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RINGKASAN : Kertas kerja ini mengemukakan mak/umat tentang keupayaan
kurasan logam zink dan plumbum serta alkaliniti kurasan dari tanah tercemar yang
distabilkan oleh simen. Prosedur TCLP dan SPLP dijalankan ke atas tanah tercemar
yang telah dipejalkanldistabilkan di mana kepekatan logam zink dan plumbum serta
alkiliniti kurasan adalah ditentukan. Keputusan kajian ini menunjukkan bahawa
penggunaan simen adalah efektif dalam menstabilkan kandungan /ogam da/am tanah
tercemar. la juga menunjukkan bahawa blok-blok tanah tercemar yang telah
distabilkan yang hadir dalam kurasan yang tidak ditapis memberi keupayaan
menimbal asid tambahan kepada kurasan dan seterusnya mengurangkan kepekatan
/ogam zink dan plumbum yang dikuras.

ABSTRACT : This paper presents the findings on zinc and lead leachabilty as well
as alkalinity of leachates from cement stabilised contaminated soils. The Toxicity
Characteristic Leaching Procedure (TCLP) and Synthetic Precipitation Leaching
Procedure (SPLP) have been performed on the solidified/stabilised contaminated
soils of which zinc and lead concentrations and alkalinity of the resultant leachates
are determined. Results indicate that cement shows excellent treatment effectiveness
for stabilising metal contents in contaminated soil. It has also been determined that
the residual blocks of stabilised contaminated soil present in unfiltered leachates
provide additional acid buffering capacity to the leachates, reducing the leached
concentrations of zinc and lead.
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INTRODUCTION

Cement-based solidification/stabilisation (S/S) is an established technique utilised in treatment
of hazardous wastes in developed countries. This technique is gradually finding applications
in remediation of contaminated soil due to its cost-effective means of reducing leachability of
hazardous constituents from disposed wastes in landfills (Cheng, 1991 ). Generally, S/S
processes are designed and used to reduce contaminant mobility and solubility as well as to
improve the physical characteristics of wastes by producing water-free monolithic solids. In
this respect, a study was conducted in which metal contaminated soil was treated with cement
in order to reduce the leachability of metals from the soil in three different solutions. The
objectives of this study were to (1) determine distinct leachability trend of the solidified/stabilised
contaminated soils which were subjected to crushed block leaching as affected by varying
cement-to-soil (C/Sct) ratios and (2) investigate the alkalinity aspects of filtered and unfiltered
leachates and their correlation with the leachability trend.

MATERIALS AND METHODS
Collection and spiking of soil

Control soil was collected within University of Malaya campus near the Reserve Officer Training
Unit (ROTU) complex. The soil was screened on-site by using a 2-mm sieve prior to collection.
The soil was then oven dried at 105 °C overnight to remove moisture and repress microbial
activity. In this study, two metals, lead and zinc were selected as the metal contaminants since
they were the predominant metals in soils distributed throughout Peninsular Malaysia as
determined in a study conducted by Fauziah et al (2001 ).
The soil was spiked by mixing known quantity of either lead (II) nitrate (O, 500 and 25,000 mg/
kg) or zinc nitrate hexahydrate (0, 1,500 and 70,000 mg/kg) provided by Merck. The nitrate
form of these chemicals was chosen due to its high solubility (high potential for high cation
mobility) and the fact that it does not inhibit S/S reactions (Boardman, 1999). Spiked soils
were prepared by mixing predetermined amount of metal nitrates with ASTM Type 11 deionized
water prior to addition into the control soil. The soil was mixed thoroughly to ensure
homogeneous distribution of the metal contaminants in the soil.
Production of Solidified/Stabilised Samples

OPC was added to the contaminated soil at C/Sct (wt/wt) ratios of 0.5, 1 and 2. The contaminated
soil and cement were added into a 25-L SPAR type mixer and homogenised for 15 minutes
prior to the addition of ASTM type II deionized water. It was ensured that the addition of water
to the cement and soil was adequate to produce a mixture with a flow of 10% by using a K92
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slump tester specified in the standard test protocol of ASTM Standard Method C 1362-97
(ASTM, 2000). The mixture was cast into 50 mm X 50 mm X 50 mm steel cube molds and
1-litre high-density polyethylene (HDPE) in three layers, with each layer compacted by
means of a vibrating table to yield good packing of the mixture. After the initial mixing, one
day was allowed for setting before the solidified samples were demolded. A further 27 days
were allowed for air-drying of the solidified samples in a cabinet at a controlled condition
(temperature = 25 ± 2°C, humidity> 80%).

Leaching and alkalinity tests
Crushed block leaching tests were performed according to the standard USEPA protocols of
Method 1311 : TCLP (USEPA, 1998) and Method 1312: SPLP (USEPA, 1994). For the TCLP
test, the 1-litre HDPE container was manually cut and the solidified samples were crushed
and passed through a 9.5 mm sieve subsequent to 28 days of dry curing. A total of 50 grams
of sieved crushed samples were placed in the low-density polyethylene (LDPE) containers
prior to addition of 1 litre of 0.1 M nitric acid (solution pH= 2.88) to provide a ratio of 20:1 mass
ratio of leachant to solidified samples. The containers were then agitated using a rotating
extractor at 30 rpm for 18 hours. Leachate pH was measured at the end of the extraction
period prior to vacuum filtration (using 0.45-micron membrane filter) since the level and control
of pH were extremely crucial factors in evaluating leachability of OPC-stabilized wastes,
especially for metals (Conner, 1990). All pH measurements in the study were done by using
the Metrohm 654 pH meter. The filtrate was then acidified with nitric acid to pH<2 and stored
under refrigeration (<4°C) prior to heavy metal analysis by using the ICP-OES. The SPLP test
was slightly different from the TCLP as it required a leaching solution of diluted nitric/sulfuric
acid (solution pH= 4.20) while other features remained the same. All TCLP and SPLP analysis
were performed on sample triplicates and average values were used. A third leaching solution,
deionized water (pH = 6.80) was used to examine the impact of a non-aggressive solution
(Townsend, 1998). Subsequent to completion of the 18-hour extraction, pH and alkalinity
(Method 2320, APHA et al., 1992) tests were conducted on both the unfiltered and filtered
leachates.

RESULTS AND DISCUSSION

pH of leachates
Figure 1 shows the pH of three crushed block leachants, namely, deionized water, acetic acid
and nitric/sulfuric acid for control and spiked samples subsequent to filtration. The pH values
of the same crushed block leachates samples prior to filtration were not presented for the
reason of brevity as the values deviated less than 0.2 from values obtained for filtered leachates.
The pH of all the leachates were essentially alkaline ranging from 11 .92 to 12.78 (TCLP93
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deionized water), 10.04 to 11 .98 (TCLP-acetic acid) and 12.08 to 12.76 (SPLP-nitric/sulfuric
acid). Another similar trend was that the pH of deionized water and sulfuric/nitric acid leachates .
were primarily within the range of 12 to 13 whilst the pH of acetic acid leachates were
predominantly within the relatively lower range of 11 to 12.
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Figure 1. pH of three crushed block leachates subsequent to filtration

Alkalinity of Leachates
Alkalinity is the acid neutralising capacity of solutes in an aqueous system while acid
neutralisation capacity (ANC) is defined as the capacity of solutes plus particulates in an
aqueous system to neutralise acid (USGS, 2001 ). It is, therefore, imperative to note that
alkalinity measurements in this study actually corresponded to filtered leachates whereas the
same measurement procedure conducted on unfiltered corresponded to their ANC. However,
since the same measurement procedure was conducted on both unfiltered and filtered leachate
samples for comparison purposes, the term "alkalinity'' would hereafter be applicable for both
samples. Stumm and Morgan (1981), quoted by Cheng (1991) experimentally defined ANC
as the amount of a strong acid required, in a titration, to reach a preselected equivalence
point, in this case, to pH 4.5. It is a measure of an aggregate property of water and can be
interpreted in terms of specific substances only when the chemical composition of the sample
is known. Alkalinity of many surface waters is primarily a function of carbonate, bicarbonate
and hydroxide content (APHA et al., 1992). Alkalinity of a leachate is a significant parameter
as it reflects its capacity to buffer the pH decreases caused by addition of acidic solutions into
its system and subsequently avert insoluble metal precipitates from dissolving back into the
leachate.
Figures 2 and 3 show the alkalinities of leachates to pH 4.5. Alkalinity was reported as
"mg CaCO/L" in order to indicate that the measured sample had alkalinity equivalent to
that of a solution with a certain dissolved amount of calcium carbonate (CaC03 ). It was
observed that alkalinities of both unfiltered and filtered leachates were very high (in the
range of 5329 - 662 mg CaCO/L) as compared to the alkalinity range of typical earth
surface water (10 - 150 mg CaCO/L). High alkalinity of the leachates was caused by

94

-

Studies on Metal Leachability and Alkalinity of Leachates
from Cement Stabilised Contaminated Soils

mass production and dissolution of hydroxide ions (OH·) that were produced from a
sequence of reactions (see Equations 1a, 1b and 2) commencing from introduction of
water into the OPC and soil system. Cement was the reactive substance in the process in
which both tricalcium and dicalcium silicates in the OPC reacted concurrently with water
to produce strength-enhancing tobermorite or calcium silicate hydrates (CSH) and the byproduct of calcium hydroxide. Subsequently, hydroxide ions were released from calcium
hydroxide under aqueous condition and contributed to the leachates' alkalinity.
2(3Ca0.Si0 2) + 6Hp "'7 3Ca0.2Si02 .3Hp + 3Ca(OH)2
[Tobermorite (CSH)]

(1a)

2(2Ca0.Si02) + 4Hp """7 3Ca0.2Si02 .3Hp + Ca(OH)2

(1 b)

[Tobermorite (CSH)]
Ca(OH) 2 """7 Ca2+ + 20H. (Dissolution of ions under aqueous condition)

(2)
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Figure 2. Alkalinities of leachates to pH 4.5 for control and lead (II) nitrate samples
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Figure 3. Alkalinities of leachates to pH 4.5 for control and zinc nitrate hexahydrate samples
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The effect of presence of crushed solidified samples in the leachates on their alkalinity was
evident as there were significant differences in measured alkalinity prior and subsequent to
filtration. For both deionized water and sulfuric/nitric acid leachates, the reduction of all
measured alkalinities subsequent to filtration averaged 50% while alkalinity reduction for acetic
acid leachates averaged 20%. The authors postulated that these substantial differences of
measured alkalinities between the unfiltered and filtered leachates were attributed to the
presence of unreacted Ca(OH)2 in the crushed blocks of the unfiltered leachates prior to
titration that provided additional acid buffering capacity to the system. A more comprehensive
elucidation of the postulate was that addition of acid into the unfiltered leachates prompted
leaching of more hydroxide ions from the crushed blocks into the solution system (which was
already heavily populated with OH- ions) and thus increased the amount of acid required to
reduce the pH to 4.5. This did not occur in the filtered leachates as the amount of hydroxide
ions remained constant throughout titration. This phenomenon is analogous to the vertical
percolation of leachates through the OPC-treated subsurface soils (in-situ remediation of
contaminated soils) into the aquifer where the intermediate soil layer between the treated
subsurface layer and groundwater functions as a filtration medium. Therefore, it is expected
that the alkalinities of leachates that percolate through the treated layer will be higher than
alkalinities of the same leachates after they reach the aquifer layer with the assumption that
the intermediate soil layer is relatively neutral and there is no substantial presence of limestones
or basic minerals at the aquifer. A model illustrating the vertical percolation of leachates through
OPC-treated subsurface soils with respect to alkalinity is shown in Figure 4.
Precipitation

JJ JJ JJ JJ ,a JJ
Top Cover
Vertical percolation
of leachates through
OPC-stabilized
contaminated soils
(range of alkalinities
2500 - 6000 mg
CaCojL)
Intermediate soil
layer (assumed to be
relatively neutral)
acts as a medium to
filter leachates filled
with stabilized
particulates

Vertical
movement
of
leachates

'
''
'

'
'

...

...

Aquifer with
groundwater flow
(range .of alkalinities
500-4000 mg
CaCOyL)

·
___ --- - --------- ______ __ -------------------- ___------------------ _

Figure 4. Vertical percolation of leachates through OPC-treated
subsurface soils into the aquifer with respect to alkalinity
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Another notable observation was that the alkalinities of the both unfiltered and filtered acetic
acid leachates were substantially higher than that of deionized water and sulfuric/nitric acid
leachates. This may be due to the relatively higher acidic concentration and pH of the acetic
acid (0.1 M; pH = 2.88) when used as a crushed block leaching solution which promoted
leaching of more OH- ions from the crushed blocks as compared to weaker acidic concentrations
of the deionized water (pH =6.8) and sulfuric/nitric acid (<0.05M; pH = 4.2) solutions. From
Figures 2 and 3, the effect of C/Sd ratio increments on the alkalinity of the leachates was more
apparent for the acetic acid leachates where increases of the C/Sd ratios from 0.5 to 2.0
increased their alkalinities. Conversely, this effect was less distinctive for the other two leachates
as there were marginal alkalinity fluctuations instead of a discernible trend for the similar C/Sd
increments.
Leachability of lead and zinc from crushed blocks
Figure 5 shows the lead and zinc concentrations in the OPC-treated crushed block leachates.
Overall, the leached lead and zinc concentrations in the three different leachates were either
undetectable or appreciably below the regulatory leachability limit for lead of 5 mg/L (USEPA,
1998) and zinc of 1O mg/L (Sollars and Perry, 1989) for the 500 mg/kg lead (II) nitrate as well
as the 1,500 mg/kg and 70,000 mg/kg zinc nitrate hexahydrate leachates. Lead and zinc
concentrations were not detected for the 1,500 mg/kg zinc nitrate hexahydrate leachate for all
C/Sd ratios. Only the lead concentrations in the 25,000 mg/kg lead (II) nitrate leachate (deionized
water and sulfuric/nitric acid) at C/Sd ratio of 0.5 exceeded its corresponding leachability limit
of 5 mg/L. Lead appeared to be more easily leached from the crushed blocks than zinc for all
C/Sd ratios judging by the significantly higher concentrations of lead in 25,000 mg/kg lead (II)
nitrate leachates. Increases of C/Sd ratios clearly reduced the leachability of lead and zinc
from the crushed blocks. An atypical observation was that the acetic acid leachates contained
low concentrations of leached lead and zinc as compared to both deionized water and sulfuric/
nitric acid leachates which indicated that the relatively more aggressive and concentrated
acetic acid was less capable of leaching lead and zinc than the other two leachates.
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Relationship between pH, alkalinity and leachability of metals
Results indicated that there was an apparent correlation between pH and alkalinity of leachates
(after filtration) as well as leachability of metals for OPC-RHA stabilized soils. Alkalinities of
leachates fluctuated in a similar trend to their pH in which higher leachate pH constituted
higher alkalinity and vice versa. Overall, it was observed that higher percentages of RHA
incorporation into the binder system reduced the pH and alkalinities of the leachates as well
as leachability of both lead and zinc from the crushed blocks.

CONCLUSION
The leachability of both zinc and lead from the solidified/stabilized contaminated soil were
reduced with the increase of weight ofOPC in the C/Sd ratio, indicating excellent treatment
compatibility. For both crushed block deionized water and sulfuric/nitric acid leachates, the
reduction of all measured alkalinities subsequent to filtration averaged about 50% while alkalinity
reduction for acetic acid leachates averaged 20% which were attributed to the presence of
unreacted Ca(OH) 2 in the crushed blocks of the unfiltered leachates prior to titration that
provided additional acid buffering capacity to the system. Alkalinities of the both unfiltered and
filtered acetic acid leachates were substantially higher than that of deionized water and sulfuric/
nitric acid leachates. Results indicated that there was an apparent correlation between pH
and alkalinity of leachates (after filtration) as well as leachability of metals for OPC stabilized
soils. Alkalinities of leachates fluctuated in a similar trend to their pH in which higher leachate
pH constituted higher alkalinity and vice versa.
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