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REMOVAL OF ALKALIES FROM PORTLAND CEMENT 
KILN DUST 

By R. D. Wilson 1 and W. E. Anable2 

ABSTRACT 

Ten to twelve million tons of dust is produced by cement kilns annu
ally in the United States, resulting in a serious waste disposal prob
lem. The Bureau of Mines investigated two alkali volatilization methods 
for converting this dust into materials for making portland cement and a 
useful potassium product. Portland cement kiln dust was found to be 
composed of finely ground cement raw materials (CaC03 and 8i02) having a 
layer of alkali sulfate (K2S04 and Na2S04). In this form, it cannot be 
directly recycled to cement kilns because concrete is weakened by a re
action between the alkali and the aggregate. Portland cements with 28-
day strengths above 5,000 psi were produced from low-alkali residues 
using sintering and melting methods. For nearly complete removal of al
kalies, primarily potassium sulfate, from cement kiln dust, a tempera
ture above 1,300° C and a reducing atmosphere were required. 

---_._-----------" -------------
1Chemist. 
2Chemical engineer(Now retired). 
Albany Research Center, Bureau of Mines, Albany, OR. 
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INTRODUCTION 

From 10 to 12 million tons of cement 
kiln dust accumulate annually at domestic 
cement plants (1-3).3 This finely di
vided dust is emitted from cement kilns 
to prevent the buildup of excessive salts 
in the cement product. The alkali salts 
in the dust are derived from the clay raw 
materials, which include potassium and 
sodium feldspars. Some fractions of the 
accumulated dust can be recycled to the 
cement kiln, but the American Society for 
Testing and Materials (ASTM) specifies a 
limit of 0.6 pct for contained alkali 
(4). The alkali content must be kept low 
to prevent concrete decrepitation, which 
results from a reaction between the al
kali and some concrete aggregates (5-8). 
The bulk of the kiln dust must be-dis
posed of at waste disposal sites. The 
costs for storage, transportation, and 
disposal, although difficult to deter
mine, are significant for the cement 
industry. 

In keeping with its goal to minimize 
the undesirable environmental impacts in 
mineral processing operations and to con
serve materials, the Bureau of Mines con
ducted research to remove the alkalies 
from cement kiln dust to render it ac
ceptable for recycling. In a separate 
study, the Bureau's Avondale Research 
Center characterized waste from 102 ce
ment plants across the Nation, and found 
that kiln dust contained hazardous ele
ments, but at levels below the maximum 
established to protect public health and 
safety (9). 

If separated into its valuable compo
nents, waste cement kiln dust could be
come a significant source of potassium 
and a raw material for making cement. In 
1982, the United States imported almost 
1 million tons of potassium as K20 equiv
alent. If all the potassium from ce
ment kiln dust could be reclaimed, potas
sium imports could be cut by 25 pet. 

3underlined numbers in parentheses re
fer to items in the list of references at 
the end of this report. 

Moreover, the cement content of cement 
kiln dust is 13 pct of the total 1982 
U.S. cement production (10-11). 

Cement kiln dust has been used as a 
potassium-rich soil supplement to replace 
agricultural lime. The fertilizing value 
of kiln dust has been satisfactorily com
pared with the fertilizing value of com
mercial products containing calcium car
bonate, and those containing potassium 
sulfate, on test plots of onions, mus
tard, potatoes, spring wheat, sunflowers, 
barley, and clover (~-1l). Cement kiln 
dust fertilizer was particularly effec
tive in potato production, yielding 
higher quality seed potatoes and tubers 
higher in starch (13). Other research 
was successful in making an improved su
perphosphate fertilizer by extracting 
phosphate from kiln dust with HN03 and 
H3P04 (~). However, in these instances, 
no attention has been paid to recovering 
the cement values. 

Several means have been demonstrated 
to separate alkali vapors from cement 
kiln dust. Alkalies have been hot-water 
leached to produce a potassium sulfate 
fertilizer and an insoluable fraction 
that is recyclable to the cement kiln 
(15), but water leaching is incompatable 
with modern dry cement-making processes. 

In an alternative process, gases from 
cement kilns were passed through a series 
of cyclones and electrostatic precipita
tors, and the larger relatively alkaline
free particles were separated and recy
cled to the kiln, leaving an alkali-rich 
fine-particle-size product (16). Inher
ent material-handling problems have pre
vented adoption of this scheme. 

This report describes the results of 
research at the Albany Research Center 
to evaluate alkali volatilization from 
cement kiln dust using sintering and 
melting techniques. ASTM C-109 strength 
tests (17) were conducted on the portland 
cement made from the treated cement kiln 
dust. 
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EXPERIMENTATION 

MATERIALS 

Three typical cement kiln dust samples 
were used for the experimental work. 
Sample A was a cyclone product from Ar
kansas, sample B was a baghouse product 
from California, and sample C was a bag
house from Missouri. Chemical and X-ray 
diffraction analyses are reported in ta
bles 1 and 2. The particle size distri
bution was determined by dry sieving, 
from which the minus 400-mesh fraction 
was suspended in nonane and analyzed in 
an X-ray sedigraph for the smaller sizes. 
Composite data for cement kiln dust par
ticle sizes are reported in figure 1. 

Scanning electron microscope analyses 
showed the dust was composed of spherical 
particles with a core of calcium carbon
ate and clay and an alkali coating. Par
ticle agglomeration takes place in the 
hot zone of the cement kiln to form a 
heterogeneous dust mixture. 

In addition to the three kiln dust sam
ples, four carbonaceous reducing agents 
used in some of the sintering studies 
were analyzed (table 3). All of the re
ducing agents were ground to pass a minus 
100-mesh screen. 

The kiln dust samples that were used in 
sintering experiments were prepared by 
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FIGURE i.-Comparison of the particle size distribution of 
three cement kiln dust samples. 

making 0.7-cm-diam pellets on a small 35-
em rotating disk pelletizer with either 
kiln dust alone or with a mixture of kiln 
dust and reductants. Since larger quan
tities of pellets were required for melt
ing experiments, 1.3-cm pellets were pre
pared similarly on a 96-cm rotating disk 
pelletizer. No binders were needed, and 
all pellets were dried at 110 0 C prior to 
use. 

EQUIPMENT AND PROCEDURE 

Alkalies from cement kiln dust 
were vaporized by sintering and 
techniques. Sintering was done 
letized samples by heating in 
fIe furnace from 1 to 2 h. The 

pellets 
melting 
on pel
a muf
pellets 

TABLE 1. - Analysis of cement kiln dusts, 
weight percent 

Sample A Sample B Sample 
Al203' ••••• 3.5 2.8 3.0 
CaO •••••••• 43.8 50.1 37.8 
Fe 2°3 •••••• 2.3 1.9 1.9 
K20 •••••••• 4.5 4.8 9.0 
MgO •••••••• .70 1.2 1.8 
Na 20 ••••••• .73 .39 .27 
Si01· .... · . 15.6 14.3 15.2 
Cl - ••••••• .05 .13 2.8 
co, ........ 22.0 20.2 19.4 
F - •••••••• .46 .53 .36 

-3 P04 •••••• .19 .12 .17 
S04-2 •••••• 6.1 3.6 8.9 

TABLE 2. - Mineralogical composition 
of three cement kiln dust samples! 

Sample A Sample B Sample 

C 

C 
Calcite •••••• Primary. Secondary Primary. 
CaO •••••••••• Trace ••• ••• do •••• NO. 
Alpha quartz. ••• do. It • Trace •••• Trace. 
CaS04· ••• • ••• ND •••••• ND ••••••• Do. 
Dolomite ••••• ND •••••• ND ••••••• Do. 

NO Not detected. 
lPrimary phase = 40 to 100 pct; second

ary phase = 20 to 60 pct; trace = 1 to 10 
pet. 
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TABLE 3. - Analysis of reducing agents (dry basis), weight percent 

Reductants Volatile Fixed Ash Analyses of ash 
matter carbon A1203 CaO MgO Si02 

Coal char ••••••• ',_' 14.0 72.5 13.5 1.48 1.14 0.30 3.19 
Coke breeze •••••••• 2.1 78.6 19.3 2.55 .26 .09 5.52 
Petroleum coke ••••• 9.8 89.1 1.1 .61 .11 .03 .44 
Subbituminous coal. 45.5 48.6 5.9 1.59 .37 1°7 3115 
Graphite fines ••••• 2.5 97.4 .10 .04 .02 ( ) ( ) 
1Not determined. 

were held in clay or graphite cruci
bles 5-cm ID by 10-cm high, partially 
fused at temperatures of 1,100°, 1,200°, 
and 1,300° C, cooled, and sampled for 
analysis. 

A water-cooled electric arc furnace 
(fig. 2) was used for the melting stud
ies. The furnace shell was 45 cm high 
and 33 cm in diameter, and the hearth 
consisted of a 10-cm layer of magnesite. 

Refrac 
hearth 

rain 

FIGURE 2.-Electrlc furnace for melting 2S·kg samples of 
pelletized cement kiln dust. 

The furnace was equipped with two 5-cm
diam graphite electrodes. 

Kiln dust pellets were melted and 
held in the furnace at 1,600° to 1,700° C 
for 30 min. Condensed vapor samples for 
chemical analysis were collected on 6-in 
filter-paper disks placed 2 ft above the 
liquid bath surface. The molten furnace 
material was poured through the taphole 
into a conical cast iron crucible, and 
the solidified product was ground to pass 
a 100-mesh screen. 

Strength tests were performed on mortar 
cubes that were made from both sintered 
and melted materials according to ASTM 
specifications C-109 (17). The sintered 
material was made by adding CaO and Si02 
to as-received kiln dust to adjust the 
chemical composition to ASTM specifi
cations (18). The mixture was ground, 
moist-rolled to obtain 0.7-cm-diam pel
lets, and dried. The pellets were heated 
in a graphite crucible at 1,500° C for 3 
h and partially fused. The fused product 
was rapidly cooled and ground to 3.8- to 
4.7-11m (19) and cast. The cast mortar 
cubes were- stored for 1, 3, 7, and 28 
days in lime water prior to compression 
testing. 

Melted material for strength tests also 
was adjusted to meet ASTM specifications 
by adding CaO and Si02' Pellets were 
made similarly to the sintered material 
pellets; i.e., heated at 1,500° C for 3 
h, rapidly cooled, ground, cast, stored, 
and tested. The compositions of the 
portland cements made ~rom sintered mate
rial (sample 1) and melted material (sam
ple 2), as well as a typical commercial 
portland cement and the ASTM standard 
specification, are given in table 4. 
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TABLE 4. - Analysis of portland cements, weight percent 

Cons tit- Sample Samp 
uent 1 2 

-----t·---
A1203... 4.4 4.0 
CaO ••••• 62.2 66.8 
Fe203'" 3.7 3.7 
K20.. • • • .04 .0 

Ie 

7 
MgO..... 1.1 ~~~ --

Standard ASTM 
portland standard 

cement 
5.2 4- 7 

64.0 63-67 
2.3 2- 4 

ND ( I) 
2.8 <5.0 

LOI Loss on tion. ND Not detected. 

Constit-
uent 

Na 20 •••• 
Si02•••• 
c ....... 
s ....•.. 
LOI ••••• --

Sample Sample Standard ASTM 
1 2 portland standard 

cement 
0.04 0.04 ND ( 1) 

25.9 20.9 20.9 21-24 
.44 .68 ND <1.0 

2.0 .74 ND 1- 2 
<.01 .01 1.0 <3.0 

ITotal Na20 + 0.625 K20 should equal 0.6 or less. 

RESULTS AND DISCUSSION 

OXIDATIVE AND REDUCTION 
VAPORIZATION MECHANISMS 

Heating of cement kiln dust pellets 
in clay crucibles for up to 2 h at tem
peratures up to 1,300° C removed less 
than one-half of the potassium sulfate 
(K2S04)' However, in graphite crucibles, 
the evaporation of K2S04 was signifi
cantly greater, as shown in figure 3. 
The probable chemical reaction mechanisms 

Vaporizatio~ 

Decomposition 

This discussion will focus on reactions 
involving potassium because it is the 
major alkali present (see table 5). How
ever, thermodynamics for reactions in
volving sodium are similar to thermody
namics for reactions involving potassium. 
Data at typical sintering temperature of 
1,300 K and a temperature above the fu
sion point (2,000 K) are presented here. 

Since there are no appropriate data for 
the reactions depicted in reactions A and 
B in air, the data in an inert atmosphere 

involved help to explain the difference 
in the quantities of K2S04 that were 
evaporated from each type of crucible. 
In the clay crucibles, the mechanism was 
oxidative, but in the graphite crucibles, 
the reaction was reductive. 

In clay crucibles, the sequence of re
actions for the transport of K2S04 can be 
expressed in terms of the vaporization 
and decomposition reactions A, B, and C 

20-24). 

Equilibrium vapor 
pressure, 1,300 K 

5.44 x 10 - 6 atm 

I::.Go, kcal/mol 
At 1,300 K At 2,000 K 

+173.345 +97.422 

+143.654 +103.188 

(A) 

(B) 

(C) 

were used as a first approximation to 
provide a basis for the present research. 
Any potassium produced as suggested in 
reaction B would immediately oxidize and 
form KZO. Reactions Band C have a sur
prisingly high positive Gibbs free energy 
(8GO), favoring the stability of K2S04 
rather than the decomposition prod
ucts. Nevertheless, because escape of 
the gaseous products keeps the system 
from reaching equilibrium, the experimen
tal results showed some alkali removal. 
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reductant addition. 

TABLE 5. - Analysis of condensed vapor from molten 
cement kiln dust, percent 

Vapor from A1203 C CaO 
dust sample 
A •••••••••• 0.64 0.71 6.4 

.55 .65 5.7 
B •••••••••• .83 4.4 17.5 

.74 1.59 21.0 
Co ••••••••• .36 .25 3.3 

.98 .52 6.8 

REDUCTION VAPORIZATION 

In graphite crucibles, carbon promoted 
up to 100 pct evaporation of alkalies 
from cement kiln dust when heated at 
1,300° C and nearly 70 pct evaporation at 
1,200° C. Although the kiln dust pellets 
heated in graphite crucibles were not in 
intimate contact with the graphite, a 
carbon monoxide atmosphere produced from 
the oxidizing crucible was responsible 
for the alkali evaporation. Similarly, 
figure 4 shows that 15 pct coal additions 

FeZ03 K Na MgO 8i02 

1.1 33.0 4.2 2.3 3.1 
.61 33.7 5.8 .70 2.6 

2.47 16.8 1.5 6.66 6.09 
2.2 23.0 1.2 2.8 3.6 
1.75 37.0 .94 2.35 9.30 
1.1 35.0 1.06 1.6 7.1 

that produced carbon monoxide upon heat
ing reduced the residual potassium to 
nearly zero in fireclay crucibles. Fig
ure 5 shows that 15 pct graphite fines 
were nearly as effective. 

The reaction sequence was the same for 
melting experiments in the electric arc 
furnace, where carbon monoxide was pro
duced from the oxidation of the graphite 
electrodes. As shown by}-reaction D, car
bon monoxide readily forms by a reaction 
of carbon dioxide with carbon above 
1,300° C. 
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b.GO, kcal/mol 
At 1,300 K At...-.l.,OOO K 

-13.551 -42.252 (D) 

The reduction-evaporation mechanisms for alkali removal are not straightforward. 
However, by removal of oxygen during the formation of CO and K2804, the indicated re
actions E and F, are most likely (~). 

b.GO, kcal/mol 
Reduction At hlOO K At h.000_; 

+55.153 -82.052 (E) 

AGO, kcal/mol 
Oxidation At );.,300; At 2,000 K 

-149.205 -97.580 (F) 

These reactions have a negative Gibbs free energy at the temperatures used for sin
tering and melting cement kiln dust. 

Reactions G through K are other possible reactions but these have positive free 
energies (~). 

MO, kcal/mol 
At 1,300 K At 2, pOO ; 

+104.036 +22.603 (G) 

+89.193 +45.402 (H) 

K2804( c) + CO(g)~2K( s) + K28 20 7( c) + CO 2(g) +163 +228 ( I) 

+26 +136 (J) 

+455 (K) 

Furthermore, no evidence of significant quantities of 802 was ever detected, thus 
reactions G and H can be eliminated as major contributors to the overall process. 
The mole ratio of potassium to sulfur to carbon in the condensed vapor was found to 
be 2.2:1:0.1. This fact eliminates the likelihood that potassium carbonate was 
formed. Finally, X-ray analysis showed that the major component of condensed vapor 
was K3 Na (S04)2 with no evidence of K28207' Because carbon strongly promotes the re
moval of alkali and because K2804 does not appear to be the vaporizing species, the 
most likely mechanism of potassium removal by carbonaceous materials is that potas
sium is transported as K28 and reoxidized and condensed in the oxidative atmos
phere outside the furnace to K2804. Asditional research, as in a kinetic study of 
reactions E and F, could prove the reaction mechanism. 
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k ::: 0.024; sample B, k = 0.082; sample C, k ::: 0.009. 

ALKALI EVAPORATION CURVES 
FOR MELTED KILN DUSTS 

The concentration of alkalies in molten 
cement kiln dust decreased over a period 
of time, suggesting a first-order decom
position. Figures 6 and 7 show the data 
obtained from samples A through C as a 
function of time, along with a least
squares regression curve for each set of 
data using the first-order rate equation. 

(1) 

where Co is the initial alkali percent, k 
is a constant characteristic of the kiln 
dust arc furnace system derived from the 
data, and C is the percent alkali in the 
bath at time T. The differences observed 
in the data in figures 6 and 7 are at
tributable to the differences in the 
initial alkali concentration of cement 
kiln dust. A correlation coefficient, 
(r2) = 0.88, was found for the applica
tion of this equation to the data. An 
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FIGURE T.-Potasslumln molten cement kiln dust as a func· 
tlon of time for samples A, B, and C (table 1). The constant (k) 
from C ::: Coe- kT was determined for each sample: sample A, 
k = 0.063; sample H, k = 0.029; sample C, k ::: 0.040. 



improved equation could be made by col
lecting more samples, melting larger 
quantities of dust, and stirring the 
molten bath to produce a uniform composi
tion. The derived equations match the 
actual rate of alkali evaporation and can 
be used to predict the alkali concentra
tion in small arc furnace melts at any 
time up to 100 min. 

STRENGTH OF PORTLAND CEMENT MADE FROM 
SINTERED AND MELTED KILN DUST MATERIAL 

X-ray diffraction and compression tests 
showed that satisfactory cement could be 
made from cement kiln dust. ASTM stan
dard C-150 (~) specifies that total al
kali content of cement calculated as 
weight percent Na20 + 0.625 x K20 must be 
below 0.6 pct. All melted and sintered 
cement kiln dust cement had an alkali 
content of 0.094 pet or less, almost an 
order of magnitude below the ASTM 
standard. 

Figure 8 shows that portland cement 
made from melted kiln (sample 1) and kiln 
dust sintered in carbon crucibles (sample 
2) exceeded the ASTM C-I09 specification 
for strength except at a curing time of 
1 day for the melted sample. At 7 and 28 
days, both kiln-dust-containing cements 
were stronger than a typical commercial 
portland cement, which was used as a 
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FIGURE 8.-Compressive strengths of cast cement cubes 

made from cement kiln dust after curing for 1, 3, 7, and 28 
days. Sample 1 was made from sintered kiln dust, and sample 
2 was made from melted and slntered kiln dust to which CaO 
and SIO, additions to ASTM specifications had been made. 

standard. Samples Band C were adjusted 
to ASTM specifications by additions of 
CaO and 8i02' Figure 8 also shows that 
the strength of a sample of sintered ma
terial that was not adjusted for CaO and 
S102 was below the C-I09 specifications. 

CONCLUSIONS 

Pellets of cement kiln dust high in al
kali salts were sintered or melted with 
several reducing agents and at several 
temperatures. The results showed several 
degrees of alkali removal. Portland ce
ments made from either sintered or melted 
kiln dusts exhibited strength equal to or 
greater than ASTM standards. Conclusions 
that can be made concerning the removal 
of alkalies from cement kiln dust are as 
follows: 

1. The presence of carbon at a temper
ature of 1,300° C or more is sufficient 
to eliminate alkalies from cement kiln 
dust. 

2. In a reducing 
mation of volatile 
is the most likely 
removal. 

atmosphere, the for
potassium and sodium 
mechanism for alkali 

3. Vaporization of alkalies follows a 
Simple, first-order reaction. 

REFERENCES 

1. Nicholson, J. P. Cement Kiln 
Dust--Where Is It Going? Pit and Quarry, 
v. 76, No.1, July 1983, pp. 98-101, 104. 

2. Federal Register. 
tal Protection Agency. 
Proposed Guidelines 

U.S. Environmen
Hazardous Waste. 

and Regulations 



10 

and Proposal on Identification and List
ing. V. 43, No. 243, Dec. 18, 1978, 
pp. 58946-59028. 

3. A. T. Kearney, Inc. Multimedia 
Assessment and Environmental Research 
Needs of the Cement Industry. (U.S. EPA 
contract 68-03-2586). USEPA G-195, 1979, 
44 pp. 

4. Lea, F. M. The Chemistry of Ce
ment and Concrete. Chemical Publ. Co., 
Inc., 1971, 727 pp. 

5. Hogen, F. J. The Effects of Alka
lies on the Properties of Portland Ce
ment. ASTM Committee COl.32, 1978, 30 
pp.; available from ASTM, Philadelphia, 
PA. 

6. Diamond, S. A Review of Alkali
Silicate Reaction and Expansion Mecha
nism. Cement and Concrete Res. J., v. 
15, No.4, 1975, pp. 329-345. 

7. Mather, B. New Concern Over 
Alkali-Aggregate Reaction. Pres. at 
Joint NSGA-NRMCA Eng. Session (New Or
leans, LA, Jan. 28, 1975). 1975, 20 pp.; 
available from National Sand and Gravel 
Assoc., Silver Spring, MD. 

8. Blanks, R. F. Concrete Deteriora
tion at Parker Dam. Eng. News Record, 
v. 126, No. 13, 1941, pp. 46-49. 

9. Haynes, B. W., and G. W. Kramer. 
Characterization of U.S. Cement Kiln 
Dust. BuMines IC 8885, 1982, 19 pp. 

10. Searles, J. P. Potash. Ch. in 
BuMines Minerals Yearbook 1982, v. 1, 
pp. 687-696. 

11. Johnson, W., and S. T. Absalom. 
Cement. Ch. in BuMines Minerals Yearbook 
1982, v. 1, pp .• 175-200. 

12. Belyaev, G. N., and G. T. Bely
aeva. Effectiveness of Chlorine-Free 
Potassium Fertilizers and Improved Forms 
of Potassium Chloride. Agronkhim., No. 
2, 1974, pp. 65-72. 

13. Kobeleva, O. N., N. N. Popova, and 
L. G. Shvetsova. Cement Dust as a Valu
able Potassium Fertilizer for Potatoes. 
Tr. Sverdl. S-khoz. Ins t., v. 15, 1969, 
pp. 59-68. 

14. Kopylov, V. A. Experiments in 
the Central Factory Laboratory. Vestn. 
Tekhn. i Ekon. Inf. Nauchn--Issled. Inst. 
Tekhn.-Ekon. Issled. Gos. Kom. SOY. Min. 
SSSR Po Khim., No.9, 1962, pp. 51-53. 

" u.s. GOVERNMENT PRINTING OFFICE: 1986-605-017/40,056 

15. Sh. Islamov, N. U. Rizaev, Sh. Z. 
Ubaidullaev, and B. I. Nudel'man. Leach
ing During Potassium Sulfate Production 
From Cement-Industry Granules of Baked 
Dust. Uzb. Khim. Zh., v. 17, No.2, 
1973, pp. 20-21. 

16. Thorbjorn, H. Treatment of Dust 
From Cement Kilns. Brit. Pat. 1,145,827, 
Mar. 19, 1969. 

17. American Society for Testing and 
Materials. Standard Test Method for Com
pressive Strength of Hydraulic Cement 
Mortars (Using 2-in. or 50-mm Cube Speci
mens). C 109-80 in 1984 Annual Book of 
ASTM Standards: volume 04.01, Cement; 
Lime; Gypsum. Philadelphia, PA, 1984, 
pp. 78-83. 

18. Chatterjee, A. K. Cement Raw Ma
terials and Raw Mixes, Part I. Pit and 
Quarry, v. 72, No.3, 1979, pp. 103-111. 

19. Cement Raw Materials and 
Raw Mixes, Part II. Pit and Quarry, v. 
72, No.5, 1979, pp. 73-81. 

20. Lau, K. H., D. Cubicciotti, and 
D. L. Hildenbrand. Effusion Studies of 
the Vaporization/Decomposition of Potas
sium Sulfate. J. Electrochem. Soc., v. 
126, No.3, Mar. 1979, pp. 490-495. 

21. Halle, .1. C., and K. H. Stern. 
Vaporization and Decomposition of Na2S04 
Thermodynamics and Kinetics. J. Phys. 
Chem., v. 84, No. 13, 19"80, pp. 1699-
1704. 

22. Uhlig, G. F., H. H. Davis, and 
H. C. Graham. Vaporization Kinetics of 
Na2S04 From 900 0 C to 1,200 0 C. J. Am. 
Ceram. Soc., v. 58, No. 5-6, 1975, 
pp. 201-203. 

23. Efimova, A. G., and L. N. Gorok
hoy. Mass-Spectrometric Study of Vapori
zation of Potassium Sulfate. High Temp., 
v. 16, No.6, Nov.-Dec. 1978, pp. 1019-
1026. 

24. Dow Chemical Co., Thermal Research 
Laboratory. JANAF Thermochemical Tables. 
NSRDS-NBS 37, 2d ed., 1971, 1141 pp.; 
supplements 1974, 1975, 1978. 

25. American Society for and 
Materials. Standard Specification for 
Portland Cement. C 150-+'84 in 1984 Annual 
Book of ASTM Standards: volume 04.01, 
Cement; Lime; Gypsum. ~hiladelphia, PA, 
1984, pp. 155-161. 

INT.-BU.OF MINES,PGH.,PA. 28301 


