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Abstract 

Chemical solidification/stabilization processes are commonly used to immobilize metals in fly 
ash and flue gas desulfurization (FGD) sludges and to convert these wastes into monolithic or 
granular materials with better handling properties and reduced permeabilities. This study evalu- 
ated the role of pore structure of solidified materials during leaching. The solidified material’s 
initial pore structure, changes in the pore structure which result during leaching, and the effects 
of pore structure on leaching are discussed. It was found that pore structures varied depending 
upon the wastes used and the solidification mix formulations tested. After acetic acid leaching, 
the pore structures of samples changed remarkably. Total pore volumes and pore sizes increased. 
The percentage of larger pores (diameter greater than 6000 nm) increased from below 5% for 
before-leaching samples to above 23% for after-leaching samples. The higher the alkalinity in a 
sample, the greater the change of pore structure due to leaching. Changes in pore structure were 
primarily due to leaching of calcium hydroxide. 

Introduction 

Chemical solidification and stabilization (S/S ) technology is commonly used 
to change potentially hazardous liquid or solid wastes into less hazardous or 
nonhazardous solids before they are disposed in a landfill. Wastes which are 
commonly solidified/ stabilized include metal finishing sludges, contaminated 
soils, municipal incinerator ash, coal combustion residues and radioactive 
wastes. Solidifkation/stabilization processes involve the blending of cement 
or pozzolanic materials with the waste to create a solidified matrix in which 
the waste constituents are chemically bound. The result is a structurally stable 
product with reduced permeability and reduced metal solubility and mobility. 

Solidified/stabilized fly ash and flue gas desulfurization (FGD ) sludge wastes 
were used in this research to investigate the effects of leaching on the pore size 
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distribution in a S/S waste form. Many fly ash types and FGD sludges have 
pozzolanic capabilities, which means that they will form cementitious products 
when combined with lime or cement and water at ambient temperatures [ I]. 
Fly ash is commonly used with other S/S reagents and is typically used in lime- 
based S/S techniques [ 21. 

Sample porosity and pore size distribution is very important in determining 
the degree of leaching that will occur in a waste. The pozzolanic reactions cre- 
ate a calcium-silicate-hydrate (C-S-H) gel that hardens into thin, densely- 
packed, silicate fibrils which grow and interlace. As the water in the mix reacts 
with the lime and fly ash or FGD sludge, small pores, often of capillary size, 
are left behind. The amount and size distribution of these pores is dependent 
on such factors as the water/cement ratio (excess water will produce a higher 
porosity) and the rate of reaction. Cement-based matrices have permeabilities 
ranging from 10W5 to lo-’ cm/s, while pozzolanic materials usually range from 
10m6 to 10d7 cm/s [ 31. 

The rate of leaching of metals from the porous S/S waste is highly dependent 
on its porosity, since leaching is largely controlled by the amount of available 
surface area and the rate of diffusion of metals through the pore water. Leach- 
ing is a process in which the contaminants in the solid phase are transferred 
to the liquid phase in contact with it. Therefore, the area of the interface be- 
tween the solid and the liquid in the pores is very important. Pores in the 
solidified matrix are dominated by capillary pores and gel pores [ 41. The cap- 
illary pores are the remnants of water-filled space that exist between the par- 
tially hydrated grains, and have a pore size range from IO nm (0.01 pm) to IO 
pm. The gel pores are included in the volume occupied by calcium silicate hy- 
drate compounds, which have a range of pore sizes of 10 nm or less [4]. Many 
of these pores are initially filled with precipitated lime from the hydration 
reactions. As leaching progresses, the lime deposited in the pores and other 
major components of the solid matrix leach out and leave larger, or produce 
new, voids in the solids. Hence the microstructure of the solidified waste changes 
during leaching. The increase of the pore volume and pore size may signifi- 
cantly affect the leaching process. 

The purpose of this study was to obtain a better understanding of the role 
of pore structure of solidified materials in the leaching process. The solidified 
material’s initial pore structure, changes in the pore structure which result 
during leaching, and the effects of pore structure on leaching are discussed. 

Methods and materials 

Solidified/stabilized samples of fly ash and flue gas desulfurization (FGD ) 
sludge were made by mixing them with lime and water and allowing them to 
cure. A 90 day sequential leaching test was conducted on ground solidified 
samples. Leachate and solids were sampled during the leaching period for anal- 
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ysis. The pore structures of these solidified samples before and during leaching 
tests were investigated by mercury intrusion porosimetry, by gas volume dis- 
placement and by nitrogen adsorption. Following is a brief description of the 
study, with emphasis on the pore structure evaluation. 

Waste sources 
Four types of waste were used for this study: FGD sludge, two types of fly 

ash and LIMB ash (from the Lime Injection Multistage Burner process). Flue 
gas desulfurization sludge and fly ash were obtained from the Conesville Power 
Station, Columbus Southern Power Co. Fly ash # 4 came from boiler #4 and 
fly ash #6 from boiler #6. This station burns Ohio coal with a typical sulfur 
content of 3.5% (w/w) or greater. The Conesville Station FGD system is a 
lime-based wet scrubber operating on units 5 and 6. The LIMB ash was col- 
lected from the Edgewater Station, Ohio Edison, in Lorain, Ohio. The LIMB 
process is an alternative sulfur removal system now under development. The 
process involves the injection of lime or limestone slurry at the top of the boiler. 
The calcium in the lime quickly reacts with the sulfur dioxide forming a dry 
ash similar to fly ash, which can be removed either by electrostatic precipita- 
tors or fabric filters. The LIMB ash is a mixture of fly ash, unreacted calcium 
oxide and calcium sulfate [ 5 1. 

Solidified sample preparation 
Wastes were solidified according to ASTM C305-82 and ASTM C192-90. A 

series of mixtures of the wastes, Type N hydrated lime and deionized water 
were prepared and screened for suitability. Four mixtures were selected for the 
leaching tests. These are shown in Table 1. Mixture B is the formulation used 
by the Conesville Station for its FGD sludge and fly ash, mixture A is our 
optimized mixture for those wastes, mixture C is an optimized mixture for fly 
ash #6 alone, and mixture D is the best mixture from the screening process for 
the LIMB ash. All samples were cured for a minimum of 28 days before leach 
testing began. 

TABLE I 

Mixture formulations chosen for leaching studies 

Mixture Composition Unconfined compressive strength 
(psi) 

A 
B” 
C 
D 

45% FGD, 50% FA #4,5% Lime 230 
55% FGD, 43% FA #S, 2% Lime 73 
72% FA #4,10% Lime, 18% Water 1055 
90% LIMB, 10% Water 1164 

“Formulation used at Conesville station. 
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Leaching tests 
Leaching tests were conducted using both deionized water and 0.01 lV acetic 

acid leachant. Leaching tests followed a modified ANSI/ANS 16.lmultiple 
leaching procedure. Solidified samples were ground to a size between 4.8 mm 
and 9.5 mm, then placed in the appropriate leachant. Deionized water leached 
samples had liquid/ solid (L/S) ratios of 4/l, 20/l or 100/l; acetic acid leached 
samples had a L/S of 20/l. The leachants were changed on days 1,3,5,7,14, 
28,45, and 90. 

Leachate samples were taken at each leachant change. Analyses on leachate 
samples included pH, alkalinity, acidity (for acid leaching samples only), total 
dissolved solids, metals and oxidation-reduction potential. 

Detailed information about the above mentioned methods can be found else- 
where [5], 

Microstructure investigation 
The effect of leaching on the microstructure of solidified wastes was inves- 

tigated by measurement of pore size distribution using mercury intrusion po- 
rosimetry. The Micromeritics Model 9310 Poresizer was used for the deter- 
mination of pore volume, pore size distribution, bulk density and skeletal 
density. In addition, the skeletal density (or true density) and the surface area 
were measured by the gas volume displacement method using a helium pyc- 
nometer (Micromeritics Pycnometer Model 1305) and by the nitrogen adsorp- 
tion method using a surface area analyzer (Monosorb, Model-MS-12, Quan- 
tachrome Corporation ) . 

Mercury intrusion analysis was conducted on solidified waste samples before 
leaching; after 45 and 90 days deionized water (D.I.) leaching; and after 14, 
45, and 90 days of acid leaching. Due to the limited amount of solids available, 
triplicate tests were carried out only for unleached samples and wastes after 
90 days D-1. leaching with a leachant/solid ratio of 20/l. Samples for analysis 
were dried in an oven at 105 ’ C and then kept in a vacuum desiccator. 

Results 

Pore structure of solidified samples before leaching 
Figure 1 shows a comparison of cumulative intrusion volumes for the four 

mixes evaluated before leaching (see Table 1 for mixes). Measurements of pore 
size distribution on samples before leaching were conducted in triplicate; the 
results presented are the mean values. Mixture B, the formulation used at the 
Conesville Station, has the highest total intrusion volume, while mixture C has 
the lowest. Mixtures A and D have almost the same total intrusion volume, as 
well as the same curve shape. 

The dominant pore size for each mixture can be found in Fig. 2, a bar graph 
showing the incremental intrusion volumes at different pore diameters. For 
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0.01 0.1 
Pore Diameter, 

pm’ IO 

Fig. 1. Comparison of cumulative total intrusion volumes before leaching of the four waste mix- 
tures evaluated. 

comparison purposes, the incremental intrusion volume at each diameter is 
normalized to the total intrusion volume and expressed in percentage on the 
vertical axis. For all four mixtures, most of their pore volumes were contributed 
by pores with diameters of 36 nm to 360 nm. Except for mixture B, all the 
mixtures have a typical Gaussian pore size distribution. 

The differences in porosity among the four mixtures may have been caused 
largely by the differences in water/lime ratios. Table 2 lists the total intrusion 
volume of the mixtures and the mixtures’ water/lime ratio. The water/lime 
ratios were calculated from the formulation of the mixtures and the original 
waste characteristics. 

As shown in Table 2, a good agreement between pore volume and water/lime 
ratio exists for mixtures A, B, and C. The pore volume appears to be equal to 
one-half the water/lime ratio, with the exception of mixture D. Since mixture 
D is made of materials obtained from a different source and of different com- 
position, its inconsistency with the above mentioned behavior is 
understandable. 

Effect of leaching on pore structure 
The results of mercury intrusion measurements on waste samples after 90 

days deionized water leaching and 0.01 N acetic acid leaching are presented in 
Figs. 3 through 6. As expected, the pore structure of the wastes did not change 
significantly due to D.I. leaching, but changes in pore structure were very no- 
ticeable during acid leaching. After acid leaching, the major pore size shifts 
from 36 nm to 3300 nm for mixtures A, B, and D, and from 36 nm to 1700 nm 
for mixture C (see Figures 7-10) v The percentage of the larger pores (diameter 
> 6 pm) increased and the percentage of the smaller pores (diameters < 36 
nm) decreased, as shown in Table 3. 

The increase in pore volume is probably due to the enlargement of the orig- 
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Mix A, before leaching 

9 36 359 3315 8123 1063 12808 19369 30917 62409 
Pore Diameter. nm 

Mix B. before leaching 

1722 6084 8880 11259 15109 23106 a3910 
9 356 3325 7850 loo01 13093 18085 30985 78166 

Pore Diameter. nm 

Mix C, before leaching 

7 18 180 1690 6089 8393 11019 15023 22384 42629 
9 36 359 3296 7753 9625 12635 19377 29497 69750 

Pore Diameter. nm 

Mix D, before leaching 

9 36 359 3304 7505 8949 11052 15055 23084 
Pore Diameter, nm 

Fig. 2. Incremental intrusion volumes of the four mixes before leaching. 
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TABLE 2 

Pore volume and water/lime ratio for various S/S waste mixtures 

65 

Mixture 

A 
B 
C 
D 

Pore volume 
(cm3/g 1 

0.3360 
0.4293 
0.2432 
0.3356 

Water/lime ratio 

0.7001 
0.8610 
0.5242 
0.3287 

D.60 

-Y :: CID!JOR Water Leaching 90 days 
-Acid Leaching 90 Days 
QQZC0 Before Leaching 

73 
z + 0.00 

0.001 0.01 10 100 
Pore 

0.1 Diornetdr, 
yrn 

Fig. 3. Comparison of the effect of D.I. leaching and acetic acid leaching on solidified samples, 
mixture A, 

GCXXD Before Leaching 
nnnno Water Leochlng 
MM0 Actd Leaching 

Fig. 4. Comparison of the effect of D.I. leaching and acetic acid leaching on solidified samples, 
mixture B. 

inal pores due to the leaching of calcium hydroxide, resulting from the attack 
of hydrogen ions in the leachant, and to development of access routes to pre- 
viously occluded pores. 
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QXCD Before Leaching 
0.30 UUUQ0 Water Leaching 90 doys 

\” 
-Acid Leaching 90 doys 

:: 

0 
z + 0.00 

0.001 0.01 0.1 Diarnete:. 10 100 
Pore prr 

Fig. 5. Comparison of the effect of D.I. leaching and acetic acid leaching on solidified samples, 
mixture C. 

0 60 
m 3 

\ 
=: 

CCCED Before Leaching 
UDRRD Water Leochlng 90 days 

go 40 

-Acid ILeaching 90 days 

r> 
z + 0.00 

0 001 0.01 
Pore”&iorneteL, pm 

10 100 

Fig. 6. Comparison of the effect of D.I. leaching and acetic acid leaching on solidified samples, 
mixture D. 

The relationship between the change in pore size distribution and the leach- 
ing of alkalinity is also demonstrated by investigating the effect of leaching 
time on the pore structure of the mixtures. Figures 11 through 14 compare the 
cumulative intrusion volume curves before leaching, after 45 days acid leaching 
(after 14 days acid leaching for mixture B ) and after 90 days acid leaching. 
The curves for mixtures A and C are not statistically different between 45 days 
leaching and 90 days leaching. For mixture D, however, the curves for 45 days 
leaching and 90 days leaching are remarkably different. This is probably be- 
cause all of the available calcium hydroxide in mixtures A and C has leached 
out within the first 45 days so that their pore structures are not affected by the 
leaching for the rest of the test. This is supported by the results of consumed 
acidity measurements on the leachate. For mixtures A and C, the cumulative 
consumed acidity curves reached their original alkalinity levels before 45 days 
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Mix A, before leaching 

9 36 359 3315 8123 10063 12808 18369 30917 62409 
Pore Diameter. nm 

Mix A, 45 days acid leaching 

..................................................................................................... ....................... 

9 36 357 3372 8048 9934 12352 17399 30310 930X 
Pore Diameter, nm 

Mix A, 90 days acid leaching 

30.0 ,, 1 

7 I Ii iwui 11405 14li20 22255 49497 
9 36 357 3372 fKt48 99#4 12352 17399 30310 93036 

Pore Diameter. nm 

Fig. 7. Effect of acetic acid leaching on pore size distribution of mixture A after various leaching 
periods. 

leaching. However, the acidity-consumed curve for mixture D is still not below 
its original alkalinity level, even after 90 days leaching; therefore, the structure 
of mixture D could continue to change. Mixture B samples did not retain their 
physical integrity and broke down into smaller pieces over the 90 day leaching 
period. Therefore, their results cannot be compared with the other mixes. 
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Mix 6, before leaching 

7 180 1722 6084 8880 

9 356 3325 7850 loo01 13093 18085 30985 78166 
Pore Diameter, nm 

Mix 6, 45 days acid leaching 

9 36 353 3300 7632 6987 11152 15167 22205 42576 
Pore Diameter. nm 

Mix B, 90 days acid leaching 

9 36 353 3300 7632 6987 11152 15167 22205 42576 
Pore Diameter, nm 

Fig. 8. Effect of acetic acid leaching on pore size distribution of mixture B after various leaching 
periods. 

The higher the alkalinity of a waste, the greater the pore structure of the 
waste will be changed through a leaching process. Since mixture D has the 
highest alkalinity among the four mixtures, the continued change of the pore 
structure due to the release of calcium hydroxide from the solid matrix into the 
leachate is reasonable. It is also noticed that the total intrusion volume at the 
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Mix C, before leaching 

9 36 359 3286 7753 9625 12635 18377 29497 99750 
Pore Diameter, nrn 

Mix C, 45 days acid leaching 

I 

7 18 1 RI 1749 114m 14wl) 22255 49497 
9 36 359333480489904 12352 17309 30310 93036 

Pore Diameter. nm 

Mix C, 90 days acid leaching 

9 3s 3593334so4s 9904 12352 17399 30310 93~136 
Pore Diameter. nm 

Fig. 9. Effect of acetic acid leaching on pore size distribution of mixture C after various leaching 
periods. 

end of the leaching test is slightly less than that at the early stages of the 
leaching test for mixtures A, C, and D. More information will be needed to 
understand this behavior. It may involve the destruction of C-S-H structure, 
or possibly the blocking of pore openings by the production of deposited 
compounds. 
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Mix D, before leaching 

a 
B c 
5 

---.--..- --- -.- .- 

, 5 -.. 

10 -- 

7 1W 1727 8150 n130 31014 
9 36 359 xs4 7505 0949 11052 15055 23084 

Pore Diameter, run 

Mix D, 45 days acid leaching 

7 18 181 1754 62M 8169 99% 13195 16352 26fXi2 93906 
9 36 3583390 7624 8967 11152 15167 22205 42576 

Pore Diameter. nm 

Mix D, 90 days acid leaching 

7 16 1111 1764 6264 8169 !w!tf3 lJ195 
9 36 35a3390 7624 6967 11162 15167 2ZXl5 42576 

Pore Diameter. nm 

Fig. 10. Effect of acetic acid leaching on pore size distribution of mixture D after various leaching 
periods. 

Effect of pore structure on leaching 
According to leaching test results, mixture B is ranked as the worst solidified 

waste mix, while mixture C is the best in terms of the metal leaching. According 
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TABLE 3 

71 

Comparison of pore size (d) distribution for samples before leaching and after 90 days acid leaching 

Pore size 
(nm) 

Pore voiume/total uptake ( % 1 

Before leaching After leaching 

Mixture A 
7.3<d<36 
6000 < d 
Mixture B 
7.3<d<36 
6000 < d 
Mixture C 
7.3<d<36 
6000 < d 
Mixture D 
7.3<d<36 
6000 < d 

9.72 5.94 
3.18 23.74 

6.09 4.58 
2.37 26.40 

15.67 3.67 
4.62 7.38 

8.22 1.25 
1.42 50.21 

QM1M, Before Leaching 
PPPPDAcid Leaching 45 days 
-Acid Leaching 90 days 

0.01 0.1 Diamete:, 10 100 
Pore ym 

Fig. 11, Effect of acid leaching time on total intrusion volume of solidified mixture A. 

to mercury intrusion measurements, as demonstrated above, mixture B had 
more pore volume than the other mixtures and mixture C had the lowest pore 
volume. The more porous a mixture is, the easier it is for the leachant to reach 
the reaction site; therefore, more of the metals can be leached out. Metal fix- 
ation and leaching are very complicated processes and cannot be explained just 
by the porosity, but the porosity of the solidified waste can be one of the major 
contributing factors. 

The effect of pore structure on leaching may be due not only to the initial 
pore structure characteristics, but may also be affected by changes in pore 
structure during leaching. Although mixture D had a similar initial pore vol- 
ume and size distribution as mixture A, a greater pore structure change oc- 
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:: 

amxlD 8efore Leochin 
aann Actid Leaching 

g 

W Acid Leaching 

0 40 

0 
> 

5 
‘5 0.20 

> 
G 

2 
$ 0.00 

0 001 0.01 0.1 Diomete:, 10 100 
Pore yrn 

Fig. 12. Effect of acid leaching time on total intrusion volume of solidified mixture B. 

0.30 - 

\” 
=: 

i 0.20 - 
II 

>” 

8 
‘G+ 0.10 - 
2 

z 

CKGCD Before Leaching 
O!X!XIDAcid Leaching 45 days 
MPM Acid Leaching 90 days 

0 001 0.01 10 100 
Pore 

0.1 Diomete:, 
pm 

Fig. 13. Effect of acid leaching time on total intrusion volume of solidified mixture C. 

0.60 

\” 
QZXXD Before Leaching 
CIIIUOD Acid 45 :: Leaching days 
-Acid Leaching 90 days 

0 
% + 0.00 

0.001 0.01 0.1 Diornete:. 10 100 
Pore pm 

Fig. 14. Effect of acid leaching time on total intrusion volume of solidified mixture D. 
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curred to mixture D during the water and acid leaching, with the total intrusion 
volume increasing by almost 50%. Therefore, it is not surprising to find that 
mixture D was ranked as the second worst solidified waste mix, based on metal 
leaching, especially for the metals which are probably precipitated with the 
calcium hydroxide in the pores. 

Data reliability 
Due to the heterogeneous character of these samples, variations in results 

are expected. In order to know whether the change of pore structure measured 
in this study is significant compared to the variation of results caused by mea- 
surement errors, triplicate tests were conducted on some after-leaching sam- 
ples. In all cases, the standard error was less than 10%. These results indicate 
that analytical and sampling variability were minimal. 

It should be pointed out that the reliability of pore structure evaluation is 
limited by the available test methods. Mercury intrusion methods have some 
inherent chances for misinterpretation. Pore structure can be destroyed during 
the drying stage that is necessary for the preparation of samples. Since the 
measurement method is based upon the assumption that the pore has a cylin- 
dric shape, and the real pore structure probably has a far more complex shape, 
the measured results may not reflect the real situation. In addition, the exis- 
tence of “ink bottle shape” pores would cause mismeasurements. 

Summary and conclusions 

Different pore structures were observed for the four formulations of our so- 
lidified samples. Mixture C had the lowest pore volume and the least leaching 
potential, while mixture B had the highest pore volume and the largest leach- 
ing potential. 

After acetic acid leaching tests, the pore structure of samples changed re- 
markably. Total pore volumes and pore sizes increased. The percentage of larger 
pores (d > 6000 nm) increased from below 5% for before-leaching samples to 
above 23% for after-leaching samples. The higher the alkalinity in a sample, 
the greater the change of pore structure due to leaching. Changes in pore struc- 
ture of solidified samples were most likely caused by the leaching of calcium 
hydroxide. No significant pore change was observed for mixtures A, B, and C 
after the alkalinities of those samples were consumed. 
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