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Batch contact, tank leaching and column percolation tests were conducted to investigate the Cr(VI) con-
centration in the solution/leachate from two fly ashes (fly ash A and B) with additives. The additives used
were cement, low alkalinity additive and Ariake clay. There are several factors influencing Cr(VI) con-
centration in solution/leachate, namely (1) properties of solid/liquid mixture (chemical composition, pH
value, etc.), (2) cementation effect, (3) amount of water in contact with the solid mass (solid/liquid ratio
in case of batch contact test), and (4) adsorption characteristics of the solid particles to Cr ions. The test

Keywords: ) results indicate that fly ash A has less cementation component (CaO of 1.92%) and the amount of water
Hexavalent chromium . . . .
Fly ash in contact with the fly ash played an important role. As a result, Cr(VI) concentration from the column

percolation test was much higher than that of the batch contact test. Adding Ariake clay had more effect
on reducing Cr(VI) concentration for fly ash A than B because the pH value of the solution from fly ash A
was lower, which provided a favorable condition for Cr(VI) ions to be reduced to Cr(Ill) and possibly to be
adsorbed by clay particles. Fly ash B has more cementation component (7.15%) and for column percolation
test, curing the sample for 1 week reduced Cr(VI) concentration significantly. The test results indicate that
in engineering practice, a method which closely simulates the field condition should be selected to assess
possible environmental effects and corresponding countermeasure methods.

© 2008 Elsevier B.V. All rights reserved.

Batch contact test
Column percolation test
Tank leaching test

1. Introduction on groundwater. While the tank leaching test simulates a process

of submerging a solid mass into groundwater, and check the effect

In Japan, the amount of fly ashes generated from thermal power
stations was about 54 million ton/year [1]. How to treat and/or
effectively use the fly ashes is an important environmental issue.
One of the ways is to use them as construction material, such as
for embankment construction. However, fly ashes normally con-
tain ions of heavy metals such as Cr(VI), Cd(II), Pb(Il), etc., which
may have a negative effect/impact to environment [2]. To use fly
ash as a construction material, its geo-environmental impact must
be checked. There are three methods available to check the con-
centration of a target chemical component/ion in solution/leachate,
namely, batch contact test, tank leaching test and column percola-
tion test. The batch contact test represents the process of mixing a
solid mass into groundwater and to check the effect of this process
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of this solid mass to groundwater quality. The column percolation
test simulates the process of percolation/seepage of water into a soil
structure to investigate the effect of leachate on environment. The
batch contact test is faster and is often used and it has been spec-
ified as a standard test method by Japanese Environment Agency
(JEA) [3]. However, using batch contact test for solidified/stabilized
substance not represents the field condition, and some times, it
may give an unsafe result. Kamon et al. [4] reported that a long-
term column percolation test may result in a higher concentration
than a batch contact test for some chemical substance. Therefore,
in practice there is a question which method will result in a more
reliable and safer result.

In this study, the concentration of hexavalent chromium (Cr(VI))
in solution/leachate from two fly ashes (coal ashes), named as
fly ash A and B, was investigated by batch contact, tank leach-
ing and column percolation tests. The effect of adding cement,
clayey soil (Ariake clay) and low alkalinity additive on Cr(VI)
concentration is also investigated experimentally. The results are
compared and the influencing factors on Cr(VI) concentration are
discussed.
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2. Materials and test methods
2.1. Fly ashes

The fly ashes tested have a brand name of Blair Athol (from Blair
Athol coal, Australia). Two batches of ashes were sampled at dif-
ferent time and their properties are different. For easy to discuss,
the two batches of the samples will be designated as fly ash A and
B respectively, and their chemical compositions, ignition loss, spe-
cific surface area and the density of the particles (fly ash A only)
are given in Table 1. The chemical compositions were analyzed by
fluorescent X-ray analysis method.

2.2. Admixtures

2.2.1. Ariake clay

There is considerable amount of waste clayey soils generated
from construction sites in Japan, and mixing waste clayey soils with
fly ashes provides a possible method to treat both waste clayey soils
and fly ashes [5]. The clayey soil adopted to mix with the fly ashes
in this study was Ariake clay with a liquid limit (w;) of 116.6% and
plastic limit (wp) of 57.5% and clay content (<2 pm) of about 31.0%.
The dominant clay mineral in the Ariake clay is smectic one [6]. The
pH value of the solution from the clay/distilled water mixture with
a solid/liquid ratio of 1:10 was 7.64. Unfortunately, the chemical
compositions of the Ariake clay used were not measured, and the
chemical compositions of an Ariake clay sample from a different
location were measured and included into Table 1 as a reference.

2.2.2. Cement

The cement used is a kind of Portland cement, and its chemi-
cal compositions are listed in Table 1 (the data are provided by the
manufacturer). The equilibrium Cr(VI) concentration in the solu-
tion from a batch contact test with a solid/liquid ratio of 1:10 was
0.33 mg/l and pH of 12.7.

2.2.3. Low alkalinity additive
Normally fly ash shows alkaline property and it may affect the
geo-environmental condition. Low alkalinity additive has an advan-

Table 1
Chemical components and other properties of the fly ashes, the cement?, the low
alkalinity additive? and Ariake clay®.

Content (%) Chemical component

SiO, Al,03 Fe;03 TiO, CaO Mg0 KO

Fly ash A 60.0 21.5 10.9 1.95 1.92 0.66 0.26
Fly ash B 393 29.1 14.0 1.13 715 081 3.02
Cement 19.15 4.76 243 - 60.49 1.15 -
Low alkalinity additive  13.80 3.19 257 - 30.70 1.16 0.14
Ariake clay 57.4 16.9 53 0.7 2.0 2.2 2.0
Content (%) Chemical component

P203 503 Sr Cr NaZO Hzo
A 0.33 0.22 0.192 0.010 0.09 -
B 1.50 0.69 0.129 0.006 1.00 -
Cement - 7.45 - - - -
Low alkalinity additive - 32.56 0.29 - 0.12 9.6
Ariake clay 0.1 24 - - 2.6 -
Other properties Ig. loss (%) Specific surface  Density of

area (m?/g) particles (kg/m?)
A 1.2 0.25 2300
B 14 - -
Cement - 0.39 3040
Low alkalinity additive - = _
Ariake clay 9.0 - -

2 Values were provided by manufacturers.
b Not the same batch as used for batch contact and column percolation tests.

tage over cement on reducing alkalinity of the treated fly ash. The
chemical properties of the low alkalinity additive used are given
in Table 1 also (the data are provided by the manufacturer). The
main content of the low alkalinity additive is gypsum (CaSQyg4), and
in chemical composition analysis, it has been separated as CaO and
SOj3.Inthe solution from a batch contact test with a solid/liquid ratio
of 1:10, no Cr(VI) was detected (lower limit of the measurement
was 0.005 mg/l). The pH value reported by Kamon et al. [7] is 10.2
(although the condition of measurement was not stated, it is inter-
preted as standard batch contact test in Japan with a solid/liquid
ratio of 1:10).

2.3. Method for batch contact test

The tests were conducted basically according to the regulation of
the Public Notice No. 46, JEA [3]. The solid/liquid ratio adopted was
1:10.The liquid used was distilled water and the initial pH value was
adjusted to about 6 by adding hydrochloric acid. The mixture was
put into 11 glass bottles and mixed for 24 h by rotating the bottles
(upside down) with a speed of 30 rpm. Due to the availability of the
equipment, this mixing process is different from that described in
the Public Notice No. 46, JEA. Then the solid was separated from
the liquid by a centrifuge machine. After centrifuge separation,
since the liquid phase was clear, no filtration was made. The con-
centration of Cr(VI) and pH value of the solution were measured.
For all tests, Cr(VI) concentration was measured by absorptiomet-
ric method using diphenyl carbazide (JIS K 0102 65.2) [8]. pH was
measured following the method specified by Japanese Geotechnical
Society, JGS 0211-2000 [9].

2.4. Method for tank leaching test

The test was conducted according to the Regulation No. 49, the
Ministry of Construction (currently the Ministry of Land, Infras-
tructure and Transport), Japan [10]. The method requires to put
solid mass in blocks into distilled water with a solid/liquid ratio
of 1:10 and to leave it for 28 days. Then the concentration of
Cr(VI) in the solution was measured. It is required to adjust the
pH value of the water to be within 5.8-6.3 initially (about 6 in this
study).

2.5. Method for column percolation test

A column used is 150 mm in diameter and 400 mm in height.
The samples of fly ash or its mixture were typically 20 mm thick.
The samples were formed by compacting the materials inside the
column. For fly ash and fly ash adding 2 and 5% cement cases,
the samples were compacted at near their optimum water con-
tent of about 23% to a dry density of about 1340 kg/m3 for fly ash
A and about 1400 kg/m? for fly ash B. The degree of compaction
was about 95% according to the method-A of JIS 1210 [11]. In cases
of fly ash A with a clay/fly ash (C/F) ratio of 20:80, the fly ash and
the clay mixture was directly compacted without adding additional
water. The resulting water content was about 26% and dry den-
sity was about 1160 kg/m?. In case of C/F ratio of more than 20:80,
the initial water content was too high for an effective compaction,
and the samples were made by consolidating the material under a
pressure of 50 kPa. The device used is shown in Fig. 1. During the
tests, the depth of distilled water on the top of the samples was
kept as 150 mm and the leachate was collected and the concen-
tration of Cr(VI) was measured periodically. For fly ash B plus 5%
cement case, the pH value of the leachate was measured also. The
flow rate was 500-600 ml/day and for the conditions adopted, a
hydraulic conductivity of (4-5) x 10-8 m/s can be back-evaluated
for the samples.
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Fig. 1. Column percolation test device.

Table 2
List of all tests conducted.

Clay/fly ash ratio (C/F)  Cement mixed into fly ash (%)

Column test Batch contact Tank leaching

test test

A? B A B A B
0:100 0,2,5 2,5 0,2,5 0,5,5" 0 -
20:80 2,5 0,2,5 0,5,5" 2,5 -
40:60 2,5 0,2,5 0,55 - -
60:40 - 0,2,5 0,5,5" - -
80:20 - 0,2,5 0,5,5" - -

2 A and B mean fly ash A and B respectively.
b 5% of low alkalinity additive.

The conditions for batch contact, tank leaching and column per-
colation tests are listed in Table 2.

3. Test results
3.1. Results of batch contact tests

Equilibrium Cr(VI) concentration in the solution is summarized
in Fig. 2(a and b) for fly ash A and B respectively, and the results are
discussed in following paragraphs.
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3.1.1. Comparison of the results of fly ash A and B

From chemical composition, fly ash B contains less total Cr
(Table 1), but it shows higher Cr(VI) concentration in the solu-
tion. The concentration of Cr(VI) in the solution depends on the
content of Cr(VI) in the solid mass, reaction characteristics (includ-
ing oxidation-reduction) of Cr(VI) with solution, etc. Mohan and
Pittman Jr. [12] summarized that there are two mechanisms for
removing Cr(VI) from a solution, i.e. (a) adsorbing Cr(VI) into the
interior surface of a adsorbent (e.g. carbon); and (b) reducing Cr(VI)
to Cr(Ill) and adsorbing at the external surface of a adsorbent. For
the conditions considered here, it is considered that the mecha-
nism (b) has an important influence on Cr(VI) concentration. The
process of reducing Cr(VI) to Cr(Ill) is influenced by pH and redox
potential (Eh) values of a solution. Chai et al. [13] reported that the
equilibrium pH value of a solution had a significant effect on the
adsorption capacity of an Ariake clay to chromium (Fig. 3). Fig. 3
was produced under the assumption that reduction of Cr(VI) con-
centration in the solution is caused by reducing Cr(VI) to Cr(Ill) and
then adsorbed by clay minerals. The Ariake clay tested had a plastic
limit of 47.6%, and liquid limit of 109.9%. The pH value of the solu-
tion from the clay/water mixture with a ratio of 1:10 was about
8.0. The test method used for producing the results in Fig. 3 was
basically the same as the batch tests in this study, but the way of

Ariake clay content in fly ash (%)
(b) Fly ash B

Fig. 2. Cr(VI) concentration in solutions. (Batch contact and tank leaching tests). (a) Fly ash A; (b) Fly ash B.
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Fig. 3. Effect of pH value on Cr adsorption capacity [13].

adjusting the pH value of the solution was different. For the results
in Fig. 3, the pH values of the equilibrium solution (not the initial
liquid phase) were adjusted by adding hydrochloric acid. Although
the range of pH values in Fig. 3 does not cover the most test con-
ditions of this study, it has been used here to explain the tendency
of the effect of pH value. Fig. 4(a and b) shows the equilibrium pH
values of the solutions for fly ash A and B respectively. Note, in
Fig. 4(a), the pH values for 2% and 5% the cement and C/F ratio of
20:80 batch contact tests are almost the same. It seems that fly
ash B was more alkalinity than fly ash A. For batch contact tests of
adding 5% the cement case, the equilibrium pH value of the solu-
tion with fly ash B is about 1 unit higher than that of fly ash A. It is
considered that the difference in alkalinity can partially explain the
difference on Cr(VI) concentration in the solution. Reducing Cr(VI)
to Cr(IIl) is not only influenced by the pH value of a solution, the
redox potential (Eh) of the solution also plays an important role. For
fly ash B, the Eh values of the solutions were also measured and the
results are imposed into the Eh-pH diagram of chromium [14] in
Fig. 5. It indicates that reducing pH value from about 12 to about 10
and Eh of about 0-0.2 V, Cr(VI) (in a form of Cr042-)[15,12] can be
reduced to Cr(III) (in a form of Cr(OH),*) [ 14]. The reaction can be as
follows.
Cr042~ +4H* +3e < Cr(OH),* +2HO~ (1)
The Eh-pH diagram for chromium also indicates that for pH
value of about 12 and when Eh is less than 0 (reduction condition),
Cr(VI) can be reduced to Cr(Ill) (in a form of Cr(OH)4~), and this
follows standard potential reaction formula.

Cr04?~ +4H,0 + 3e < Cr(OH);~ +40H (Eg= —0.17) (2)
Batch contact Tank leaching
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Fig. 5. Eh-pH diagram for chromium and batch test results of fly ash B.

3.1.2. Effect of adding Ariake clay

For fly ash A, increase the Ariake clay content in the fly ash
reduced Cr(VI) concentration in the solution significantly. How-
ever, for fly ash B, the reduction was small. There are two possible
reasons for reducing Cr(VI) concentration with the increase of the
Ariake clay content. Firstly, under the condition of solid/liquid ratio
of 1:10, increasing Ariake clay content means reducing the amount
of the fly ash and therefore Cr(VI) in the mixture. However, if this
is the only reason, Cr(VI) concentration will reduce linearly with
the increase of the Ariake clay content. The results show that the
reduction is nonlinear, especially for fly ash A. The second reason
considered is reducing Cr(VI) to Cr(Ill), which is less soluble and
can be adsorbed by the Ariake clay. Cr(VI) exists in anion forms of
Cr,072~, Cr042~ and HCrO,4~ cannot be directly adsorbed by clay
mineral. Cr(VI) needs to be reduced to Cr(Ill) (cation) and then be
adsorbed by clay mineral [16]. As shown in Fig. 4(a), for not adding
the cement case, increasing the Ariake clay content reduced the pH
value of the solution from more than 10 to 8-9. For fly ash B, the
pH value of the solution of not adding the cement case was not
measured. In case of adding 5% the cement, the solution of fly ash B
showed a higher pH value than fly ash A, and the reduction and/or
adsorption effect of Ariake clay to Cr ions might be less significant.

3.1.3. Effect of the cement
Adding the cement can increase cementation effect or some
other possible chemical reaction. However, the cement used is more

Fly ash B @ 5% low alkalinity additive
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Ariake clay content in fly ash (%)
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Fig. 4. pH value of solution (Batch contact and tank leaching tests). (a) Fly ash A; (b) Fly ash B.
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alkalinity (pH 12.7) and contains more Cr(VI) than fly ash A and B.
In terms of Cr(VI) concentration, the results show a complicated
picture. For fly ash A, in cases of no and 20% the Ariake clay, adding
the cement reduced Cr(VI) concentration considerably. Due to the
lack of necessary chemical analysis during the tests, the exact rea-
son is not clear. It is considered that the cementation effect might
promote the aggregation of the solid particles and partially pre-
vent dissolving of Cr(VI). However, for more than 20% the Ariake
clay case, adding the cement increased the pH value of the solu-
tion, which tends to reduce the reduction and/or adsorption effect
of the Ariake clay to Crions and resulted in a higher Cr(VI) concen-
tration in the solution. For fly ash B, it contains 7.15% of cementation
component (Ca0) which is much higher than that of fly ash A
(1.92%), and the cementation effect of adding 5% the cement was not
significant.

3.1.4. Effect of the low alkalinity additive

Comparison of the effect of adding the cement and the low
alkalinity additive was only done for fly ash B. In term of Cr(VI)
concentration, there are two advantages of using the low alkalinity
additive over the cement. Firstly, it does not contain Cr(VI), and sec-
ondly it has alower alkalinity and which can promote the reduction
of Cr(VI) to Cr(Ill). As shown in Fig. 4(b), the pH values of adding
the low alkalinity additive is about 2 unit lower than that of adding
the cement. Fig. 2(b) shows that when the Ariake clay content is
more than 20% (pH value is less than about 10), Cr(VI) concentra-
tion reduced significantly. It seems that reduction effect and/or the
adsorption effect of the Ariake clay to Cr ions played a profound
role on reducing Cr(VI) concentration.

3.2. Results of tank leaching tests

Tank leaching tests for fly ash A were conducted using the sam-
ples after unconfined compression tests, which were cured for 28
days in a humid container before tests. The original samples had a
size of 50 mm in diameter and 100 mm in height. After the uncon-
fined compression test, it was broke into 4-5 pieces that were used
for tank leaching tests. The results on Cr(VI) concentration and the
pH values of the solution are included in Figs. 2(a) and 4(a) respec-
tively. Ideally, the solid/liquid contact area for the tank leaching test
is less than that of the corresponding batch contact test, and it may
result in lower Cr(VI) concentration. Fig. 2(a) shows this tendency.
However, the data are limited and scattered and a definite conclu-
sion cannot be drawn. The pH values of the tank leaching tests were
lower than the corresponding batch contact tests (Fig. 4(a)). For fly
ash A alone and fly ash A plus 2% the cement with a C/F ratio of
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20:80 cases, the pH values of tank leaching tests were about 1 unit
lower.

3.3. Results of column percolation tests

For fly ash A, after setting the samples, the percolation tests
using distilled water were started without curing the sample. For
fly ash B, the effect of curing the sample was investigated. Numbers
of pore volume (NPV) versus Cr(VI) concentration relationships are
given in Fig. 6(a and b) for fly ash A and Fig. 7(a and b) for fly ash B
respectively. NPV means the volume of the leachate collected (V)
divided by the pore volume (volume of voids, Vy/) of a sample of fly
ash or fly ash mixture.

VL

NPV = —,

W W=n- Vg

(3)
where V7 is the total volume of a sample (soil layer), and n is the
porosity of the sample, which can be calculated as follows:

_PE—Vd
Pg

where p is the density of solid particles, g is specific gravity,
and y4 is the dry unit weight of a soil sample. For fly ash B, p
has not been measured and for calculating NPV, p=2300kg/m3
(the same as fly ash A) was assumed. For all column percolation
tests conducted, generally Cr(VI) concentration reduced with the
increase of NPV. The detailed results will be presented by compar-
ing with that of the corresponding batch contact tests. The factors
affect Cr(VI) concentrationin solution/leachate of batch contact and
column percolation tests are as followings.

n

(4)

(a) Amount of water in contact with solid particles. At a given time,
there is more water in contact with solid particles in the batch
contact test (solid/liquid ratio of 1:10) than that of the col-
umn percolation test. For example, the compacted sample for
the column percolation test had a void ratio of about 0.7, and
the ratio of the solid mass of the sample to 1 NPV of leachate
by weight is approximately 1:0.25, which is much larger (less
water) than the solid/liquid ratio of 1:10 adopted for the batch
contact test. Assuming a constant distribution coefficient (K;), a
lower solid/liquid ratio (more liquid) will result in a lower equi-
librium concentration in the liquid phrase. This factor tends to
increase Cr(VI) concentration of the column percolation test.

(b) Cementation effect. When particles have been cemented/
bonded together, their surface area will be reduced which
partially hinders the dissolving of Cr(VI) into pore water.

0.1
W 2% cement (20% Ariake clay)
- A 5% cement (20% 1y )
-==—Batch test (2% cement; 20% Ariake ckay)
0.08 |--——Batch test (5% cement: 20% Ariake ckay)
L Flv ash A
0.06 n
A
[ ]
0.04 Japanese
u - environmental
i standard
0.02 A
0 | A | 1
0 1 2 3 4

Number of pore volume
(b) Fly ash A+ Ariake clay + cement

Fig. 6. Cr(VI) concentration in the leachate of column percolation test for fly ash A. (a) Fly ash A, fly ash A+ cement; (b) fly ash A+cement + Ariake clay.
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Fig. 7. Cr(VI) concentration in the leachate of column percolation test for fly ash B. (a) Fly ash B +5% cement; (b) fly ash B+2% cement.

Cementation effect will be more effective for the column per-
colation test than that for the batch contact test. This factor
also tends to reduce Cr(VI) concentration in the leachate from
a column percolation test.

3.3.1. Comparison of the results of fly ash A and B

For adding 5% the cement case, contrast with the results of the
batch contact tests, fly ash A resulted in a higher Cr(VI) concentra-
tion than fly ash B (Fig. 6(a) and Fig. 7(a)). Although the exact reason
is not clear, it is considered that the cementation effect played a
role. Fly ash A has less cementation component (CaO) than fly ash
B (Table 1), and therefore, the cementation effect will be less in the
column tests and resulted in a higher Cr(VI) concentration. When
comparing with the batch contact test results, for fly ash A alone or
fly ash A plus 2-5% the cement cases, the column percolation tests
resulted in much higher Cr(VI) concentrations than that of the batch
contact tests. For these cases, it is believed that the amount of water
in contact with the solid mass played a dominate role. However, for
fly ash B, at NPV =1, Cr(VI) concentration from the column percola-
tion test is very close to that of the corresponding batch contact test.
In this case, although the amount of water in contact with the solid
at a time is much less in the column test, but column test provided
a favorable condition to display cementation effect and which par-
tially restricted the dissolving of Cr(VI) into the leachate. For both
fly ash A and B, in cases of fly ash along or with 5% the cement,
even at NPV of 4, Cr(VI) concentration is still higher than Japanese
environmental standard (0.05 mg/1). For most of the column tests,
the pH value of the leachate was not measured. The measurement
was only made for fly ash B plus 5% the cement without curing case
and the results are given in Fig. 8. Up to NPV of 4, pH value was
about 12 and lower than that from the batch contact test of about
13.

3.3.2. Effect of Ariake clay

The column percolation test of adding the Ariake clay was only
conducted for fly ash A. The results for C/F ratio of 20:80 are shown
in Fig. 6(b). For case of C/F ratio of 40:60, no Cr(VI) was detected in
the leachate. Comparing the results in Fig. 6(a and b) indicates that
adding the Ariake clay reduced Cr(VI) concentration significantly.
For adding 2 and 5% of the cement into fly ash A and then mixed with
the Ariake clay with a C/F ratio of 20:80 cases, Cr(VI) concentrations
from the column tests are comparable with those of from the batch
contact tests (Fig. 2(a)) at about 1 NPV and then reduced with the
increase of NPV. In this case, although the amount of water was
less in the column percolation test, but the column test provided
a favorable condition (possibly lower pH value) for reduction of
Cr(VI) to Cr(Ill) (Fig. 5). For fly ash A, the pH value of the leachate

from the column test was not measured, but referring the result of
fly ash B, the pH values for the column tests are lower than that of
the corresponding batch contact tests (Figs. 4(b) and 8).

3.3.3. Effect of the cement

As shown in Fig. 6(a), adding 2 and 5% the cement into fly ash A
reduced Cr(VI) concentrations, and at about 1 NPV, the value was
about 70% of the corresponding value of fly ash A alone. The differ-
ence between 2 and 5% of the cement cases is not obvious. However,
for fly ash A and the Ariake clay mixture (C/F of 20:80), increase
the cement content reduced Cr(VI) concentration considerably. It
can be interpreted as a combination of cementation and reduction
effects. Comparing Fig. 7(a and b) indicates that there is no obvious
effect of varying the cement content from 5% to 2% for fly ash B. It can
be explained that fly ash B itself contains a relatively larger amount
of cementation component (CaO), and varying the cementation
content from 5% to 2% did not alter the cementation effect much.

3.3.4. Effect of curing time

For fly ash B, the effect of curing on Cr(VI) concentration in the
leachate was investigated and the results are given in Fig. 7(a and
b). Figure 7(a) shows that curing had a significant effect on reduc-
ing Cr(VI) concentration. The most effect appeared within 1 week
curing time. It is believed that the reduction is mainly due to the
effect of cementation. It is the same mechanism as using stabiliza-
tion/solidification method to treat a contaminated land. This result
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Fig. 8. Comparison of pH values from batch contact and column percolation tests.



J.-C. Chai et al. / Journal of Hazardous Materials 166 (2009) 67-73 73

implies that when using a fly ash plus cement as embankment fill,
providing more than 1 week curing time before opening to rainfall
precipitation can reduce the risk of potential environment impact.

4. Conclusion

Dissolving and/or leaching Cr(VI) from two fly ashes (fly ash
A and B) with additives was investigated by batch contact, tank
leaching and column percolation tests. The test results indicate
that there are several factors influencing Cr(VI) concentration
in a solution/leachate. The main factors are: (1) properties of
solid/liquid mixture (chemical composition, pH value, etc.), (2)
cementation effect, (3) amount of water in contact with the solid
mass (solid/liquid ratio in case of batch contact test), and (4) adsorp-
tion characteristics of clay mineral to Cr ions. The test results
indicate that Cr(VI) concentration is the result of the interaction of
these factors. In engineering practice, a method closely simulates
the field condition should be chosen to assess possible environment
effect and corresponding countermeasure method.

Fly ash A has less cementation component, CaO (1.92% compared
with 7.15% of fly ash B) and it seems that the amount of water in
contact with the solid played an important role on Cr(VI) concen-
tration. As a result, the initial Cr(VI) concentration from the column
percolation test is much higher than that of the batch contact test.
The solution of fly ash A had a relatively lower pH value (about 1
unit less than that of fly ash B), which provided a favorable condi-
tion for Cr(VI) to be reduced to Cr(Ill), which is less soluble than
Cr(VI) and can be adsorbed by clay mineral, and it showed that
adding the Ariake clay into the fly ash reduced Cr(VI) concentra-
tion significantly. For fly ash A, adding the cement can increase
its cementation effect but increased alkalinity of the solution and
resulted in a complicated reaction on Cr(VI) concentration.

Fly ash B has more cementation component, and the cemen-
tation effect played an important role on reducing Cr(VI)
concentration. For the column percolation test, due to cementation
effect, curing the sample for 1 week reduced Cr(VI) concentration
dramatically. Fly ash B has a higher alkalinity and adding the low
alkalinity additive reduced the pH value of the solution about 2 unit
and resulted in a lower Cr(VI) concentration, and it is considered
mainly due to the lower pH value promoted reduction of Cr(VI) to
Cr(III).
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