is no carbonate present in the system, a fact that is

reflected in the decreasing carbonate concentration as residence time increases in Figure 43.

There are two points at long residence times that have high carbonate content. The sodium

retention for these points were high as well, indicating that they are accurate data and not

mistakes in the carbonate measurement. The exact reason for these points is unknown, but

it could be due to condensation of Nav on the surface of the char, resulting in an increase

in carbonate at the surface. The presence of carbonate crystals on the char surface at high

conversions can be seen in Figure 25.

Fixed carbon conversion is calculated as one minus the concentration of fixed carbon

remaining in the char divided by the total carbon in the black liquor. This is shown by

equation 87, which uses the same definitions as equation 81.

% Cf Conv = 1− CYj ×
Ctot,j − Ci,j

Ctot,bl
(87)

The use of total carbon in the black liquor for this conversion calculation is consistent with

previously published literature. It reflects the fact that the high sodium content in black

liquor results in ash carbon being present in forms other than sodium carbonate. A rigorous

calculation of the theoretical inorganic carbon content in black liquor requires evaluation
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of the thermodynamic equilibrium concentration of inorganic salts present. The sodium

carbonate to sulfide ratio of these salts depends on the amount of water present, which

varies across the range of experiments. In order to facilitate comparisons between reaction

conditions the simplifying assumption of total carbon in the black liquor was used.

Figure 44: Percent of fixed carbon conversion due to carbonate for pyrolysis char. Generated
in PEFR at 900oC, 100% N2.

Figure 44 shows the percentage of fixed carbon conversion due to the presence of car-

bonate in the pyrolysis chars. This value is calculated by first rearranging equation 87 into

equation 88,

% Cf Conv = 1−
[
CYj

Ctot,j

Ctot,bl
− CYj

Ci,j

Ctot,bl

]
(88)

which has the same definitions as equations 87 and 81. The first term in equation 88 is the

definition of the fraction of total carbon remaining in the char, or %Ctot. The percentage

of conversion that is due to the loss of total carbon can be expressed by equation 89.

% of Cf conversion due to total carbon loss =
1−%Ctot

%Cf Conv
(89)

The only other source of fixed carbon loss is to carbonate, so the percentage of fixed carbon

conversion due to the presence of carbonate and the percentage of fixed carbon conversion
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due to total carbon loss must sum to unity.

% of Cf conversion due to total carbon loss + % of Cf conversion due to carbonate = 1

(90)

Combining equations 89 and 90 gives equation 91,

% of Cf conversion due to carbonate = 1−
[

1−%Ctot

%Cf Conv

]
(91)

which is represented on the Y-axis of Figure 44.

At short residence times the fixed carbon conversion is low and the carbonate content

is at a maximum (see Figure 43). These two facts combine so that at low fixed carbon

conversions the formation of transient carbonates account for a significant portion of the

initial fixed carbon conversion, shown in Figure 44. Immediately after entering the reactor

some of the organic carbon that does not volatilize begins to transform into carbonate via

equations 82 through 84, as well as others. After approximately two seconds of residence

time, irrespective of pressure, the carbonate then begins to decompose via equations 85 and

86, shown in Figure 43. This reduction in carbonate content, coupled with the increasing

total carbon loss due to reaction of fixed carbon with secondary CO2, reduces the impact

of this carbonate formation as conversion progresses. There seems to be a negligible effect

of total pressure on this phenomenon at the conditions measured.

7.2 Carbon Conversion

Figure 45 shows fixed carbon conversion as a function of residence time for the pyrolysis

experiments. As can be seen in the figure, increasing the pressure from 5 to 10 bars results

in an approximately 40% decrease in conversion rate, as indicated by the slopes. The further

increase of pressure from 10 to 15 bars results in a negligible decrese in the slope.

The fixed carbon conversion of pyrolysis char can be divided into three distinct regimes:

devolatilization, carbonate formation/destruction, and pyrolysis gas reactions. The first

regime, devolatilization, occurs immediately upon the char entering the reactor and heating.

A percentage of carbon, in these experiments between 10% and 15% of the total carbon, is

lost to low molecular weight carbon gases such as CO2, CO, and CH4, or tars. Based on
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Figure 45: Fixed carbon conversion of pyrolysis char, generated in PEFR at 900oC, 100%
N2

the inital pyrolysis char yields shown in Figure 42, increasing the pressure from 5 to 15 bars

has little effect on this phase.

Near the same time devolatilization occurs, the second regime of carbon conversion com-

mences, the formation and destruction of carbonates. These reactions occur via equations

82 to 86 and appear to be unaffected by the total pressure of the system. This invariance

with total pressure is shown in Figure 43, which shows both the formation and destruction

of the carbonate occurring at the same rate at all pressures indicated. At low fixed carbon

conversions this carbonate formation mechanism accounts for a significant portion of the

total fixed carbon loss, as illustrated in Figure 44. This destruction of carbonates continues

through the range of residence times measured and is a source of CO2 for reaction with

fixed carbon.

The third regime of pyrolysis conversion involves the reaction between CO2 and solid

carbon. The CO2 will be present from the initial devolatilization of the liquor, the reduction
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of carbonate via equation 86, or the reduction of sulfate via reaction 92.

Na2SO4 + 2C −→ Na2S + 2CO2 (92)

Na2SO4 + 4C −→ Na2S2 + 4CO (93)

Other studies [35] show that at 900oC, 80% of the carbon lost to the gas phase during

initial devolatilization is in the form of CO2, which would provide a supply of reacting

gas immediately after entering the reactor. As this CO2 reacts with the fixed carbon

and becomes depleted, the secondary source of CO2 from the reduction of carbonates and

sulfates in the char comes into play. Work done by Sricharoenchaikul [72] shows that at

900oC the all the sulfate in black liquor reduces in approximately 1.8 seconds, indicating

that the kinetics are fast enough that sulfate reduction must be taken into account.

The scatter in the 10 bar data (as exhibited by the R2 of the best fit line of 0.7)

makes for somewhat uncertain interpretation of the data. A trend is seen where increasing

pressure decreases the rate of pyrolysis carbon conversion. There is a 76% chance that the

slopes between five and ten bar pressure are different, making the difference in the slopes

statistically insignificant. The difference in slope between five and ten bar is likely due to

the gas velocity differences in the experiments. This will be discussed more in the next

chapter. There is no statistical significance to the difference in the slope between ten and

fifteen bar. The calculations involving slope comparisons are outlined in Appendix D.

It is reasonable to assume that the surface area of pyrolysis chars behave similarly with

respect to conversion as the gasification chars shown in Figure 39, which show large changes

in surface area as a function of conversion. It can therefore be assumed that the rate of

carbon conversion of pyrolysis chars is not a function of their surface area, as the rate

is constant across a wide range of conversions. The most likely cause of decreased rate

with increased pressure is the partial pressure of CO near the particle, through product-gas

inhibition of the gasification rate. This is shown in equations 6 and 7 for CO2 and H2O

gasification, respectively. However, there are two sources of CO: the devolatilization of black

liquor and the product of the gasification reaction between Cf , CO2, and H2O (equations 4

and 5). Reference [31] shows that the gas phase for similar temperatures and pressures is at
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water gas shift equilibrium. Therefore any H2O generated during the initial devolatilization

or pyrolysis prior to the first data point will probably have been reacted with fixed carbon

prior to the first data point.

The primary method of pyrolysis carbon conversion at the residence times in Figure

45 is the reduction of carbonate and sulfate. These reduction reactions not only consume

carbon from the matrix, but depending on the path (equation 86 or 93), it could generate

secondary CO2. There is direct experimental evidence of carbonate destruction at these

residence times, as shown in Figure 43. The kinetics of sulfate reduction at atmospheric

pressure, 900oC, and similar heating rates is shown in [72], which shows sulfate reduction

occurring between 0.7 and 1.8 seconds.

The currently accepted rate expressions for black liquor gasification by CO2 and H2O

are given by equations 6 and 7, shown again here.

−r =
K1[CO2]

[CO2] + K2[CO]

−r =
K3

1 + K4[H2]
[H2O] + K5[CO]

Regardless of what form it is in (SO4
2−, CO3

2−, S2O3
2−, or organically bound), the only

source of oxygen is the black liquor. Devolatilization and pyrolysis reactions of the black

liquor will put that oxygen into the gas phase primarily as CO2, H2O, and CO. Therefore,

according to the above equations, both the reaction and inhibiting gases are from the

particles. This is in contrast to the gasification experiments, which have an external source

for the reaction gases.

Figure 46 shows the beginning of the reaction section of the PEFR in detail. The black

liquor enters the reactor via the injector and immediately devolatilizes upon exposure to

the radiant heat present in the reactor. This devolatilization creates a certain amount of

CO2 and CO near the particles, which is available for reaction with the fixed carbon.

The large difference between the ID and the OD of the injector causes a zone of separated

flow to be present where the liquor devolatilizes. This separated flow zone will serve to

draw CO2 and CO away from the particles via the recirculating eddies formed in the zone,
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Figure 46: Detail of PEFR reaction zone entrance

decreasing their concentration. Direct evidence of this zone of separated flow can be seen

in the physical characteristics of the char as discussed in Chapter V. At a fixed gas velocity

and collector position, increasing the pressure had the effect of creating larger particles with

a greater size distribution (Figures 27, 28, and 29) due to the increased zone of separated

flow. Increasing pressure caused the zone of separation to be larger, increasing the tendency

for the initially plastic char particles to collide. These collision then caused individual char

particles to coalesce into larger particles, as shown in Table 25.

As the liquor travels down the reactor and away from the separated flow zone at the end

of the injector, the radial component of flow decreases, as shown by Figure 30. Figure 43

showed that carbonate present in the black liquor reduced at a rate independent of pressure.

It could be assumed from this observation that the reduction of sulfate would also reduce

at a rate independent of pressure. With the reduction of carbonate and sulfate providing a

major portion of the secondary CO2 for the residence times investigated, this means that

CO2 was being provided at approximately the same rate at all pressures. Assuming that the

rate of gasification is characterized by equations 6 and 7, the rate of conversion may then

be dictated by the rate at which CO can be transported away from the particle. Diffusivity

decreases as a function of 1/P, so as the pressure increases the rate of CO diffusion away

from the particle decreases and the overall carbon conversion rate decreases.
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Due to the fact that both CO2 and CO are being generated at the same location, exper-

imental validation of this separated flow zone-diffusion theory for the local concentration of

CO is difficult with pyrolysis experiments. Any attempt to change the zone of separated

flow at the beginning of the reactor will change the concentration of both CO2 and CO near

the particle. However, in the gasification experiments a much greater source of reaction

gases is available from the secondary gases. Since the underlying principle is consistent

with both pyrolysis and gasification, this mechanism, along with experimental support, is

further discussed in the next chapter.
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CHAPTER VIII

CARBON CONVERSION DURING GASIFICATION

In addition to the previously mentioned reactions that occur during the pyrolysis (equa-

tions 82 to 86), the gasification of black liquor involves reactions due to the presence of

external CO2 and H2O. While CO2 is generated in the pyrolysis experiments due to de-

volatilization and destruction of carbonates, its formation is limited by the amount of oxygen

present in the black liquor. In the gasification experiments excess CO2 and H2O (with re-

spect to carbon in the black liquor) was added to the system so that all of the carbon in the

black liquor will be reacted at equilibrium. The presence of CO2 in the gasification gases

has the additional effect of suppressing the destruction of carbonates via equation 86. Due

to the oxygen limited situation present in the pyrolysis experiments very little water will

be produced.

Two groups of gasification experiments were performed: one at a constant partial pres-

sure of reacting gases and one at a constant mole fraction of gases. While the constant

partial pressure experiments allow the elucidation of the true effect of pressure on black

liquor gasification, industrial gasifiers do not have the ability to independently manipulate

total and partial pressures. The main operational variable for high temperature oxygen (or

air) blown gasifiers is the stoichiometric ratio (λ) of oxygen to black liquor carbon. There-

fore the industry is more concerned with the effect of increased pressure at a constant mole

fraction.

As previously discussed, the presence of water necessitated the presence of CO and H2

for the constant mole fraction experiments only. The rate at which the water gas shift

reaction (equation 66) approaches equilibrium is a function of the partial pressures of all

gases involved. For the constant partial pressure experiments these were constant, but for

the constant mole fraction experiments the partial pressures will increase with the total

pressure. Therefore, for the constant mole fraction experiments CO and H2 were added in
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sufficient amounts so that the gas phase was at equilibrium with respect to water gas shift

from the beginning. The partial pressure of water was limited by its saturation pressure due

to condensation issues. Increasing the partial pressure of water beyond 0.25 bar will result

in condensation along the liquid cooled collector, exhaust piping, cyclone, and mass flow

controllers. The major problem with this is poor mass closures due to char loss along the

piping. Additionally, a liquid phase present in the exhaust mass flow controllers prevents

them from working properly, resulting in an inability to control the pressure of the reactor.

8.1 Char Yield

(a) Constant partial pressure. 0.25 bar H2O, 0.5 bar
CO2.

(b) Constant mole fraction. 10%CO2, 2%H2O,
1.7%CO, 0.3%H2

Figure 47: Gasification char yields, generated in PEFR at 900oC.

Figure 47 shows the gasification char yields for both the constant partial pressure

(a) and constant mole fraction (b) experiments. When compared with the yields shown in

Figure 42, several observations can be made. First, the initial yield for both gasification

conditions are approximately 80%, lower than the approximately 90% yield for the initial

pyrolysis data points. The lower yield of the gasification experiments is likely due to the

presence of CO2 and H2O causing a larger mass loss due to their reaction with the black

liquor at residence times less than 0.6 seconds. That being said, the initial yield for the
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gasification experiments appears to be independent of the partial pressure of the reacting

gases, since the yields shown in Figure 47 were obtained under four different partial pressures

of CO2 and H2O.

Second, the same phenomenon of constant char yield until approximately two seconds

that was seen in the pyrolysis experiments is observed for the gasification experiments as

well. This can again be attributed to carbonate formation from the reaction with sulfur

species or organically bound oxygen, as described in the pyrolysis section. There will

be no effect on the char yield by the exchange of oxygen from sulfates or thiosulfates

to form carbonates. The total carbon loss steadily increases over the period of constant

yield, meaning that gasification reactions are ongoing. The accepted Langmuir-Hinshelwood

mechanism for gasification involves CO2 chemisorbing onto an active catalyst site (equations

14 through 18). Therefore, the weight of the chemisorbed CO2 must offset the weight of

the carbon lost to gasification.

Past the two second point the yields begin to decrease due to the loss of carbon from

gasification, unlike the pyrolysis chars which lost additional mass due to the reduction

of carbonates. The addition of H2O to the gas phase causes a higher equilibrium level of

carbonate to be established in the system due to sulfur loss to the gas causing excess sodium

in the char. This high carbonate equilibrium reduces the effect of the destruction reactions

that were present during pyrolysis. For the gasification reactions, any yield loss due to the

volatilization of sulfur occurs prior to the first data point. As the residence time increases

no sulfur returns to the condensed phase. This is in contrast to the pyrolysis chars, which

initially lose sulfur that is later recaptured. The fate of sulfur will be further discussed in

Chapter 8.

Figure 48 shows the amount of carbonate present in the char as a percentage of initial

carbonate. Note the higher levels of carbonate present in the gasification chars(500-800%

of black liquor carbonate) than in the pyrolysis chars (300-550% of black liquor carbonate)

shown in Figure 43. The same rapid formation of carbonate as was seen in the pyrolysis

experiments is shown here. Once the gasification carbonate is formed it will remain un-

reacted because of the high carbonate equilibrium present at these conditions, also shown
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(a) Constant Partial Pressure. 0.25 bar H2O, 0.5 bar
CO2.

(b) Constant Mole Fraction. 10% CO2, 2% H2O,
1.7% CO, 0.3% H2

Figure 48: Carbonate content of gasification char as percent of carbonate in black liquor.
Generated in PEFR at 900oC

in in Figure 48. Subfigure (b) has a higher carbonate concentration than subfigure (a).

This is due to both the higher partial pressure of CO2 and the presence of CO. The higher

CO2 partial pressure will inhibit carbonate destruction via equation 86. The CO that was

added to the gas phase in the constant mole fraction experiments will inhibit carbonate

destruction equations 85 and 86. The variation of carbonate equilibrium values shown in

subfigure (b) is due to the varying partial pressure of CO2 and H2O in the constant mole

fraction experiments.

The presence of carbonate plays a significant role in the fixed carbon conversion of

gasification char (see Figure 49), just as it does in the pyrolysis chars (shown in Figure

44). The lower slope in Figure 49 versus Figure 44 is due to the persistence of carbonate

in the gasification system. Higher fixed carbon conversions have a decreased percentage of

carbonate contribution because all the carbonate is formed prior to the first data point and

does not contribute to the overall conversion in the residence times investigated.
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(a) Constant Partial Pressure. 0.25 bar H2O, 0.5 bar
CO2.

(b) Constant Mole Fraction. 10% CO2, 2% H2O,
1.7% CO, 0.3% H2

Figure 49: Percent of fixed carbon conversion due to carbonate for gasification chars gen-
erated in PEFR at 900oC

8.2 Carbon Conversion

According to the commonly accepted mechanism for black liquor gasification, demon-

strated by Li and van Heiningen [45] and Whitty et al [90], the kinetic expressions for CO2

and H2O gasification can be represented by equations 6 and 7, respectively, shown again

here,

−r =
K1[CO2]

[CO2] + K2[CO]

−r =
K3

1 + K4[H2]
[H2O] + K5[CO]

where −r is the rate of carbon loss due to gasification and K1 through K5 are constants.

These equations state that increasing the presence of CO2 or H2O will increase the rate

of carbon gasification, while the presence of CO and H2 will inhibit the rate of carbon

gasification.

Figure 50 shows fixed carbon conversion data for the constant partial pressure gasifica-

tion experiments, conducted under 0.25 bar H2O, 0.5 bar CO2, with the balance of nitrogen.
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Figure 50: Fixed carbon conversion for constant partial pressure gasification char. Gener-
ated in PEFR at 900oC, 0.25 bar H2O, 0.5 bar CO2, balance N2.

Linear best fit lines and their associated equations are also shown in the figure. The rates

of fixed carbon conversion at each pressure, with units of percent fixed carbon per second,

are shown by the slopes of these lines. It should be noted that the five bar experiments

(gasification as well as pyrolysis) had a “superficial” velocity (Vgas/Areactor) of 30 cm/s,

while the 10 and 15 bar experiments were conducted at a 20 cm/s superficial velocity. This

difference in velocity was accounted for when calculating the residence times in Fluent, as

explained in Chapter 4.

The first thing to notice about Figure 50 is that at each pressure, the fixed carbon

conversion is highly linear with respect to time, as evidenced by the high R2 (all > 0.96)

values of the best fit lines. Interestingly, across these same conversions the surface area

of the gasification char varied from approximately 4 m2/g to 115 m2/g, shown in Figure

39. If the rate of carbon conversion was proportional to the surface area of the particles,

then the rates would follow the surface area curves in Figure 39. The rate would start out

relatively constant until 40% conversion, reach a maximum at near 60% conversion, and

then decrease as conversion approaches 100%. Since the rates are linear across the entire
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range investigated it can be concluded that rate is not proportional to surface area at these

conditons.

Secondly, the first four points of the 5 bar gasification data (circled) were generated

using the smaller size particle of 38-53 µm diameter. The main size fraction used in these

experiments was a 75-90 µm size fraction, and the estimated size difference between these

two fractions is shown in Figure 31. The fact that both size fractions give conversions on

exactly the same line give experimental support that there are not any significant internal

concentration gradients at these small particle diameters. Numerical analysis using the

Weisz modulus also support this observation. Critical particle diameters using the Weisz

modulus will be discussed later in this chapter.

Figure 50 does show a decrease in gasification rate with increasing total pressure. In-

creasing the pressure from 5 to 10 bars shows a 57% decrease in the gasification rate. Further

increasing the pressure from 10 to 15 bars decreases the rate by a much smaller 15%. The

same trend of a large decrease in conversion between 5 and 10 bars and a smaller decrease

between 10 and 15 bars was observed in the pyrolysis runs as well (see Figure 45). The

reason for this decrease in rate is due to the local concentration of inhibiting gases of H2

and CO near the particle. This mechanism, along with experimental validation, will be

discussed in the next section.

Figure 51 shows fixed carbon conversion data for the constant mole fraction experiments,

conducted at 10.0% CO2, 2.0% H2O, 1.7% CO, and 0.3%H2. The same linear relationship

between fixed carbon conversion and residence time is seen, with R2 for the best fit lines

greater than 0.96 in all cases. This again suggests that the rate of carbon conversion is

not a function of surface area at these conditions. The same general trend with respect to

pressure and carbon conversion is observed in Figure 51 as in Figures 45 and 50: a large

decrease in rate between 5 and 10 bars, with a smaller decrease in rate between 10 and 15

bars. As in Figures 45 and 50, Figure 51 has a higher superficial velocity for the five bar

experiments (30cm/s) than the ten and fifteen bar experiments (20cm/s).

Figure 52 shows recent work published by Harris [31] in which different types of coal

chars were gasified in a PEFR very similar to the one used for this thesis. Note the similarity
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Figure 51: Fixed carbon conversion for constant mole fraction gasification char. Generated
in PEFR at 900oC, 10%CO2, 2%H2O, 1.7%CO, 0.3%H2, balance N2.

Figure 52: Carbon conversion of coal char for various types. 20 bar, PEFR, O2 balance N2,
O:C ratio 1:1

Source: [31]
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between the conversion curves of Figures 50, 51, and 52. All three plots show an initial

sizable conversion due to devolatilization effects, followed by a slower constant slope due

to the gasification reaction. The rates of coal gasification at 1400oC and the conditions

investigated are similar to those of black liquor gasification at 900oC in this study. While it

is acknowledged that the reaction conditions are somewhat different, the sodium catalyzed

nature of black liquor gasification is largely responsible for the ability of black liquor to be

gasified at the same rate at a much lower temperature.

8.3 Conversion Rate Limiting Step

The similarity of Figures 45, 50, and 51 suggest a common rate limiting step. Increasing

the pressure does result in a decrease in the surface area of the resultant chars, but this

difference is quickly eliminated once fixed carbon conversion nears 40% (Figure 39). The

linear rate vs. time curves shown in 45, 50, and 51 clearly show that the rate of carbon

conversion is not a function of surface area, as previously discussed.

The constant partial pressure experiments shown in equation 50 are particularly useful

in eliciting a mechanism, as the gas concentrations of CO2 and H2O shown in equations 6

and 7 are constant at all pressures. The conditions for the experiments were chosen so that

a sufficient excess of oxidizing gases (at least a 15:1 molar ratio of CO2 and H2O to black

liquor carbon) would be present at all pressure (shown in Table 21), so the concentration

of CO2 and H2O can be assumed to be constant in all cases as well.

Equations 6 and 7 suggest another source for the difference in rates: the local concentra-

tion of CO and H2 near the particle. CO and H2 will be generated by two primary sources:

initial devolatilization of the black liquor and the gasification reactions between CO2 and

H2O and the fixed carbon in the black liquor. The fact that there are two sources of inhibit-

ing gases, coupled with the geometry of the reactor, allows for experimental investigation.

The devolatilization of black liquor begins at approximately 200oC, which is 700oCbelow

the experimental temperature. The radiant heat flux from the walls of the reactor, coupled

with the preheated secondary gases, heat the black liquor particles to the reaction temper-

ature within the first several millimeters of the reactor. It can therefore be assumed that
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black liquor devolatilization and the evolution of inhibiting gases associated with it will

occur in this region as well. The large difference between the inner and outer diameter of

the injector (Figure 46) creates a zone of separated flow near the tip of the injector (Figure

30). In addition to having physical effects on the char structure (Figure 27 and Table 25),

this zone of separated flow will serve to remove the inhibiting devolatilization gases that

are generated in the same region.

The second source of inhibiting gases is the formation of product gases from the gasi-

fication reaction themselves. At the isothermal experimental conditions the diffusivity of

these inhibiting product gases will be a function of 1/P.

Since the slopes (therefore the carbon conversion rates) of the 10 and 15 bar experiments

are very similar to each other it can be assumed that there is a more complex explanation to

the concentration of inhibiting gases near the particles than diffusion rates alone. Inhibiting

gas concentrations near the particles will also be a function of the zone of separation that

is formed at the tip of the injector.

If the presence of CO and H2 limit the rate of reaction, the rate of reaction at isothermal,

constant partial pressure conditions will be a function of the gas phase Reynolds number

and the diffusivity of the gases. Algebraically this can be expressed by equation 94

−r = K(Re)a(Dab)b (94)

where Re is the gas phase Reynolds number, Dab is the diffusivity of the inhibiting gases,

and K, a, and b are unknown constants.

While it is impossible to change the fact that diffusivities scale with 1/P, it is possible to

change the size of the separated flow zone, and therefore the amount of CO and H2 removed

from near the particles at the beginning of the reactor. At a fixed geometry the separated

flow zone that is generated at the entrance of the reactor is a function of Reynolds number

of the gas, shown in equation 73. Increasing density (via pressure) or increasing velocity

(via mass flow) will change this value. Therefore an additional set of experiments were

performed at 5 bar total pressure and 0.25 bar H2O, 0.5 bar CO2 in which the mass flow

of gases was reduced to 2/3 of the original 5 bar experiments. While the mass flow of gases
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were decreased, there was still a 15:1 ratio of oxidizing gases to fixed carbon in the black

liquor, so the concentration of gases can still be assumed to be constant throughout the

length of the reactor.

Using the slopes of the best fit lines from the constant partial pressure data (shown in

Figure 50), it was possible determine the values of the unknown constants in equation 94.

The values for these constants are shown in Table 27. Once the values of the unknowns

were determined it was possible to predict the rate of carbon gasification of the lower flow

rate 5 bar experiment. As can be seen in the table, the model predicts the slope of the 5

bar lower flow rate experiment very well.

Table 27: Constants for gasification empirical equation -r = K(Re)a(Dab)b

Experimental Re Dab Act. Slope Calc. Slope % Error
Conditions # cm2/s g/g-s g/g-s
5 bar 30cm/s 790.5 0.4 0.330 0.330

10 bar 1054 0.2 0.141 0.141
15 bar 1581 0.13 0.121 0.121

5 bar 20cm/s 527 0.4 0.186 0.185 0.58%

K = 1.31 ×10−4 g-secb−1/cm2b

a = 1.42
b = 1.81

Figure 53 compares the slopes of the two constant partial pressure five bar gasification

experiments. The data from both experiments are very linear, with R2 of the best fit

lines 0.99 and 0.97 for the 30 cm/s and 20 cm/s gas velocities, respectively. Decreasing the

velocity by a factor of 2/3 had the effect of decreasing the rate of gasification by 44%. There

was at least a 15:1 excess of H2O and CO2 to black liquor carbon for the experiments, so

this was not a factor in the rate difference. Both experiments had the same partial pressures

of CO2 and H2O, making their concentrations in equations 6 and 7 the same. Since both

experiments were conducted at the same pressure and temperature, the diffusivity of the

product gases from the gasification reaction will be the same for both conditions. Decreasing

the velocity of the gas will, however, result in a smaller zone of separated flow at the entrance

of the reactor. This smaller zone of separated flow will draw away less of the CO and H2 that

were generated from the initial devolatilization of the black liquor from near the particles
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Figure 53: Fixed carbon conversion comparison for 5 bar constant partial pressure gasifi-
cation at two Reynolds numbers. Generated in PEFR at 900oC, 5 bar total pressure, 0.25
bar H2O, 0.5 bar CO2, balance N2.

at the entrance of the reactor. This higher concentration of CO and H2 will result in a

lower rate of carbon gasification in the experiment, vis á vis equations 6 and 7. Therefore,

at these conditions the rate of inhibiting gas removal from near the particle will dictate the

rate of gasification.

Figure 54 is a plot combining the lower flow rate 5 bar gasification experiments with

the 10 and 15 bar gasification experiments, so that the superficial velocity at all pressures

is equal. The slope of the five bar gasification data is much closer to the ten and fifteen bar

data than in Figure 50. This significant decrease is due to the smaller zone of separated

flow at the beginning of the reactor removing less of the inhibiting CO and H2 that was

generated during the initial devolatilization of the liquor. Increasing the pressure still

decreases the overall gasification rate, however, shown by decreasing slopes with increasing

pressure. Statistical analysis of the data in Figure 54 reveals that the differences in slopes

are not significant, with only a 75% chance that the slopes between the five and ten bar

data in Figure 54 are different. The procedure for this analysis is shown in Appendix D.
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Figure 54: Fixed carbon conversion for constant partial pressure gasification char at fixed
gas velocity. Generated in PEFR at 900oC, 0.25 bar H2O, 0.5 bar CO2, balance N2.

This empirical equation shown in equation 94 explains the effect of only pressure on

the rate of gasification, and under the geometry constraints of the PEFR. The effect of

reactant gas concentration is not included, as evidenced by the lack of concentration terms.

Changing the geometry of the entrance will effect gas flows and consequently the values of

the constants in equation 94.

The rate of diffusion, DAB, is characterized by the Chapman-Enskog equation [8]

DAB =
KT 3/2

Pσ2
ABΩD

√
1

MA
+

1
MB

(95)

where K is a constant, T is temperature, σAB is the collision diameter, ΩD is the collision

integral, and M is molecular weight. Substituting ρ = P/RT in equation 73 results in

Re =
vPL

RTµ
(96)

where v is velocity, P is pressure, L is a characteristic length, R is the ideal gas constant,

T is temperature, and µ is viscosity. Combining equations 95 and 96 into equation 94 at

constant temperature, gas concentrations, and geometry results in equation 97

−r = KvaP a−b (97)

130



where r is the fixed carbon gasification rate, K, a, and b are constants, v is gas velocity, and

P is pressure. Substituting the values for a and b from Table 27 gives equation 98,

−r = K
v1.42

P 0.39
(98)

which has the same definitions as equation 97. Equation 98 indicates that at a given pressure

increasing the gas velocity will increase the rate of gasification, and at a fixed gas velocity

increasing the pressure will decrease the rate of gasification. These two observations are

consistent with what has been seen in other studies and in industry.

8.4 Critical Diameters

With the information that has been collected regarding gasification rates and char char-

acteristics, it is possible to calculate estimates of critical diameters for char particles. The

critical diameters are the diameters at which the Weisz Modulus (equation 50), shown again

below, has values less than 0.15, meaning that there are negligible internal concentration

gradients of reacting gases in the particle.

Mw =
rρcf

L2

McCgasDeff

The effective diffusivities used in the critical diameter calculations use the average pore

diameter of the constant partial pressure gasification chars to account for pore diffusion

resistance. The average pore diameters for these chars were calculated by equation 80, and

are shown in Figure 41.

The mean free path of a gas molecule can be calculated by equation 99 [43]

λ =
RT√

2πd2PNo

(99)

where λ is the mean free path of a gas molecule, R is the ideal gas constant, T is temperature,

d is the molecular diameter of the molecule, P is pressure, and No is Avogadro’s number.

Comparing the average pore radius to the mean free path of the gas molecules gives an

indication as to the relative importance of Knudsen verses Fickian diffusion. This ratio is

shown in Figure 55 for CO2 and H2O molecules.
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(a) CO2 (b) H2O

Figure 55: Ratio of mean free path to pore diameter for chars in constant partial pressure
gasification experiments. Generated in PEFR at 900oC, 0.25 bar H2O, 0.5 bar CO2, balance
N2.

The higher values for λ/2rp for H2O reflect the smaller diameter of the water molecule

and therefore a longer path length. In no instance, however, does the path length approach

more than 10% of the average pore diameter, so the importance of Knudsen diffusion is

very limited in the overall calculation for effective diffusion. The effective diffusivities in the

particles were calculated using equation 43 with the worst case assumption of a tortuosity

of 7.

Table 28: Critical diameters for constant partial pressure gasification chars
Pressure Porosity Minimum Pore Radius Minimum Critical Diameter

Bar % µm mm
5 97.8 0.59 0.91
10 96.6 0.43 0.74
15 93.9 0.25 0.59

Using the modified Weisz Modulus shown in equation 50, the critical diameters for 5,

10, and 15 bar gasification char are shown in Table 28. The critical diameter is the diameter

at which internal diffusion resistance is negligible to the overall resistance to reaction. A

particle smaller than the critical diameter will have constant reacting gas concentrations
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along its radius, while a particle larger than the critical diameter will have decreasing

reactant gas concentration toward the center of the particle. Since the average pore diameter

is a function of the surface area of the char (see equation 80), only the minimum pore radii

and critical diameters for each pressure are shown in Table 28.

Other assumptions that were made in the calculations of the critical diameters shown

in Table 28 include:

• Constant char porosity which is equal to the short residence time pyrolysis char poros-

ity determined at the given pressure

• Constant char bulk density which is equal to the short residence time pyrolysis char

density determined the given pressure

• Constant diffusion coefficients along the entire radius of a char particle

• Reaction conditions and rates equal to those of Figure 50.
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CHAPTER IX

SULFUR PHASE DISTRIBUTION

In addition to producing a high quality syngas, a gasifier in a pulp mill will have

the additional constraint of producing a green liquor suitable for recovery of the pulping

chemicals. Of particular importance to this is the ultimate phase distribution of sulfur in

the gasifier. In combustion the stoichiometric amount of oxygen allows the sulfur to remain

oxidized as Na2SO4 until its eventual reduction in the smelt bed prior to leaving the boiler.

In gasification, however, sulfur is split between the gas and condensed phases. There are

advantages and disadvantages to this split of sulfur between the phases.

The kraft pulping process derives its name from the german word for “strong”. One of

the main reasons that the kraft process produces a stronger fiber is the presence of Na2S in

the pulping liquor. Na2S is known to selectively attack and degrade lignin molecules over

cellulose to a much greater extent than NaOH. The presence of sulfur in the gas phase in

gasification allows for its separate recovery. This sulfur can then be used to produce liquors

with different sulfidities or polysulfide liquor in order to take full advantage of sulfur’s

selective pulping properties. Several alternative pulping processes have been developed

that require separation of sulfur and sodium, such as polysulfide anthraquinone (PSAQ),

mini-sulfide sulfite anthraquinone (MSSAQ), and alkaline sulfite anthraquinone (ASAQ)

[14, 34, 49, 50].

The disadvantage of the sulfur split between phases is the generation of additional

carbonate in the process. While the sulfur is split between the phases, sodium remains

completely in the condensed phase. Therefore, for every mole of sulfur that enters the gas

phase there are two moles of sodium that are left behind. Extra carbonate must be formed

to make up for the loss of sulfur to the gas phase, so that the remaining sodium has an anion

associated with it. Overall, for every mole of sulfur that leaves the condensed phase an extra

mole of carbonate is formed to replace it. The extra formation of carbonate means that
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much more energy must be spent in the recausticization process, which uses heat to drive

off CO2 from calcium carbonate. The remaining lime, or CaO, is used to convert sodium

carbonate to sodium hydroxide via reaction 2. This extra energy is very cost prohibitive and

significant work is being done to ameliorate the additional causticizing load associated with

the phase split of sulfur. Most of this work revolves around the use of titanates, borates,

or manganates which bind sodium in the gasifier and prevent the formation of carbonates

[59, 60, 61, 96].

While increasing energy efficiency, pressurization of the gasifier may also result in more

sulfur converted to the gas phase. The primary equilibrium of interest in the production of

gas phase sulfur is shown in equation 8 [48], shown again here,

Na2S + CO2 + H2O ←→ Na2CO3 + H2S

where two moles of gas are in equilibrium with one mole of hydrogen sulfide and sodium

carbonate. With two mole of gas on the reactant side and only one on the product side,

increasing the pressure will result in the equilibrium shifting to the right via Le Châtelier’s

principle.

9.1 Sulfur Distribution During Pyrolysis

Figure 56 shows the sulfur in the chars generated in the pyrolysis experiments. At t=0,

100% of the sulfur will be in the liquor. For all pressures, the minimum amount of sulfur

retained occurs at the shortest residence time, indicating that upon initial devolatilization

and pyrolysis a significant portion of the sulfur is vaporized. The equilibrium level of

sulfur in the char is 100%, as shown in Figure 56. The sulfur in the char asymptopically

approaches this equilibrium at all pressures with increasing residence time. The five bar

char reaches equilibrium first, somewhere between 1.0 and 1.2 seconds. The ten bar char

reaches its equilibrium level of sulfur around 2.5 seconds, and the fifteen bar char reaches

its equilibrium near 3.5 seconds.

This increased time for the sulfur to return to the condensed phase with increased

pressure indicates a diffusion-type process is involved, since increasing pressure decreases

diffusion rates. These observations are entirely consistent with previously published results
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Figure 56: Sulfur phase distribution for pyrolysis char

by Sricharoenchaikul et al. [72], in which time dependent data was obtained for sulfur

species evolved during pyrolysis of kraft black liquor in both the gas and condensed phases.

The authors concluded that large amounts of organic sulfur gases were generated during

the initial devolatilization of liquor by both the vaporization of organically bound sulfur

and the insertion of elemental sulfur (produced by the decomposition of Na2S2O3 to S via

equations 23, 24, or84) into hydrocarbon fragments.

The elemental sulfur could then react with the sodium catalyst sites present in the black

liquor char to form Na2S. Another mechanism for Na2S formation could be the gas phase

reaction between elemental sulfur and volatilized sodium. While the sulfur is converted to

gaseous species very rapidly, sodium volatilizes more slowly. This is shown in Figure 57,

which clearly shows a decrease in the sodium content of the pyrolysis chars at all pressures.

A minimum is reached between 2 and 3 seconds for the 10 and 15 bar chars, after which

sodium returns to the condensed phase. Given the fact that sulfur has been shown to return

to the condensed phase under conditions in which sodium volatilization is minimal the gas

phase reaction is thought to be of secondary importance.
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Figure 57: Sodium phase distribution for pyrolysis char, generated in PEFR at 900oC.

9.2 Sulfur Distribution During Gasification

(a) Constant partial pressure. 0.25 bar H2O, 0.5 bar
CO2, balance N2

(b) Constant mole fraction. 10%CO2, 2% H2O, 1.7%
CO, 0.3 % H2, balance N2

Figure 58: Sulfur phase distribution for gasification chars, generated in PEFR at 900oC.

The sulfur phase distributions for the gasification experiments are shown in Figure 58.

Subfigure (a) refers to the constant partial pressure experiments, while subfigure (b) refers
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to the constant mole fraction experiments. The equilibrium fraction of sulfur remaining in

the condensed phase are included in each figure as well. The wider sulfur equilibrium found

in the constant mole fraction experiments (subfigure (b)) is due to the range of H2O partial

pressure associated with those experiments. The constant partial pressure experiments

had a much smaller condensed phase sulfur equilibrium since the partial pressure of water

was invariant with total pressure. The broader sulfur equilibrium in the constant mole

fraction experiments seems to be reflected in the broader range of sulfur remaining in the

char. A very definite equilibrium seems to be established with the constant partial pressure

experiments, while a broader distribution of sulfur is shown in the constant mole fraction

experiments.

For analysis of the mechanism in Figure 58 it is useful to observe the behavior shown

in Figure 56. The pyrolysis char showed a significant loss of sulfur to the gas phase during

the devolatilization of black liquor, which was consistent with previous research [72]. Since

the liquors devolatilize similarly whether in the presence of reacting gases or not, what

appears to be happening is that the gas phase organic sulfur compounds that were created

during devolatilization are reacting with the gas phase. The products of these reactions are

thermodynamically stable, probably H2S or COS. The sulfur associated with these gases

does not return to the condensed phase in these experiments, shown by the constant level

of sulfur in the char at increasing residence times in Figure 58.

The equilibrium that seems to be established is greater than what was predicted by the

thermodynamic modeling. There are two possible explanations for this. The most probable

explanation is that the assumption of ideality of the molten phase solution of K2S, K2CO3,

Na2S, and Na2CO3 is incorrect. This system is not very well understood at this time,

and small changes in the activities of components in the solution can have large effects

on the ultimate destination of sulfur. Work is ongoing in Sweden to better characterize

this system. A second possibility is that the kinetics of the reaction between Na2S, CO2,

and H2O (shown in equation 8) are sufficiently slow as to not significantly effect the sulfur

distribution at these residence times.
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CHAPTER X

SUMMARY AND RECOMMENDATIONS

10.1 Char Physical Characteristics

A series of experiments were conducted in which pyrolysis chars were created at 5, 10 and

15 bars of pressure and at approximately one second residence time. These chars were then

analyzed for their physical characteristics using a suite of analytical techniques, including

surface area analysis, porosimetry, size distribution, and microscopy.

1. Effects of pressure on char physical characteristics occur primarily at short

residence times.

It was found that the effect of pressure on the physical characteristics of black liquor

char manifest themselves primarily at short residence times. The reason for this is

two-fold. First, it is well documented that black liquor swells upon devolatilization

[18, 21, 23, 24, 33]. This swelling is due to the generation of gases from the volatile

portions of black liquor. These gases have a very large specific volume and their rapid

evolution causes the swelling of the black liquor particle. Second, black liquor char is

plastic in nature when it is generated under pressurized, high heating rate conditions.

This correlation between pressure, heating rate, and plasticity has been found in

biomass and coal chars as well [12, 51, 82, 95]. The mechanism that is currently

believed to cause this phenomenon is the partial thermal degradation of the carbon

matrix into aromatic radicals which remain in the matrix for a limited time [26]. The

presence of these radicals in the carbon matrix decreases its viscosity and allows the

particle to become plastic when stresses such as those created by the devolatilization

gases are placed upon it. These aromatic radicals are present in the carbon matrix

only for a short time before they become stabilized and form primary tars. Increasing

the pressure increases the amount of time that these primary tar precursors are present
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in the matrix, resulting in a decrease in the softening temperature and viscosity of

the carbon matrix.

2. Increasing pressure decreases the porosity of the char.

Increasing the pressure of the reactor had the effect of increasing the bulk density

of the resultant pyrolysis char. This conclusion could also be stated as increasing

pressure decreased the porosity of the pyrolysis char, since porosity is calculated as

1 − ρb/ρp, where ρb is the bulk density and ρp is the particle density of the char.

The porosity present in these chars is caused by the evolution of volatile gases during

devolatilization. Increasing the pressure of the reactor will decrease the specific volume

of these devolatilization gases, resulting in less total volume to generate void spaces

in the char particles. Another reason for the decrease in porosity is that increasing

pressure will increase the amount of PV work required to expand the particle. At a

given volumetric expansion, doubling the pressure under which that expansion will

take place will double the amount of work required, as shown by equation 100.

W =
∫ V2

V1

PdV (100)

Along with increasing the work required to expand the particle, higher pressure re-

sults in lower specific volumes of gases, decreasing the amount of energy available for

expansion. The same amount of char mass in a smaller expanded volume will result

in higher bulk density and lower porosity.

3. Pressure affects the swelling and reagglomeration of char particles.

The inverse relationship between pressure and swelling manifested itself in a unique

way: the physical size reduction of black liquor into smaller char particles at five bar

pressure. At the conditions investigated, under five bar pyrolysis it was observed that

at least seven times as many individual char particles were collected as black liquor

particles were fed. This is thought to be due to the high heating rates of the PEFR

causing sufficiently fast generation of devolatilization gases as to physically tear the

char particle apart. This size reduction must have occurred immediately after the
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black liquor entered the reactor since the five bar short residence time pyrolysis char

consists of small spheres clustered together. This means that the size reduction of the

black liquor occurred early enough that the smaller particles continued to devolatilize

in a plastic state and generate additional hollow spheres.

Increasing the pressure to ten and fifteen bar resulted in less char particles being

collected in the cyclone than black liquor particles fed into the reactor. There could

be two possible explanations for this fact. First, the higher pressure of the ten and

fifteen bar runs result in increased PV work required to expand the particle and smaller

specific volumes of devolatilization gases. These factors result in insufficient energy

for the black liquor to physically blow apart. The second explanation is the char

particles blew apart at ten and fifteen bars and coalesced into larger particles prior

to being collected. This coalescence of particles would be a function of the frequency

and intensity of collisions, and thus the Reynolds number of the gas phase, which

increased with increasing pressure in these experiments. Coalescence would also be a

function of char plasticity. If black liquor chars behave similarly to coal chars with

respect to pressure and plasticity, then increased pressure would make the char more

plastic and better able to form larger particles.

A secondary effect of increasing pressure is an increase in the average size and wider

size distribution of the char particles. This phenomenon was quantified by the volume

distributions of the pyrolysis chars and supported by visual and electron microscopy

of the char particles. The five bar chars consist of small spheres clustered together.

Increasing the pressure to 10 bars results in slightly larger, individual spheres, with

some amorphous char particles. Increasing the pressure to 15 bar results in a char

that is almost exclusively larger, individual spheres and large amorphous particles.

This finding is classified as a secondary effect because it is largely thought to be

due to the larger zone of separated flow present at the higher pressure experiments.

This zone became larger with increasing pressure due to higher gas phase Reynolds

numbers. The larger separated flow zone resulted in more char particles colliding
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together at the entrance to the reactor, when they are in their initial plastic state.

Increasing pressure may increase the plasticity of black liquor char in a manner similar

to that observed in coal char [82, 95]. This would increase the tendency for the higher

pressure chars to coalesce into larger particles.

4. Pressure affects char surface area only at low carbon conversions.

Black liquor pyrolysis char exists primarily as smooth, hollow spheres at short

residence times. These chars would be classified as cenospheric under currently used

coal terminology [82]. Direct evidence for this can be seen by scanning electron mi-

crographs of the short residence time pyrolysis chars. All pictures show the existence

of relatively smooth, spherical particles. Many pictures show broken particles which

appear to have primarily hollow interiors.

As stated previously, the density of these pyrolysis char particles increase with

increasing pressure. This increase in density results in a decrease in the specific

surface area of these chars due to their mainly hollow, spherical geometry.

By comparing total surface area determined by nitrogen adsorption to the calcu-

lated external surface area of the chars (using their experimentally determined size

distribution and density, and assuming spherical geometry), it was discovered that

the total to external surface area ratio was between 1.2 and 2.0 for these chars. For a

perfectly smooth and hollow sphere this ratio would be 2.0. This data indicates that

the black liquor char initially consists of relatively smooth hollow spheres with little

microporosity.

Further physical changes occur with the char as carbon conversion continues. Sur-

face areas for gasification chars were shown to stay close to the short residence time

pyrolysis char surface area until approximately 40% carbon conversion. Five bar gasi-

fication char had surface areas of approximately 19 m2/g, ten bar gasification char

of approximately 10 m2/g, and fifteen bar approximately 4 m2/g. After 40% carbon

conversion the surface areas all increased irrespective of pressure to a maximum of

around 115 m2/g near 60% carbon conversion. This increase in surface area is due to
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the reduction in char plasticity at higher carbon conversion. This reduction in plas-

ticity may be due to the loss of aromatic radicals in the carbon matrix (as explained

by Gadiou for coal chars [26]), or some other mechanism of thermal degradation of

the carbon matrix. Once char plasticity is lost, increasing conversion from gasification

results in an “erosion” of the relatively smooth surface of the char. This is supported

by SEM micrographs of the black liquor char made at several different carbon con-

versions. After approximately 60% conversion, increasing carbon conversion results

in the removal of the non-plastic carbon and allows for the molten inorganic salts to

begin to dominate the surface characteristics of the char. As conversion approaches

100% chars from all pressures return to approximately 10 m2/g and an approximately

spherical shape.

10.2 Carbon Conversion

10.2.1 Carbon Conversion During Gasification

1. The rate of carbon conversion is limited by inhibiting gas concentration

near the char particles.

The commonly accepted Langmuir-Hinshelwood rate expressions for black liquor

gasification are shown in equations 6 and 7 and are repeated here.

−r =
K1[CO2]

[CO2] + K2[CO]

−r =
K3

1 + K4[H2]
[H2O] + K5[CO]

The constant partial pressure experiments were particularly useful in determining

the rate limiting step for carbon gasification because in these experiments the concen-

tration of H2O and CO2 were equal at all pressures. The rate of carbon gasification,

however, decreased from 33%/sec at 5 bar to 12.1%/sec at 15 bar. With a decreasing

carbon conversion rate at constant reactant gas partial pressures, the next area that

needed to be investigated was product gas inhibition of the reaction.

The inhibiting gases near the particle are generated in devolatilization as well

as gasification of black liquor. Increasing the pressure will decrease the ability of
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CO to diffuse away from the gasification site due to decreased diffusivity, this fact is

unavoidable. However, the presence of a zone of separated flow created by the black

liquor injector wall allowed for experimentally investigating the effect of removing CO

from the devolatilization stage. Decreasing the gas phase Reynolds number by 2/3

had the effect of lowering the rate of carbon gasification at five bar total pressure and

fixed partial pressure from 33%/sec to 18.6%/sec. Given the R2 values and difference

in slopes of the linear best fit lines associated with these data there is a greater than

99.7% probability that these two slopes are not equal [94].

At both conditions there was a sufficient excess of CO2 and H2O to black liquor

carbon present (at least 15:1 molar ratio), so there were no issue regarding limited

amounts of reactant gas. The diffusivities of CO and H2 in the gas phase will be the

same since they are a function of temperature and pressure, both of which remained

constant. It was therefore concluded that the decrease in carbon conversion rate

associated with the decrease in gas phase Reynolds number was due to the smaller

zone of separated flow created at the tip of the injector. This smaller zone of separated

flow drew away less of the inhibiting gases that were generated by the black liquor

when it rapidly devolatilized upon entering the reactor. This higher concentration

of inhibiting gases inhibited the rate of carbon gasification vis á vis equations 6 and

7. When the gasification rates were compared at a constant superficial velocity no

statistical difference was found.

This same phenomenon of separated flow zone removal of devolatilization CO

can be used to explain the behavior of the constant mole fraction experiments. In

these experiments, a large decrease in carbon gasification rate was seen between five

and ten bar (28.1%/sec to 16.7%/sec), with a much smaller decrease at fifteen bar

(15.3%/sec). As in the consant partial pressure experiments, the five bar experiments

at constant mole fraction were at a higher gas velocity than the ten and fifteen bar

experiments.

Since the mole fraction of CO2, H2O, CO, and H2 were varied at a constant
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molar ratio, the partial pressures of these gases increased with the total pressure.

Despite the very different gas environments between the constant partial pressure

and constant mole fraction experiments almost the same trends were seen regarding

carbon gasification rate and pressure. This further supports the conclusion that the

zone of separated flow at the injector tip plays an important role in the rate of carbon

gasification at these conditions.

If both the gas phase Reynolds number and diffusivity play a role in the rate of

carbon conversion, then at a fixed geometry, temperature, and gas composition an

expression for gasification rate may be presented by equation 94, shown again here.

−r = K(Re)a(Dab)b

In equation 94 the constants K, a and b were solved for using actual gas phase Reynolds

numbers and diffusivities and the experimentally determined gasification rates for the

constant partial pressure gasification experiments at five, ten, and fifteen bar total

pressure. This equation was then able to predict the slope of the five bar constant

partial pressure gasification experiment at the lower Reynolds number to within 1%

error.

2. Increasing pressure decreases the critical diameter of char particles at a

constant partial pressure.

The rates of gasification for the constant partial pressure experiments were used to

determine critical diameters of char particles using the Weisz modulus. The critical

diameter is the diameter that a particle has to be less than in order to not have any

significant intraparticle concentration gradients. Using experimentally determined

porosities, surface areas, and gasification rates, diameters were calculated so that the

Weisz modulus would be equal to 0.15, the commonly accepted value above which

intraparticle concentration gradients become significant. It was found that increasing

the total pressure from 5 to 15 bar at 0.25 bar H2O and 0.5 bar CO2 resulted in a

critical diameter decrease from 0.91 to 0.59 millimeters at the experimental conditions

investigated.
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The decrease in critical diameter with increasing pressure is particularly impor-

tant in light of the previously mentioned phenomenon of increasing particle size with

increasing pressure. The increase in particle size is because of more char particle colli-

sions due to a larger zone of separated flow, increased plasticity of the char due to tar

precursors remaining in the solid char matrix for a longer period, or a combination of

the two. Increasing pressure also decreases the diffusivity of the reactant and product

gases. These two factors are contradictory to each other and will be an important

consideration for black liquor nozzle design in future pressurized gasification reactors.

10.2.2 Carbon Conversion During Pyrolysis

3. Pyrolysis char yields are independent of pressure.

Carbon conversions under pyrolysis conditions of 900oC, 100%N2, and 5, 10, and

15 bar were investigated. There was no effect seen of increasing pressure on the initial

pyrolysis char yield, indicating that yield is independent of pressure. At residence

times longer than approximately two seconds yields began to decrease more rapidly

at lower pressures, but this was due to the faster carbon loss from secondary pyrolysis

reactions at these pressures.

4. Pyrolysis carbon conversion rates are independent of pressure.

As with both groups of gasification experiments, increasing the pressure of py-

rolysis decreased the rate of pyrolysis conversion. However, there was no statistical

significance to the decrease in rates from five to ten bars of pressure. Furthermore,

the five bar pyrolysis experiments were conducted at a higher gas velocity than the

ten and fifteen bar experiments. Decreasing the velocity of the five bar experiment

would further decrease the difference in pyrolysis conversion rates between five and

ten bars. The conversion rates for the ten and fifteen bar pyrolysis experiments were

almost identical.

The independence of pressure on pyrolysis conversion can also be explained by the

zone of separated flow. Since the black liquor is the source of both the reaction and
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inhibiting gases, changing the gas phase Reynold’s number will affect the concentration

of both equally. The overall difference in slopes for the pyrolysis runs is smaller than

the gasification runs because the zone of separation removes any CO2 or H2O, as well

as inhibiting gases, that are generated during devolatilization from near the particles.

10.3 Sulfur Phase Distribution

1. Significant amounts of sulfur are lost to the gas phase at the pyrolysis

conditions investigated.

The effect of pressure on the phase distribution of sulfur was determined by

first analyzing the sulfur distribution under pyrolysis conditions. Under pyrolysis

conditions 100% of the sulfur exists in the condensed phase at equilibrium, primarily

as Na2S. It was found that at short residence times a significant portion (up to 45%) of

the sulfur was lost to the gas phase. At all pressure the first data point had the least

amount of sulfur remaining in the condensed phase, with each increasing residence

time having more sulfur until 100% of the sulfur returned to the condensed phase.

This suggests that the actual maximum amount of sulfur lost occurred prior to the

first residence time investigated.

This observation is consistent with previous studies [72], in which concentrations of

sulfur species in the gas and condensed phases were determined as a function of time

and temperature at similar conditions. It was found by Sricharoenchaikul et al. that a

significant portion of the sulfur (greater than the amount of organically bound sulfur)

formed organic sulfur species in the gas phase. This was thought to occur through

decomposition of thiosulfate to elemental sulfur, with that sulfur being inserted into

hydrocarbon gases. Further reactions of the organic sulfur gases resulted in the sulfur

returning to the condensed phase.

In this work, higher pressures increased the time that it took for the sulfur to

return to the condensed phase, indicating that a diffusional process was involved in

the recapture of the sulfur. The sulfur containing gases could diffuse back to the char
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surface, where they would react with the catalytic sodium and form Na2S. Analysis of

the sodium concentrations of pyrolysis char also showed that as the amount of sodium

decreased in the char, the amount of sulfur increased. The presence of volatilized

sodium and organic sulfur gases would also cause the formation of Na2S, although

this is probably of secondary importance in this study.

2. Pressure has no effect on sulfur loss at the gasification

conditions investigated.

Sulfur phase distributions under constant partial pressure gasification conditions

were very consistent. Between 30 and 40% of the sulfur remained in the condensed

phase at all pressures and residence times studied. In light of the observed mechanism

from the pyrolysis experiments, what appears to happen is that sulfur is initially lost

due to initial devolatilization and pyrolysis reactions. These gas phase sulfur species

then react with the water also present in the gas phase to produce thermodynamically

stable gas phase species, such as H2S. This sulfur did not return to the condensed phase

at the conditions investigated.

In the constant mole fraction experiments similar sulfur behavior was observed.

An equilibrium seemed to be established prior to the first data point, with the level

of sulfur remaining in the condensed phase remaining constant across the range of

residence times investigated. The amount of sulfur remaining in the char from the

constant mole fraction experiments varies more than that in the char from the constant

partial pressure experiments. This may be due to the wider sulfur equilibrium range

of these experiments because of the varying partial pressure of H2O. Increasing the

pressure appears to slightly decrease the average sulfur remaining in the resultant

gasification chars, but no statistical significance can be assigned to this observation.

10.4 Recommendations For Future Work

• Effect of temperature on black liquor gasification at elevated pressures

This thesis indicates that the presence of inhibiting gases near the black liquor
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particles limits the rate of carbon conversion. It has also shown that with careful

operation, very good carbon conversion data can be obtained from the PEFR. With

the operational knowledge gained from this project it would be interesting to quantify

the effect of temperature on various aspects of black liquor gasification, including char

yields and carbon gasification rates. Arrhenius plots of carbon conversion could be

generated at different pressures and their activation energies compared with those

obtained by TGA analysis.

• Effect of gas composition on black liquor gasification at elevated pressure

The PEFR allows for a very wide range of gas partial pressures to be used for gasifi-

cation reactions. The systematic variation of CO2, H2O, CO, and H2 partial pressures

would serve to better illustrate the relative importance of these gases on accelerat-

ing and inhibiting gasification reactions. Currently the system is limited to water

partial pressures of approximately 0.25 bar due to condensation issues. Equipment

modifications will be required to be able to significantly increase this limit.

• Gas phase analysis of components

Analysis instruments (FTIR, CO2/CO analyzers, etc.) are currently located on

the exhaust gas train but they are not calibrated. This system should be calibrated

and updated prior to the next large investigation conducted on this reactor. Gas

phase compositions as a function of residence time and pressure will be very useful in

eliciting the mechanisms and transient species involved in black liquor gasification.

• Condensed phase sulfur analysis

Along with gas phase analysis, sulfur speciation in the condensed phase will be

useful in eliciting mechanisms regarding sulfur species transitions and the effect of

pressure on them. A capillary electrophoresis unit is now operable, and separate work

has shown that it is possible to analyze PEFR char successfully with this unit.

• Collaboration with ETC-Pitea, Georgia Tech, and others to increase visibility of re-

actor
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The PEFR is truly a world-class reactor. Unfortunately is is currently being under

utilized. Collaborative efforts have been made in the past with several institutions.

This work should increase in order to achieve greater exposure in the scientific world.

The IPST should leverage their engineering and experimental expertise in cooperative

agreements with ETC-Pitea, Georgia Tech, or others who have strengths in numerical

modeling or other areas.

While not directly associated with the paper industry or forest biorefineries, I believe

that investigations with coal would also serve as an important source of information. I

believe that coal gasification is the technology that will be the major competitor with

a thermochemical biorefinery. It would be helpful to have exact comparisons when

discussing differences between the competing technologies. While significant amounts

of data exist on coal gasification, oftentimes the only way to get the exact data needed

is to produce it yourself.
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CHAPTER XI

CONCLUSIONS

1. Effects of pressure on char physical characteristics occur primarily at short

residence times.

2. Increasing pressure decreases the porosity of the char.

3. Pressure affects the swelling and reagglomeration of char particles.

4. Pressure affects char surface area only at low carbon conversions.

5. The rate of carbon conversion during gasification is limited by inhibiting

gas concentration near the char particles.

6. Increasing total pressure decreases the critical diameter of char particles

at a constant partial pressure of H2O and CO2.

7. Pyrolysis char yields are independent of pressure.

8. Pyrolysis carbon conversion rates are independent of pressure.

9. Significant amounts of sulfur are lost to the gas phase at short residence

time at the pyrolysis conditions investigated.

10. Pressure has no effect on sulfur loss at the gasification conditions investi-

gated.
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APPENDIX A

TROUBLESHOOTING TIPS

A.1 PEFR

1. Difficulty keeping constant pressure in reactor

There are many reasons why it would be difficult to keep a constant pressure in the

PEFR since the reactor does not control to a pressure. Instead of pressure control, the

mass coming in and out of the reactor are controlled. Equal flows coming in and out

of the reactor should maintain a constant pressure. However, the evolution of gases

from the black liquor and the countless places that gas can escape from the reactor

make the situation much more difficult.

When drawing a vacuum on the reactor I usually let the reactor sit at maximum

vacuum for a minute or two with the pump off to see if the pressure slowly increases.

This technique is only good for showing major leaks, as the pressure differential can

be no greater than the atmospheric pressure in the high bay. Once the reactor is at

operating conditions it is common for the pressure to decrease slowly. Snooping lines

coming in and out of the reactor can isolate leaks. Common leak points include the

twin valves, U-tube at the bottom of the collector (swagelock fitting needs to be kept

clean of tar), differential pressure transducer between the feed bell and main reactor

body, and all the fittings near the feed bell.

The small size of the feed bell makes it possible to isolate the bell and determine

the mass flow loss from the feed bell fittings by estimating the volume of the bell and

recording the pressure as a function of time. The feed bell can be pressurized with

house air up to approximately 7.5 bar. Snoop all swagelock fittings near the bell, as

the daily removal of the bell for each set of runs cause these fittings to loosen over

time.
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Another problem that was encountered was the increasing of pressure during a run

despite the mass flow controllers indicating that more flow was leaving the reactor than

was coming into the reactor. This will happen if the quench flow setpoint is greater

than 100 NLM (which is the maximum for this controller). Exceeding this setpoint

must cause the flow controller to open completely, resulting in an unknown amount of

gas entering the reactor. The quench readout on the labview screen, however, never

exceeds 100. If this is the case then the pressure will quickly rise immediately after

starting the gas flow. Another cause for this can be condensation in the exhaust mass

flow controllers. This will occur if there are several runs performed in a row at or

near 25kPa PH2O . The high partial pressure of water causes it to condense on the

exhaust lines, which are under the same pressure as the rest of the reactor but not

heated. Liquid present in the gas mass flow controllers will cause them to behave

incorrectly. If possible, construct the run sequence so that there are pyrolysis or lower

water pressure runs interspersed with the high water pressure runs. If this is not

possible then blow out the exhaust lines with air at the end of the day, after the

reactor is depressurized and cleaned.

2. “Clean” gas phase in between each run

At the end of each run (usually after 10 grams of BL were fed) I increased the exhaust

gas flow from the reactor to 150% of incoming flow (or 400 NLM, whichever was less).

This has the effect of “cleaning” out the product gases generated by gasification and

pyrolysis of the black liquor. The FTIR spectra will clean up very quickly, ideally

returning to the background spectra.

When conducting an experiment it is best to set the exhaust controller to make

the pressure decrease approximately 0.02 bar/min. This slow decrease in pressure will

prevent reaction gases from moving to other parts of the reactor, or even out of the

reactor section and into the broader pressure vessel. If product gases do escape from

the reactor section, then increasing the exhaust flow after stopping the black liquor

will clean the FTIR spectra to a certain point, but it will not return to the original
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composition.

3. Pressure and temperature affect operational envelope

Changes in both pressure and temperature affect the operational envelope of the

reactor. The most important variable in running the reactor is the ratio of primary

and secondary velocities. Changing this ratio affects the speed with which the injector

will plug. Increasing the ratio increases the time to plug the injector, but it can also

result in poor particle capture and uncertain residence times. As a general rule, higher

temperatures, lower superficial velocities, and lower pressures make the injector plug

quicker. This may be due to heat traveling up the injector, causing the black liquor

to swell and react inside the injector, causing a plug. Different liquors also have an

effect on the ideal operational settings of the reactor.

4. Plug blowout procedures

When the injector develops a plug it is sometimes possible to blow the plug off

the end of the injector. This is done by closing the twin valves while the gas is still

flowing to the reactor. The primary nitrogen will build up in the feed bell, causing a

differential pressure to build between the bell and the main reactor. Do not let the

differential pressure build above 0.3 bars, as this may cause the ceramic liner in the

injector to get blown into the reactor as well. At 20 NLM primary nitrogen flow this

corresponds to approximately one minute of gas flow after closing the twin valve.

If the blowout is successful then the differential pressure between the feed bell and

reactor will read the normal -0.01 bar value by the time you return to the control

room from opening the twin valve. If there is still a positive pressure difference then

positive pressure alone will not remove the plug.

A second alternative that has worked for me is to allow the pressure in the reactor to

drop below the setpoint. Shut the equalization valve and then pressurize the reactor.

This will cause hot gases to flow up the injector, pushing on the plug from the other

side. After pressurization is complete attempt to blow out the plug as before. This
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technique works by either dislodging the plug from gas flow in the opposite direction,

or by heating the plug and making it brittle when the next pressure pulse comes.

When blowing out a plug make sure that the gas is bypassing the cyclone, or the

plug may end up in the cyclone and affect the results. Blowing out a plug with the

collector positioned close to the injector may cause the plug to block the collector.

This will be indicated by not enough gas leaving the reactor or by very poor char

retrieval in the cyclone. Always make sure the control factor on the reactor is less

than or equal to 1.0 when blowing out a plug, otherwise the high exhaust mass flow

will cause the plug to get sucked toward the collector, increasing the probability of

the collector plugging.

5. Reactor condensation issues

When running high partial pressures of water, condensation of water on cooled

surfaces such as the collector can easily become a problem. Generally I waited until

the collector coolant temperature rose above 40oC before I performed a run at high

water pressure. There are two ways of adjusting the temperature of the collector

coolant: adjusting coolant flow with the globe valves or changing the number of

radiators. I found that the more reliable way to adjust temperature is increasing or

decreasing the number of radiators running. This will raise or lower the temperature

of the entire coolant loop, so be careful not to overheat other sections of the reactor. I

always increased the number of radiators if the temperature of any individual coolant

section (injector, preheat, kiln, or collector) exceeded 60oC. Also, as a rule, increasing

pressure increases the temperature of the coolant loop by better heat transfer across

the gas.

6. Water pump issues

The phase distribution of sulfur is very sensitive to the amount of water present

in the gas phase. Therefore, when running water in a gasification experiment it is

important to make sure the water addition rate is correct. After starting the gas

and turning on the water pump I usually double-checked that the water pump was
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running by going upstairs and checking that the lobed impeller on the water pump

was moving. Sometimes the water pump kicks off, with no outside indication given

short of looking at the impeller.

For the first run of the day involving water, allow the water to run for at least a

couple of minutes before starting to feed the black liquor. This will give time for the

water to fill the tubes leading to the water gas header and establish a constant level

in the reactor. After the first run of the day the tubes are full and the delay is not

necessary.

A.2 Surface Area Analyzer

1. Vacuum cannot be established

Prior to adding nitrogen for measuring surface area, the surface area analyzer

evacuates the sample to a pressure of less than 0.01 bar. Once this pressure is reached

the vacuum pump is turned off and it is maintained for a user-specified period of time.

If the pressure rises during this time then the run is aborted.

The main reason why runs are aborted on this unit is inability to hold a vacuum.

The placement of the O-ring in the compression fitting at the top of the glass sample

tube is vitally important. It must be placed the correct distance down or proper

seating of the fitting will not occur. Placing the O-ring too far down the tube may

cause the ring to roll or twist when the fitting is tightened, again causing leakage.

Finally, continue to tighten the fitting until it stops, or air will leak into the sample.

2. Loss of liquid nitrogen during experiment

If the experiment goes longer than one hour it is important to keep the dewar filled

with liquid nitrogen. A funnel is available for adding more nitrogen while the dewar

is in position. When measuring Po at the beginning of a day I usually added nitrogen

in between the Po measurement and the actual experiment. In between these two

measurements the dewar comes back down, giving opportunity to refill it.

3. Make sure glassware is clean and dry
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Never try to run the analyzer with glassware that has been cleaned that day. I tried

cleaning the glass, rinsing with methanol, drying, heating the tubes in the degasser

for an hour, and then doing experiments, but the readings were still bad. Always

clean the day before, rinse with methanol, and dry overnight. Always handle clean

glassware with gloves.

4. Measuring dense or low surface area substances

The instrument generally likes to have at least one square meter of material present

in it for repeatable results. Very dense or very low surface area material may require

additional sample to get the total area up to one meter.
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APPENDIX B

CALCULATIONS
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H2O+C rate of reaction 1.69E-07 mol Corg/s

CO2+C rate of reaction 2.12E-07 mol Corg/s

H2O+ C heat of reaction 1.36E+05 J/mol Smith, Van Ness, and Abbot Eq. 4.18

CO2 + C heat of reaction 1.69E+05 J/mol Values from Sm.V.N. &A. App. C

Reaction heat 5.89E-02 W

Convective Heat Transfer term 1.51 W/m^2-K Kreith and Bohn, Eq. 7.10

Surface Temperature 1173.142 K

Gas Temp 1173.15 K

Convection heat -3.36E-11 W

Stefan-Boltzmann Constant 5.67E-08 W/m^2-K^4

emissivity 0.8

View Factor 1

Radiative Area 2.59E-02 m^2 Assume 0.1 meter of wall exposure

Wall Temp 1173.15 K

Radiation Heat -5.89E-02 W Kreith and Bohn, Eq. 1.18

Energy Balance 9.00E-13 W 9.00E-03

Initial BLS thermal Conductivity 0.238 W/m-K Kreith and Bohn, Anthracite Coal, A11

Swelled BLS thermal cond 7.84E-02 W/m-K (1-porosity)*BLS+porosity*gas

Volumetric Heat Generation 4.07E+12 W/m^3

Number of shells 2.00E+01

del r 7.06E-07 m

Shell # r T
1.00E-06 1161.03 From Spherical Shell Balance

1 1.71E-06 1161.13

2 2.41E-06 1161.29

3 3.12E-06 1161.49

4 3.82E-06 1161.75

5 4.53E-06 1162.07

6 5.23E-06 1162.43

7 5.94E-06 1162.85

8 6.65E-06 1163.33

9 7.35E-06 1163.85

10 8.06E-06 1164.43

11 8.76E-06 1165.07

12 9.47E-06 1165.75

13 1.02E-05 1166.49

14 1.09E-05 1167.28

15 1.16E-05 1168.12

16 1.23E-05 1169.02

17 1.30E-05 1169.97

18 1.37E-05 1170.98

19 1.44E-05 1172.03

20 1.51E-05 1173.14

 Film HT Calculations

Intra-Particle HT Calculations
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H2O+C rate of reaction 1.14E-07 mol Corg/s

CO2+C rate of reaction 1.40E-07 mol Corg/s

H2O+ C heat of reaction 1.36E+05 J/mol Smith, Van Ness, and Abbot Eq. 4.18

CO2 + C heat of reaction 1.69E+05 J/mol Values from Sm.V.N. &A. App. C

Reaction heat 3.93E-02 W

Convective Heat Transfer term 9.55 W/m^2-K Kreith and Bohn, Eq. 7.10

Surface Temperature 1173.145 K

Gas Temp 1173.15 K

Convection heat -2.50E-10 W

Stefan-Boltzmann Constant 5.67E-08 W/m^2-K^4

emissivity 0.8

View Factor 1

Radiative Area 2.59E-02 m^2 Assume 0.1 meter of wall exposure

Wall Temp 1173.15 K

Radiation Heat -3.93E-02 W Kreith and Bohn, Eq. 1.18

Energy Balance 2.73E-08 W 2.73E+01

Initial BLS thermal Conductivity 0.238 W/m-K Kreith and Bohn, Anthracite Coal, A11

Swelled BLS thermal cond 8.05E-02 W/m-K (1-porosity)*BLS+porosity*gas

Volumetric Heat Generation 1.17E+12 W/m^3

Number of shells 2.00E+01

del r 9.53E-07 m

Shell # r T
1.00E-06 1166.88 From Spherical Shell Balance

1 1.95E-06 1166.92

2 2.91E-06 1167.00

3 3.86E-06 1167.10

4 4.81E-06 1167.23

5 5.76E-06 1167.38

6 6.72E-06 1167.57

7 7.67E-06 1167.78

8 8.62E-06 1168.03

9 9.57E-06 1168.30

10 1.05E-05 1168.59

11 1.15E-05 1168.92

12 1.24E-05 1169.28

13 1.34E-05 1169.66

14 1.43E-05 1170.07

15 1.53E-05 1170.52

16 1.62E-05 1170.98

17 1.72E-05 1171.48

18 1.81E-05 1172.01

19 1.91E-05 1172.56

20 2.01E-05 1173.14

 Film HT Calculations

Intra-Particle HT Calculations
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10 Bar Kinetic Resistance Calculations (cont.)
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H2O+C rate of reaction 9.11E-08 mol Corg/s

CO2+C rate of reaction 1.12E-07 mol Corg/s

H2O+ C heat of reaction 1.36E+05 J/mol Smith, Van Ness, and Abbot Eq. 4.18

CO2 + C heat of reaction 1.69E+05 J/mol Values from Sm.V.N. &A. App. C

Reaction heat 3.14E-02 W

Convective Heat Transfer term 24.23 W/m^2-K Kreith and Bohn, Eq. 7.10

Surface Temperature 1173.146 K

Gas Temp 1173.15 K

Convection heat -7.18E-10 W

Stefan-Boltzmann Constant 5.67E-08 W/m^2-K^4

emissivity 0.8

View Factor 1

Radiative Area 2.59E-02 m^2 Assume 0.1 meter of wall exposure

Wall Temp 1173.15 K

Radiation Heat -3.14E-02 W Kreith and Bohn, Eq. 1.18

Energy Balance -1.65E-09 W -1.65E+00

Initial BLS thermal Conductivity 0.238 W/m-K Kreith and Bohn, Anthracite Coal, A11

Swelled BLS thermal cond 8.49E-02 W/m-K (1-porosity)*BLS+porosity*gas

Volumetric Heat Generation 5.52E+11 W/m^3

Number of shells 2.00E+01

del r 1.14E-06 m

Shell # r T
1.00E-06 1168.71 From Spherical Shell Balance

1 2.14E-06 1168.73

2 3.29E-06 1168.78

3 4.43E-06 1168.85

4 5.57E-06 1168.94

5 6.72E-06 1169.05

6 7.86E-06 1169.18

7 9.00E-06 1169.33

8 1.01E-05 1169.50

9 1.13E-05 1169.69

10 1.24E-05 1169.90

11 1.36E-05 1170.14

12 1.47E-05 1170.39

13 1.59E-05 1170.66

14 1.70E-05 1170.96

15 1.81E-05 1171.27

16 1.93E-05 1171.60

17 2.04E-05 1171.96

18 2.16E-05 1172.33

19 2.27E-05 1172.73

20 2.39E-05 1173.15

 Film HT Calculations

Intra-Particle HT Calculations
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Pressure Bar 5

Porosity % 0.978 H2O CO2

Total 

Oxidizing 

Gas

Avg. BL Fixed 

C Conc (Wt%)

Bulk Density 

(g/m^3) 30300 % 5.00% 10.00% 15.00%

H2O CO2 mole/m^3 2.56 5.13 7.69 32.2%

Dab (m^2/s) 5.77E-05 3.61E-05

Tortuosity 7

Conversion S. A. (m^2/g)

Avg. Pore 

Radius. (m)

DH2O,k 

(m^2/s)

DCO2,k 

(m^2/s)

DDDDH2O,eff 

(m^2/s) DDDDCO2,eff (m^2/s)

Critical 

Diameter 

(m)

21.3 2.03E+01 3.19E-06 2.49E-03 1.60E-03 7.88E-06 4.93E-06 9.56E-04

40.4 2.67E+01 2.42E-06 1.89E-03 1.21E-03 7.82E-06 4.90E-06 9.53E-04

59.4 1.09E+02 5.93E-07 4.64E-04 2.97E-04 7.17E-06 4.50E-06 9.13E-04

82.6 8.13E+01 7.94E-07 6.22E-04 3.98E-04 7.38E-06 4.62E-06 9.26E-04

99.3 9.62E+00 6.71E-06 5.26E-03 3.36E-03 7.97E-06 4.99E-06 9.62E-04

Pressure Bar 10

Porosity % 0.966 H2O CO2

Total 

Oxidizing 

Gas

Avg. BL Fixed 

C Conc (Wt%)

Bulk Density 

(g/m^3) 54600 % 2.50% 5.00% 7.50%

H2O CO2 mole/m^3 2.56 5.13 7.69 32.2%

Dab (m^2/s) 2.91E-05 1.79E-05

Tortuosity 7

Conversion S. A. (m^2/g)

Avg. Pore 

Radius. (m)

DH2O,k 

(m^2/s)

DCO2,k 

(m^2/s)

DDDDH2O,eff 

(m^2/s) DDDDCO2,eff (m^2/s)

Critical 

Diameter 

(m)

39 9.59E+00 3.69E-06 2.89E-03 1.85E-03 3.98E-06 2.45E-06 7.71E-04

53.6 6.96E+01 5.08E-07 3.98E-04 2.55E-04 3.74E-06 2.31E-06 7.48E-04

61.5 8.32E+01 4.25E-07 3.33E-04 2.13E-04 3.69E-06 2.28E-06 7.43E-04

69.3 7.97E+01 4.44E-07 3.48E-04 2.22E-04 3.71E-06 2.29E-06 7.44E-04

81.9 7.14E+01 4.96E-07 3.88E-04 2.48E-04 3.74E-06 2.30E-06 7.47E-04

Pressure Bar 15

Porosity % 0.939 H2O CO2

Total 

Oxidizing 

Gas

Avg. BL Fixed 

C Conc (Wt%)

Bulk Density 

(g/m^3) 65600 % 1.67% 3.33% 5.00%

H2O CO2 mole/m^3 2.56 5.13 7.69 32.2%

Dab (m^2/s) 1.94E-05 1.19E-05

Tortuosity 7

Conversion S. A. (m^2/g)

Avg. Pore 

Radius. (m)

DH2O,k 

(m^2/s)

DCO2,k 

(m^2/s)

DDDDH2O,eff 

(m^2/s) DDDDCO2,eff (m^2/s)

Critical 

Diameter 

(m)

34.7 4.13E+00 6.93E-06 5.43E-03 3.47E-03 2.59E-06 1.59E-06 6.12E-04

47.6 4.04E+01 7.09E-07 5.55E-04 3.55E-04 2.51E-06 1.54E-06 6.03E-04

65.2 1.15E+02 2.49E-07 1.95E-04 1.25E-04 2.37E-06 1.46E-06 5.86E-04

86.5 2.95E+01 9.70E-07 7.60E-04 4.86E-04 2.54E-06 1.56E-06 6.06E-04

95.8 7.53E+00 3.80E-06 2.98E-03 1.90E-03 2.59E-06 1.59E-06 6.11E-04

Gas Concentrations

Gas Concentrations

Gas Concentrations

Constant Partial Pressure Gasification Char Critical Diameter Calculations
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Units

∆Hr CO2 1.69E+05 J/mol

∆Hr H2O 1.36E+05 J/mol

Csurf H2O 2.56 mol/m^3

Csurf CO2 5.13 mol/m^3

Tsurf 1173 K

Pressure

DDDDH2O,,,,eff 

(m^2/s)

DDDDCO2,eff 

(m^2/s)

kkkkpart,eff 
(W/m*K) βH2O βCO2 βCO2+H2O

5 7.17E-06 4.50E-06 0.078 -0.0271 -0.0424 -0.0696

10 3.69E-06 2.28E-06 0.080 -0.0136 -0.0209 -0.0346

15 2.37E-06 1.46E-06 0.085 -0.0083 -0.0127 -0.0210

(Tmax-Tsurf)/Tsurf  =  Prater #

surfpart

surfeffr

i
Tk

cDH )(
#Prater 

∆−
== β

Prater Number Calculations for Constant Partial Pressure Gasification Experiments
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NLM mol/min MW kg/sec Mass % Mass % Mole %

`@ 273K g/mol div by 4 Input Streams At outlet At outlet

1' N2 10.51 0.469187 28 5.474E-05 100.0% 9.0% 9.39%

2' N2 84.71 3.781624 28 4.412E-04 80.0% 72.8% 75.66%

CO2 11.16 0.498205 44 9.13375E-05 16.6% 15.1% 9.97%

H2O (mL/min) 4.48 0.248995 18 1.86746E-05 3.4% 3.1% 4.98%

CO 0 0 28 0 0.0% 0.0% 0.00%

H2 0 0 2 0 0.0% 0.0% 0.00%

Secondary Stream 100.35 4.528824 5.512E-04 100% 100% 100%

NLM mol/min MW kg/sec Mass % Mass % Mole %

`@ 273K g/mol div by 4 Input Streams At outlet At outlet

1' N2 7 0.312494 28 3.646E-05 100.0% 9.0% 9.38%

2' N2 56.48 2.52138 28 2.942E-04 80.0% 72.8% 75.67%

CO2 7.44 0.332136 44 6.08917E-05 16.6% 15.1% 9.97%

H2O (mL/min) 2.99 0.166182 18 1.24637E-05 3.4% 3.1% 4.99%

CO 0 0 28 0 0.0% 0.0% 0.00%

H2 0 0 2 0 0.0% 0.0% 0.00%

Secondary Stream 66.91 3.019699 3.675E-04 100% 100% 100%

NLM mol/min MW kg/sec Mass % Mass % Mole %

`@ 273K g/mol div by 4 Input Streams At outlet At outlet

1' N2 14.01 0.625434 28 7.297E-05 100.0% 9.2% 9.39%

2' N2 124.18 5.543644 28 6.468E-04 89.84% 81.6% 83.19%

CO2 7.44 0.332136 44 6.08917E-05 8.46% 7.7% 4.98%

H2O (mL/min) 2.93 0.162847 18 1.22135E-05 1.70% 1.5% 2.44%

CO 0 0 28 0 0.0% 0.0% 0.00%

H2 0 0 2 0 0.0% 0.0% 0.00%

Secondary Stream 134.55 6.038627 7.199E-04 100% 100% 100%

NLM mol/min MW kg/sec Mass % Mass % Mole %

`@ 273K g/mol div by 4 Input Streams At outlet At outlet

1' N2 20 0.89284 28 1.042E-04 100.0% 8.8% 8.93%

2' N2 192.71 8.60296 28 1.004E-03 93.1% 84.9% 86.06%

CO2 7.55 0.337047 44 6.1792E-05 5.7% 5.2% 3.37%

H2O (mL/min) 2.95 0.163959 18 1.22969E-05 1.1% 1.0% 1.64%

CO 0 0 28 0 0.0% 0.0% 0.00%

H2 0 0 2 0 0.0% 0.0% 0.00%

Secondary Stream 203.21 9.103966 1.078E-03 100% 100% 100%
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APPENDIX C

OPERATIONAL PROCEDURES

C.1 Spray Dryer

The liquor used in this thesis was collected by Steve Diperio of Weyerhaeuser during the

week of January 3, 2005 via the same sample port as the liquor in Table 5. A 55 gallon

drum of liquor arrived via Roadway Freight to the IEC the week of January 10.

Both an agitator and drum pump were used to get the liquor out of the 55 gallon drum.

The drum of liquor was allowed to mix for approximately 1/2 hour at room temperature.

After ensuring the liquor was well mixed the agitator was removed quickly and the drum

pump was installed in the drum. The black liquor was then pumped out of the drum and

into ten four-liter plastic bottles for later use. The four-liter plastic bottles of 50% solids

black liquor were stored in a refrigerator until they were prepared for spray drying.

One day prior to spray drying, the black liquor was removed from the refrigerator. The

lid of the bottle was loosened by running hot water over it prior to removal. The open

four-liter bottle of liquor was then placed in a water bath and heated, which served two

purposes. First, it decreased the viscosity of the liquor, making it easier to handle. Second,

increasing the temperature of the liquor tended to decrease the appearance of crystals on

the pre-spray dryer straining screen. An agitator was added to the liquor in the water bath.

After approximately 10 minutes of stirring, 2,000 grams of the nominally 50% liquor was

added to 1,000 grams of de-ionized water. This diluted black liquor was then placed on a

hot plate and stirred until warm. The warm, 33% black liquor was then poured through a

250 µm sieve to separate out any particles that could plug the stationary atomizer in the

spray dryer.

The dryer has two main configurations. The first uses a rotating atomizer (model CE-

63) located at the top of the dryer. The liquid black liquor is fed into the atomizer via

a pump or air pressure. When the black liquor reaches the end of the atomizer it hits
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a rotating disk and is accelerated radially outward into the spray dryer. Many attempts

were made to spray dry black liquor with the rotary atomizer, but the amperage to the

motor would begin vacillating after approximately 10 minutes of feeding. After tearing the

atomizer apart it was discovered that black liquor was forcing its way up the center shaft of

the atomizer, contaminating the oil in the bearings. Stewart Gibson of Anhydro informed

me that product contamination of the bearings is common in CE-63 atomizers due to the

differential pressure between the dryer and the ambient atmosphere. Feed contamination

can be eliminated by running the atomizer between 75 and 100% of design. I determined

that these speeds would create drops that were too small to use in my experiments, since

increasing the speed of the atomizer decreases the size of droplets created.

The second configuration involves a stationary nozzle, which was used for this thesis. A

0.04” nozzle was used, which was the larger of two available.

The black liquor was fed to the pump through a 3/8” tube from a stainless steel beaker,

which was agitated to prevent settling. It was found that at least two 12-packs of nitrogen

(approximately 200 standard cubic meters) connected together were needed to give sufficient

run time to achieve good yield through the spray dryer. It was also noted that the flow rate

of nitrogen through the high-flow regulator was insufficient to keep up with the draw rate of

the induced draft fan in the spray dryer. This resulted in an unknown quantity of ambient

air being sucked into the spray dryer as well, and may have resulted in partial oxidation of

sulfur species in the liquor.

C.2 PEFR Daily Procedure

The PEFR needs to be turned on and brought up to idling status at least one day before

performing an experiment. The following steps were performed to turn on the reactor.

1. On the third level

(a) Turn on both coolant pumps

(b) Turn on at least two of the three radiators

(c) Make sure coolant is flowing through the flow meter immediately after the pumps
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(d) Make sure coolant is flowing through the flow meter near the injector

2. In the control room

(a) Make sure both preheat and kiln key switches are in the “On” position

(b) Turn the main panel power key to “On”

(c) Turn the preheat and kiln key switches to the “Run” position

(d) Turn the four preheat and seven kiln controllers to “Manual”

(e) When the secondary thermocouples reach 150oC, switch the preheat and kiln

controllers to “Auto”

(f) Set the preheat and kiln controllers to 600oC

On the day of an experiment the following steps were performed.

1. Bringing the reactor to conditions

(a) Set preheat and kiln controllers to desired temperature

(b) Open up Labview on PEFR computer and click “Run”

(c) Turn on collector motor and climb to catwalk with collector controller in hand

(d) Press up on collector controller while physically guiding the collector into the

pressure vessel

(e) Raise collector to desired position, keeping your hand on the collector to feel for

any unexpected resistance

(f) Insert U-tube into bottom of collector, making sure to use two wrenches to isolate

the collector from torque while tightening the Swagelock fittings

(g) Make sure main exhaust valve is closed

(h) Make sure yellow handled 3-way valve on wall is going to vacuum pumps

(i) Make sure wall switch for vacuum #1 is on and wall switch for vacuum #2 is off

(j) Install twin valves at the top of the reactor. Make sure only one is closed

(k) Make sure water valve is closed
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(l) Open valve from reactor to vacuum line

(m) Make sure purge valve is closed

(n) Engage vacuum contact on electrical panel in control room

(o) Confirm in Labview that pressure in reactor is decreasing

(p) While pressure is decreasing, fill LN bottle from dewar and pour into FTIR

(q) Open gas valve on LN dewar and make sure nitrogen is flowing through the FTIR

(r) When pressure in vessel reaches 0.3 bar turn on vacuum #2 and quickly turn off

vacuum #1

(s) When pressure in vessel reaches 0.04 bar close the valve between the vacuum line

and the reactor

(t) Disengage the vacuum contact in the control room and wait for at least one

minute to make sure the pressure stays constant

(u) Open up 12-pack of nitrogen and valve to reactor

(v) Define experimental conditions in Labview

(w) Once conditions are defined, click proceed to begin pressurizing reactor

2. Putting liquor in the reactor

(a) Make sure LIW controller is off

(b) Remove liquor from vacuum oven and place in LIW feeder. Reassemble feeder,

making sure that the walls of the cylinder are properly placed in the grooves in

the top lid

(c) Place feeder on strain gauge and hook up wires to power source

(d) Use electric winch to move feed bell into place, making sure of proper placement

of bell and gasket

(e) Place at least six bolts into holes and hand tighten nuts

(f) Use ratchet to tighten at least three opposing bolts to ensure proper seating of

gasket
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(g) Connect vacuum pump to fitting and turn on

(h) Tighten all bolts on feed bell

(i) Look in Labview to ensure that feed bell pressure is decreasing

(j) When pressure in feed bell gets to 0.09 bar, shut valve from pump to bell and

turn off pump

(k) Wait at least 1 minute to make sure pressure does not increase

(l) Open pressure equalization valve 1.25 turns and allow the main reactor vessel

and feed bell to equilibrate

3. When the reactor is at reaction conditions

(a) Create file on FTIR computer for the spectra to be stored. Reset filename to

proper date

(b) Place cyclone into fittings

(c) Position heat gun on collector cross-bar so that it can heat the cyclone

(d) Make sure that the char purge valve and cyclone exhaust valves are closed

(e) Slowly open main exhaust valve

(f) Slowly open cyclone feed valve

(g) Make sure cyclone 3 way valve is toward the mass flow controller

(h) Turn on heat gun

(i) Make sure yellow-handled 3 way valve on wall is going to atmosphere

(j) Make sure reaction gases are turned on. If CO is being used personal monitor

should be worn

4. At beginning of experiment

(a) Open twin valves

(b) Affix buzzer to twin valves and turn on

(c) Close equalization valve
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(d) Make sure water valve is open if needed

(e) Ensure main exhaust valve open, bypass valve open, sample valve closed

(f) Ensure cyclone inlet valve open, cyclone 3 way valve is toward mass flow con-

troller, and yellow handled 3-way valve on wall is toward atmosphere

(g) Open purge valve

(h) Start gas flow

(i) Turn on water pump if needed

(j) Watch pressure in Labview and make sure it is steady

(k) Open sample valve, close bypass valve, and open FTIR valve

(l) Switch 3 way valve on FTIR from N2 to sample

(m) Collect background on FTIR

(n) Begin gas sampling

(o) Set desired voltage on feeder controller

(p) Record weight of sample prior to starting feeder

(q) Begin sample log in Labview

(r) Reset timer, begin timing, and turn feed controller to forward

5. At end of experiment

(a) Record time

(b) Turn feed controller to off, pause, then turn to reverse for 3 seconds

(c) Record final sample weight

(d) Turn off water pump

(e) Increase mass flow of exhaust controller to draw down pressure in reactor and

remove any product gases

(f) Wait at least 4 minutes after reversing feeder, then turn off gas

(g) Stop sampling on FTIR
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(h) Switch 3 way valve on FTIR from sample to N2

(i) Turn off buzzer, close twin valve, and open equalization valve

(j) Close main exhaust valve, close sample valve, open bypass valve

(k) Close cyclone feed valve, move 3 way valve after cyclone toward vent

(l) Place ventilation hose over cyclone vent and slowly relieve pressure on cyclone

(m) Remove cyclone from fittings, quickly placing caps on inlet and outlet fittings

(n) Place sealed cyclone in glove box and turn on N2. Do not open cyclone until

oxygen monitor reads less than 1.0%

(o) Remove char from cyclone in glove box and place in glass jars for later analysis

(p) Place new cyclone in fittings and reset valves

6. At end of day

(a) Isolate feed bell from main reactor by closing one twin valve and equalization

valve

(b) Slowly depressurize feed bell by slightly opening exhaust needle valve

(c) Slowly depressurize main reactor by partially opening ball valve to vacuum line

(d) When feed bell is depressurized, remove bolts, raise bell, and remove LIW feeder

(e) Quickly return liquor to vacuum oven, replacing what has been used, and taking

a 1 gram sample for analysis

(f) Disassemble LIW feeder, clean with water, and hang to dry

(g) When main reactor has depressurized, remove U-tube from bottom of collector

and clean with water

(h) Lower collector, clean with brush, water, and brake cleaner

(i) Place catch pan over top of collector prior to cleaning the injector

(j) Remove twin valves, clean with water, and hang to dry

(k) Clean injector by running a dry brush down to the tip, being careful to stop at

the mark indicated on the tube. Repeat three times
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(l) Attach a moist rag to brush and run down to the tip, repeat three times, cleaning

the rag in between each time

(m) Remove catch pan from collector and visually inspect the injector using a mirror

and a monocle

(n) Once injector tip is properly clean, reduce preheat and kiln temperature con-

trollers to 600oC

(o) Make sure all reaction gases and nitrogen are turned off

(p) Disassemble and clean cyclones with water, lay out to dry

(q) Clean glove box with wet and dry towels

C.3 Surface Area Analyzer

The procedure followed for using the surface area analyzer was as follows:

1. The day before an experiment

(a) Clean test tubes and stoppers with soap, water and brush

(b) Rinse with methanol

(c) Place upside down to dry. Handle stoppers and tubes with gloves after methanol

rinse

2. The day of an experiment, instrument setup

(a) Open He and N2 gas bottles, set regulators to 18psi

(b) Turn on degas heater and set degas temp

(c) Add liquid N2 to dewar, wait at least 10 minutes for temperature equilibration

(d) Install blank glass tube into instrument

(e) Press Po button to obtain saturation pressure

(f) Number and obtain tare weight of stoppers and tubes

(g) Put 0.1 grams of char into tube and place in degas heater
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(h) Turn on N2 gas to degas lance and put in top of tube, replace stopper

3. First run of the day

(a) Remove sample from heater and let cool for 10 minutes

(b) Change setup to measure free space

(c) Get post degas weight of char and place in analyzer

(d) Press analyze and input required information

(e) If analysis goes longer than 45 minutes, fill dewar with liquid N2

4. Other runs

(a) Change setup to previous free space

(b) Run experiment the same as the first run
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APPENDIX D

SLOPE STATISTICAL COMPARISON

A linear model was used to determine the statistical significance between the different slopes

in Figures 45, 50, 51, 53, and 54. The linear model used is of the form shown in equation

101,

Yi = β0 + β1Xi + β2Ii + β3IiXi (101)

where Y is fixed carbon conversion, X is time in seconds, and I is an indicator (either 1 or

0) depending on the group of data. The data input table for Figure 53 is shown in Table

29.

Table 29: Linear model input table for Figure 53 [94]
Observation X Y Group I X×I

1 0.56 22.072 30cm/s 0 0
2 0.84 29.461 30cm/s 0 0
3 1.1 34.821 30cm/s 0 0
4 1.34 44.972 30cm/s 0 0
5 1.58 50.946 30cm/s 0 0
6 1.91 65.301 30cm/s 0 0
7 2.26 83.612 20cm/s 0 0
8 2.9 93.524 30cm/s 0 0
9 0.86 38.926 20cm/s 1 0.86
10 1.62 46.667 20cm/s 1 1.62
11 2.3 69.031 20cm/s 1 2.3
12 2.96 74.91 20cm/s 1 2.96

Using the values for I shown in Table 29 and inserting into equation 101, the equations

for the 30 cm/s and 20 cm/s groups simplify to equations 102 and 103, respectively.

Yi = β0 + β1Xi (102)

Yi = (β0 + β2) + (β1 + β3)Xi (103)

183



Table 29 is entered into a statistical program such as JMP. With Y as the dependent

variable, a linear model is created using the model effects of X, I, and X×I. This model

then gives parameter estimates for β0 through β3, shown in Table 30. Substituting the

parameter values from Table 30 into equations 102 and 103 gives the result of the best-fit

lines in Figure 53.

Table 30: Linear model output table for Figure 53
Variable Parameter Standard t Pr> |t|

Estimate Error Value
β0 1.6303 3.5659 0.46 .6597
β1 32.9597 2.0723 15.90 <0.0001
β2 19.7037 6.6947 2.94 0.186
β3 -14.3295 3.4158 -4.20 0.0030

We are interested in determining if the slopes in equations 102 and 103 are different.

This is the case only if β3 is not equal to zero. To determine this, we use the null hypothesis

of β3=0. Table 30 shows that P-value for β3 is equal to 0.003, which means that the

probability of β3 = 0 is 0.3%. Therefore there is a 99.7% chance that β3 is not equal to zero

and the slopes are different.
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