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INTRODUCTION

Coal combustion, the predominant source of energy in the United States and many other countries, resultsin the
production of huge amounts of a waste material known asfly ash. During combustion some minerals present in coal such
as clay may be dtered thermaly, while others, such as silica, remain unaltered. The thermally treated coal impurities, along
with small amounts of unburned coal, make up the fly ash. Fly ashis collected in the dust-collection systems that remove
particles from the exhaust gases of power plants and consists mostly of small spheres of glass of complex composition
involving silica, ferric oxide, and alumina. The composition of fly ash varies depending on the parent coal and furnace
operating conditions. In general, the major constituents of fly ash are a-quartz (Si0,), mullite (3A1,0,-2Si0,), hematite
(Fe,0,), magnetite (Fe;0,), lime (Ca0), and gypsum (CaSO,2H,0) (1). Fly ash is described as being either Class C,
normally produced from lignite or subbituminous coal, or Class F, produced from burning anthracite or bituminous coal,
in the American Society for Testing and Materials Standard Specification C618 (2). The basic chemical requirements set
forth for thetwo classes arelisted in Table 1.

The structural configuration of fly ash consists of thin-walled spheres made of silicon dioxide or complex
compounds of silicon dioxide, which can be hollow (cenospheres) or filled with smaller solid spheres (plerospheres). The
magjority of fly ash particles collected from an electrostatic precipitator are between 20 and 80 pum in diameter, with specific
gravity ranging form 1.59to0 3.10 g/em?® (3). The electric utility industry produces nearly 48 million tons of fly ash annually
in the United States. Currently 25% of the fly ash produced is utilized while the rest is disposed of in landfills. This practice
raises concern asleaching of heavy metds contained in fly ash may contaminate groundwater and water supplies. In addition
to this environmental effect, the costs of disposal and the generally finite spaces available for storage of the huge amounts
of fly ash produced each year have prompted interest in utilization of fly ash (4,5). Many uses of fly ash have been developed
over the years including its use as a pigment in paints and coatings, as filler for plastics and as an agent for removal of
contamination from waste waters (6). The use of fly ash as a substitute in concrete products seems to be one of the most
attractive solutions and is by far the largest market for fly ash today.

Use of fly ash in concrete

Typica specifications gate thet fly ash may be used to replace up to 15% of Portland cement (7). Portland cement
is an hydraulic cement that contains various proportions of four primary compounds. CaSiO;, Ca,SiO,, CaAl,O;, and
CaAlFe0,,. Upon setting of concrete, the calcium silicates undergo hydration and hydrolysis to form a gelatinous hydrated
silicate on the surface of sand and rock particles, a process known as solidification (See reaction a). Over long periods of
time, removal of water from the hydrates by dry cement particles |ead to hardening of concrete.

2Ca,;SiO4(s) + 6H,0(l) — Ca;Si,O, 3H,0(s) + 3Ca(OH), (s)
It is the well-known pozzolanic behavior of fly ash that makes it particularly attractive for the preparation of mortar and
concrete. In the presence of moisture, the siliceous and/or siliceous-alumina components in fly ash react with calcium
hydroxide , a by-product of the initial reaction between cement and water, at ordinary temperatures to form additional
cementitious compounds (7-9). The severa types of calcium silicate and calcium aluminate that are formed provide
additiond bonding and strength. The use of fly ash as a substitute in the preparation of concrete or mortar leads to technical
advantages in the final product that are beneficial to the concrete industry. Fly ash having low loss on ignition and high
fineness is known to improve the properties of both fresh and hardened concrete. In terms of concrete durability, fly ash
interaction reduces permeability, increases sulfate resistance and freezing and thawing resistance among other properties

(9).

In spite of the advantages of the use of fly ash in concrete, currently only 25% of the fly ash generated is
subsequently utilized. The key issue for utilization of this material is the availability of high -quality fly ash (7,9). The
American Society for Testing and Materias has established specifications for use of fly ash as a pozzolan in concrete related
to these four characterigtics. In terms of chemical composition the sum of silica, dumina and iron oxide must be at least 70
% to ensure that sufficient reactive compounds are present to react with lime. A 3.0% limit is placed on moisture content
to minimize caking and packing of the fly ash in shipping and storage. The requirement for pozzolanic activity requires that
the strength developed by the test mixture in which 35% of the volume of cement is replaced with the same volume of fly



ash shall be aminimum of 75% of the strength of the control specimen after storage for 1 day or 7 days. Finenessis one
primary characterigtic of fly ash that relates to its pozzolanic activity, and the maximum value for fly ash retained when wet
sieved on 45 um isset at 34 % (10,11).

A product of the combustion of anthracite and bituminous coals, fly ash often contains residua carbon particles.
A high carbon content is reported to have a detrimental influence on certain concrete properties. In addition to their effect
on the color of concrete, carbon particles tend to dramatically reduce the efficiency of air-entraining admixtures commonly
used to impart desirable properties, including increased durability, to concrete (12). The air-entraining admixtures are
organic materials which when added to the gauging water of a concrete mix entrain a controlled quantity of air in uniformly
dispersed microscopic bubbles. Air-entraining agents are characteristically long chain molecules with a polar group at one
end, and which therefore become concentrated at the air-liquid interface with the polar groupsin the liquid and their non-
polar partsout of it. Thisresultsin the inner surfaces of bubbles being composed of hydrophobic material formed by the non-
polar parts of the molecules which act as a barrier to the entry of water during mixing or placing and on any other occasion
when the pagteis saturated (13). This stable foam of closely spaced, spherical poreshasa remarkable effect on the ability
of concrete to withstand freeze-thaw cycling. Air entrainment also increases the workability of otherwise similar concrete.
Themgority of commercia products are based on arelatively small number of raw materials including abietic and pimeric
acid sdts, fatty acid sdts, alkyl-aryl sulphonates, alkyl sulphates and phenol ethoxylates (14). The carbon present in fly ash
adsorbs a portion of the air-entraining agent, which makes it unavailable for creating the needed conditions for stable air
bubbles. The amount of adsorption varies with the amount of carbon present and, probably, with the form of such carbon
(12). Since aproper air bubble network is not achieved freezing and thawing resistance is decreased in concrete made with
high carbon fly ash. Maximum allowable levels of residua carbon have been set by specifying authorities. These levels are
usualy designated as L oss on Ignition, which provides arough estimate of the true value, as the test procedure is designed
to oxidize any combustibles by using high temperatures and long residence times. The American Society for Testing and
Materids has established a maximum value of 6% residual carbon in fly ash used in concrete, but levels no higher than 3%
are generally demanded by the industry when the ash is sold to replace cement in concrete (4,11).

OBJECTIVE

The main objective of this project was to determine the kinetics of fly ash beneficiation by carbon burnout. The
kinetics of the reactions of carbon present in fly ash with oxygen as the reactant gas was investigated at various reaction
temperatures, partial pressures of reactant gas and total surface area.

The reaction rate (R) for oxidation of carbon in this project can be evaluated in terms of the rate of massloss:

dm
R = _E:kairE(O)P n

where k,;, isthe reaction rate coefficient, P isthe pressure of the reacting gas, n is the reaction order and %(O) the surface
area. Thisequation is based on the rate law proposed by Hinshelwood (15) for the reaction between a porous solid and gas

The temperature dependence of carbon gasification will be evaluated from the Arrhenius equation:

k=Ae E&RT

wherek is the rate constant, R isthe universal gas constant and T is the absolute reaction
EXPERIMENTAL PROCEDURE
Fly ash samples

The fly ash samples used in this study (Table 2) were obtained from the Delmarva Power Indian River plant.
Samples were collected from the landfill, oven-dried & 100 °C to remove moisture and fractioned according to particle size



. The sieve sizes used had openings of 44, 74, 149 and 250 pm (U.S. mesh sieve sizes #325, #200, #100 and #60,
respectively). Thefraction of fly ash particles greater than 250 pm was discarded. The three size-fractioned fly ash samples
obtained were then heated at 200 °C under nitrogen for 3 hours using a Lindberg furnace to drive off water absorbed in
interdtitia goaces of the bulk sample or water physically adsorbed on the surface of individua particles. Three hours were
congdered ampletimefor complete removal of moisture since a 50 mg-sample of fly ash heated at 200 °C under nitrogen
in a thermogravimetric analyzer lost al adsorbed water, indicated by no weight loss, after approximately one hour. For
convenience and easy handling of data, the three size-fractioned fly ash samples were labeled as follows: fly ash particles
with diameters between 149 pm and 249 um were labeled as s#100; fly ash particles with diameters between 74 pm and

148 pm, as s#200; fly ash particles with diametersbetween 44 ym and 73 pm, as s#325. The samples were kept in airtight

containers until used in the experiments.

Surface Area Measurements

Before measurement, approximately 0.2 grams of each fly ash sample were degassed at 150 °C for twenty-four
hours. The sample tube was then transferred to the analysis port for surface area and porosity determinations (See Appendix
A for andyds conditions). The ASAP ingruments ca culates volume as a function of a change in pressure. From this volume
the information necessary to determine the surface area characteristics of a sampleis generated. The following reports were
obtained from the N, adsorption-desorption isotherms of fly ash samples:

BET Surface Area report: listing the relative pressures, volumes adsorbed and BET transformations at the points
selected for usein surface area data reduction. From these points a plot is generated which defines the BET characteristics
(Appendix A).

Micropore Area and Micropore Volume (t-plot) report: listing the statistical thickness calculated at each relative
pressure selected for micropore datareduction. A plot of the volume adsorbed at the pressure of interest provides micropore
volume, area, and external surface (16,17).

BJH Pore Volume and Area Distribution report: based on the method developed by Barrett, Johner, and Halenda
to determine the mesopore volume/area distribution which accounts for both the change in adsorbate layer thickness and the
liquid condensed in pore cores (18,19).

Carbon oxidation reactions

Reection rates for the oxidation of carbon present in the fly ash samples were determined in the temperature range
of 550-750 °C for thethree fly ash samples. At each sdlected temperature the reaction rate was determined at three different
partial pressures of the reacting gas (0.213 atm, 0.168 atm, and 0.126 atm).

Tarring was carried out with and without gas flow. The gas flow was set at 60 standard cubic centimeters. For each
run, approximately 50 mg fly ash samples were placed in the quartz cup within the TG chamber. Previous analysis had
indicated 50 mg to be an adequate sample Size given that the average carbon content of the fly ash was about 9% (See Table
4). The amount of carbon in the fly ash was confirmed by analysis with a Scanning Electron Microscope with an Energy
Dispersve X-ray Anayzer. The samplewas held in anitrogen gas flow for 5-10 minutes to allow its weight to stabilize. The
chamber was then heated at arate of 25°C min™ until the desired temperature was reached. At this point, the gas flow was
manudly switched from nitrogento air. The sample was held at thisfinal condition until there was no weight loss, from 1-4
hours. The presence of anitrogen amosphere during the temperature ramp in the TGA prevented oxidation of carbonaceous
materials until the sample reached the selected temperature, when air is admitted to the chamber.

For runsat different partial pressures of oxygen, vacuum was applied to the chamber during the isotherm period
of the run. Data was collected for each run as a continuous record of the sample mass, temperature and time with a PC
interfaced to the TG. The TG files were exported to MicroSoft Excel for analysis.

RESULTS AND DISCUSSION
Surface Area Measurements

Surface area and porosity results for fly ash samples are listed in Tables 3- 5. For the fly ash samples studied,
surface arealincreases as particle Szeincreases. At high sizeranges, irregular porous fly ash particles of carbonaceous origin
are expected to be predominant contributing to the high surface areafound for large particles (20). The higher surface areas
for fly ash s#100 can be then attributed to the presence of highly porous carbonaceous particles. Figure 5 shows aplot of
surface areavs. carbon content and particle size and illustrates this dependence of surface area on carbon content. A typical
adsorption-desorption isotherm of fly ash samples s#100 is shown in Figure 1. All three isotherms revealing the presence
of porosity in the fly ash samples analyzed.

Experimental isotherms can be analyzed by the t-plot method devised by deBoer and co-workers (21), in which



the volume of adsorbed gasis plotted vs. film thickness, calculated from the Harkins and Jura equation (14), for areference
solid. The dope of the line yields the effective surface area. Deviation from this line isindicative of porosity: points above
thelineindicate additiona volume held by capillary condensation and points below the line indicate blockage of pore throats,
occluding theinterior surface area. Thet curves of the three fly ash samples used in this study show deviations from linearity
which suggest that the fly ash samples are porous. Pore size distribution curves were obtained for fly ash samples s#100,
SH#200 and s#325, respectively. BJH adsorption pore size distribution reports indicated that no pores were open at both ends.
Average pore diameters were similar for the three fly ash samples: Average pore diameters obtained from adsorption data
were approximately 115 A.

Carbon oxidation reactions

Oxidation reactionswere carried out on three different size-fractioned fly ash samples at temperatures of 550°C,
650 °C and 750 °C. At each given temperature, runs were performed at reactant gas pressures of 0.213, 0.168 and 0.126
atm. Respectively. Figure 2 showsatypical weight vs. timetrace for oxidation of fly ash s#100at 750 °C. Thisfigure
depicts weight changes after oxygen was introduced in the TG.

Reaction rateswere determined for each oxidation reaction using the initial rate law and the proportionality law.
For the initia rate law method, the slope of the linear portion of the sigmoid curve of wt vs. time was used to calculate
reaction rates. For the proportionality law method, the sigmoid curve of weight vs. time was converted to a straight line by
plotting Int vs. In (In W-In Wi),or gt vs. g([gW-gWi), where W is the weight at any given time and Wi isthe asymptote. The
dope of the line obtained, which comprised the whole reaction event, was used to cal culate reaction rates. The rate of weight
losswas hormaized to initid weight and the surface area of the specific size-fractioned fly ash. The dependence of reaction
rate on reaction temperature was eva uated with the Arrehnius equation. For each of the three fly ash samples, the activation
energy at various pressures of reactant gas was evaluated from Arrehnius plots. Activation energies for the size-fractioned
fly ash samples used in this study ranged from 43 kJ/mol to 131 kJ/mol. Tables 11, 12 and 13 list the values of Arrhenius
parameters obtained at various pressures of reactant gas for fly ash samples s#100, s#200, and s#325, respectively. Other
studies have found activation energies for coal fly ash to be about 59 kJ/mol for the temperature range 275 °C-350 °C. In
the same study higher activation energies were found for MSW fly ash (104 kJ/mol-142 kI¥mole) (22). Activation energies
were found to be inversely proportional to pressure for the three fly ash samples. Indeed, these values decrease with
decreasing pressuresindicating some effect of mass transport on activation energy. For porous materials, the concentration
of reactant gas decreases to amost zero inside the pores at low partial pressures of reactant gas limiting the reaction and
lessening the effect of increasing temperatures on reaction rate. In our samples, pores ranged from 44 A to 116 A in diameter.
BHJ adsorption/desorption pore distribution reports reveded that no pores were open at both ends, only one end of the pores
was open to the external surface. This implies that the oxygen concentration decreases inside the pores at low oxygen
pressures thus confirming that carbon burn off occurred in the zone 11 kinetic regime.

No consigtent trend was observed for the change in activation energy with particle size so that it is not possible to
determine how the rate effects of temperature varied with particle size. At areactant gas pressure of 0.213 atm, the value
of the energy of activation decrease with increasing particle size, but this does not apply to reactant gas pressures of 0.168
atm and 0.126 atm. These inconsistencies in activation energies demand a close look at the rate data obtained for the
oxidation of carbon in fly ash. Throughout this study, it has been assumed that the weight loss of fly ash is due exclusively
to the oxidation of carbon present in fly ash. Cdculations of weight loss for fly ash sample s#100 at 550 °C, 650 °C and 750
°Creaulted in values of 9.5 mg, 11.4 mg, and 12.2 mg, respectively. The greater values of weight loss at high temperatures
(650 °Cand 750 °C) suggest that weight lossin fly ash at these temperaturesis not caused only by carbon oxidation. In a
study of the accuracy of the loss-on-ignition test, Brown and Dykstra (23) performed thermogravimetric analysis on fly ash
samples produced by four distinctive kinds of coal boilers. Sampleswere heated under nitrogen to atemperature of 725
°C. For al the fly ash samples analyzed, large weight losses were observed between 600-710 °C originating from the
cacination of limestone or dolomite in the fly ash. All of the samples showed weight losses from processes other than just
water desorption and carbon oxidation. In fact, portlandite [Ca(OH),], occurring at 400 °C, and carbonate calcination were
the largest contributors to weight loss. Limestone, which is mostly calcite (CaCO,) or dolomite [CaMg(CQ,),] isusually
added asfine particulate materia to fluidized bed combugtors. It's generally calcinated at the high temperatures of the boilers
to lime, CaO, but fine particulate matter can be entrained in the gas flow through the boilers and , therefore, lime and
limestone can gppear in fly ash. Limeis extremely hydroscopic and will readily form portlandite [Ca(OH),] in the presence
of water. High levels of naturaly occurring carbonates in coal can also contribute to the presence of limestone and dolomite
in fly ash. From the ongoing discussion, it becomes obvious that at temperatures above 600 °C weight losses from these
minerdswill yield overestimates of unburned carbon content in fly ash. Therefore, it is reasonable to suspect that carbonate
calcination may have contributed to weight losses during reactions carried out at 650 °C and 750 °C, and consequently,
confounded the calculations of reaction rates for oxidation of carbon in fly ash. Given that the calculated reaction rates



correspond to total weight loss and not only to carbon oxidation, it is not possible to evauate the rate dependence on
temperature based on the data collected.

Rate dependence on pressure

The information presented in the tables 6-8 also provide information on the dependence of the reaction rate on
oxygen pressure. The rate dependence of oxidation of fly ash s#100 on partial pressure of oxygen revealed atrend of
increasing rate with decreasing concentration of reactant for both rate estimates. The higher rates at lower partia pressures
of oxygen may be accounted for by the presence of volatilesin the fly ash. At low concentrations of oxygen (high vacuum),
volatile compounds such as adsorbed organic species entrained in the porous system of the fly ash evolved rapidly,
contributing to weight lossin fly ash. The increasing rate with decreasing pressure may also be due to the ease of transport
of products away from reaction sites within pores with lowering pressure. This trend of increasing rate with decreasing
concentration of reactant is also observed in fly ash s#200 and fly ash s#325 for the initial rate estimates only.

The effect of reactant gas concentration on reaction rates of fly ash was evaluated using the equation:

R=K[ 0,] @

where [O,] is the concentration of oxygen. The dope of the plot of the In R vs. In O, represents the rate dependence on
oxygen concentration, (Tables 9-12).



LITERATURE CITED

1. Tazaki, K., Fyfe, S., Sahu, K.C., and M. Powell, “Observations on the Nature of Fly Ash Particles’, Fuel, VVol.68, June,
1989, pp.727-734.

2. American Society for Testing and Materials, ASTM Standards in Building Codes, 30th edition, Philadelphia, Vol. 2,
1993, pp.1449-1451.

3. Miller, J.P., “Environmental Impact of Fly Ash Disposal’, in Environmental Consequences of Energy Production:
Problems and Prospects, eds. S.K. Mgumdan, F.J. Brenner and E.W. Miller, The Pennsylvania Academy of Science,
Pennsylvania, 1987, pp. 223-231.

4. Lamarre, Ledlie, “Building from Ash”, EPRI Journal, April/May 1994, pp. 22-28.

5. Dodson, Vance H., Concrete Admixtures, Van Nostrand Reinhold, London, 1990, pp.160-158.

6. Ferraiolo, G., Zilli, M., and A. Converti, “Fly Ash Disposa and Utilization”, Journal of Chemical Technology and
Biotechnology, Vol. 47, 1990, pp. 281-305.

7. Ellis, W.E., ., “For Durable Concrete, Fly Ash Does Not “Replace” Cement”, Concrete International, July 1992, pp.
47-52.

8.Nak, T.R., B.W. Rammeand JH. Tews, “Use of High Volumes of Class C and Class F Fly Ash in Concrete”, Cement,
Concrete and Aggregates, CCAGPD, Vol. 16, No. 1, June 1994, pp. 12- 20.

9. National Research Council, “ Use of Fly Ash in Concrete’, National Cooperative Highway Research Program,
Synthesis of Highway Practice 127, October 1986,

pp. 6-9

10. Manz, O.E., “Review of International Specifications for Use of Fly Ash in Concrete”, Proceedings of the Symposium
on Fly Ash, Silica Fume, Slag, and Other Mineral Byproducts in Concrete, ACI, SP-79, Vol.1, Ed. V.M. Mahotra,
1983, pp. 187-200.

11. National Research Council, Ibid. pp. 13- 17.

12. Lane, D.S,, “Testing Fly Ash in Mortar for Air-Entrainment Characteristics,” Cement, Concrete, and Aggregates,
CCAGDP, Val. 13, No.1, Summer 1991, pp.25-31

13. Taylor, H.F.W., Cement Chemistry, Academic Press, San Diego, 1990, p.351.

14. Rixon, M.R., Chemical Admixtures for Concrete, E & F.N. Spon, London, 1978,p.97.

15. Strange, JF. and P.L. Walker, “Carbon-Carbon Dioxide Reaction: Langmuir-Hinshelwood Kinetics at Intermediate
Pressures’, Carbon, Vol. 14, 1976, pp. 345-350.

16. Gregg, S.J. and K.S.W. Sing, Ibid, pp. 194-210.

17. Harkins, W.D. and G. Jura, Journal of Chemical Physics, 1943, Vol. 11, p. 431.

18. Gregg, S.J. and K.S.W. Sing, Ibid, pp. 120-180.

19. Barrett, E.P., Joyner, L.G., and P.P. Halenda, “ The Determination of Pore VVolume an Area Distributions in Porous
Substances. I. Computing from Nitrogen Isotherms’, J. of the American Chemical Soc., 1951, Vol. 73, pp. 373-380.
20. Schure, M.R., Soltys, P.A., Natusch, D.F.S,, and T. Mauney, “Surface Area and Porosity of Coa Fly Ash”,
Environmental Science and Technology, Vol. 19, 1985, pp. 82-86.

21. deBoer, JH., Lippens, B.C,, Linsen, B.G., Broekhoff, J.C.P., van den Heuvel, A., and T. J. Osinga, Journal of Colloid
Interface Science, Vol. 21, 1966, pp. 405-409.

22. Milligan, M..S. and E. Altwicker, “ The Catalytic Gasification of Carbon in Incinerator Fly Ash”, Carbon, Vol. 31, No.
6, 1993, pp.977-986.

23. Brown, R.C. and J. Dykdtra, “ Systemdtic errosr in the use of Loss-on Ignition to measure unburned carbon”, Fuel, Vol.
74, 1995, pp. 570-574.



Table 1. Chemical Reguirements of Fly Ash

Fly Ash Class
Chemical component C F
SiO, + AlLO, + Fe,0,-min % 50.0 70.0
SO;-max % 5.0 5.0
Moisture content-max% 3.0 3.0
Loss on ignition- max % 6.0 6.0

Source: Reference 2.

Table2. Chemical composition of Delmarva Power fly ash

Variable analyzed Percentage of total weight
Silica(Si0,) 40.34
Aluminum (Al,O,) 27.59
Iron (Fe,05) 9.75
Calcium (Ca0) 249
Magnesium (MgO) 0.42
Sodium (Na,O) 0.62
Potassium (K,0) 2.36
Titanium (TiO,) 2.60
Sulfur (SO,) 0.40
Losson Ignition 8.93
Losson Drying 27.99
pH 8.0

Source: Reference 37.



Table 3. Results of surface area analysis of fly ash particles s#100

Area

BET Surface Area 5.5348 m?lg
BJH Adsorption Cumulative Surface Area of Pores' 2.6233 m?lg
BJH Desorption Cumulative Surface Area of Pores' 3.0693 m?/g

Volume
BJH Adsorption Cumulative Pore Volume* 0.007592 cm®/g
BJH Desorption Cumulative Pore Volume' 0.007853 cm®/g

Pore Size
Average Pore Diameter (4V/A by BET) 44.6874 A
BJH Adsorption Average Pore Diameter (4V/A) 115.7567 A
BJH Desorption Average Pore Diameter (4V/A) 102.3468 A

! Pores between 17 and 3000 A Diameter
Table 4. Results of surface area analysis of fly ash particles s#200
Area

BET Surface Area 3.9922 m?lg
BJH Adsorption Cumulative Surface Area of 2.2145 m?lg
Pores
BJH Desorption Cumulative Surface Area of 3.1105 m?/g
Pores

Volume
BJH Adsorption Cumulative Pore Volume* 0.006431 cm®/g
BJH Desorption Cumulative Pore Volume 0.006934 cm®/g

Pore Size
Average Pore Diameter (4V/A by BET) 44.7863 A
BJH Adsorption Average Pore Diameter (4V/A) 116.1695 A
BJH Desorption Average Pore Diameter (4V/A) 89.1701 A

1 Pores between 17 and 3000 A Diameter



Table 5. Results of surface area analysis of fly ash particles s#325

Area
BET Surface Area 3.0028 m?/g
BJH Adsorption Cumulative Surface Area of Pores' 1.8355 m*/g
BJH Desorption Cumulative Surface Area of Pores' 2.2171 m?lg
Volume
BJH Adsorption Cumulative Pore Volume* 0.005284 cm®/g
BJH Desorption Cumulative Pore Volume' 0.005536 cm®/g
Pore Size
Average Pore Diameter (4V/A by BET) 49.8128 A
BJH Adsorption Average Pore Diameter (4V/A) 115.1592 A
BJH Desorption Average Pore Diameter (4V/A) 99.8740 A

! Pores between 17.000 and 3000.000 A Diameter

Table 6. Rate dependence on temperature at three different partial pressures of reactant gas (oxygen) for fly ash particles
s#100.

Pressure of Temperature R(initia rate law) R(Proportionality law)
reactant gas (°C) (mg/g.m?sec) (mg/g.m?sec)
(am)
550 0.0188 2.267
0.213
650 0.0736 12.165
750 0.1520 28.630
550 0.0302 3.182
0.168
650 0.1036 19.787
750 0.1830 121.462
550 0.0345 3.533
0.126
650 0.1710 23.9084

750 0.2320 123.012




Table 7. Rate dependence on temperature at three different partial pressures of reactant gas (oxygen) for fly ash particles
s#200.

Pressure of Temperature R(initia rate law) R(Proportionality law)
reactant gas (°C) (mg/g.m?sec) (mg/g.m?sec)
(am)
550 0.0069 7.306
0.213 650 0.0219 165.032
750 0.1586 618.738
550 0.0100 3.953
0.168 650 0.0213 59.323
750 0.1629 320.759
550 0.0147 37.093
0.126 650 0.1100 19.099
750 0.1724 143.103

Table 8. Rate dependence on temperature at different partial pressures of reactant gas (oxygen) for fly ash particles s#325.

Pressure of Temperature (°C) R(initia rate law) R(Proportionality law)
reactant gas (mg/g.m?sec) (mg/g.m?sec)
(am)
550 0.0035 12.098
0.213 650 0.0290 72.420
750 0.1462 584.638
550 0.0265 7.757
0.168 650 0.1296 79.421
750 0.2252 504.078
550 0.0675 60.793
0.126 650 0.2110 343.650



750 0.2455 828.588

Table 9. Arrhenius parameters for oxidation reaction of fly ash particles s#100 at various partial pressures of reactant gas.

Po, Initial rate data Proportionality data
(am)
Ea (kJmoal) A Ea (kJmoal) A
0.213 73.85 13.55 135.06 22.12
0.168 68.28 7.61 146.43 23.45
0.126 63.81 421 92.37 17.69

Table 10. Arrhenius parameters for oxidation reaction of fly ash particles s#200 at various partial pressures of reactant gas.

Po, Initial rate data Proportionality data
(am)
Ea (kJmoal) A Ea (kJmoal) A
0.213 108.40 10.69 157.43 25.18
0.168 95.78 9.16 154.91 24.09
0.126 88.07 8.84 *

**no regression



Table 11. Arrhenius parameters for oxidation reaction of fly ash particles s#325 at various partial pressures of reactant gas.

Po, Initial rate data Proportionality data
(am)
Ea (kJmoal) A Ea (kJmoal) A
0.213 131.44 13.55 135.06 22.12
0.168 76.12 7.61 146.43 23.45
0.126 43.92 421 92.37 17.69

Table 12. Reaultsfrom regresson andysisof InR vs. In O, for oxidation of fly ash s#100, s#200, and s#325 at 550 °C. The
dope, a, represents the oxygen concentration dependence.

Fly Ash Samples R?
s#100 -1.132 0.87
s#200 -1.437 0.99

S#325 -5.553 0.93




Weight, mg.

Figure 2. Fly ash s#100 oxidation at 750 C and 1.00 atm.
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