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Abstract

Continuous flow experiments were conducted using sand-packed columns to investigate the relative significance of

bacterial growth, metal precipitation, and anaerobic gas formation on biologically induced clogging of soils. Natural

leachate from a local municipal landfill, amended with acetic acid, was fed to two sand-packed columns operated in

upflow mode. Degradation of the influent acetic acid resulted in the production of methane and carbon dioxide, and

simultaneous reduction of manganese, iron, and sulphate. Subsequent increase in the influent acetic acid concentration

from 1750 to 2900mg/l, and then to 5100mg/l, led to rapid increase in the dissolved inorganic carbon, solution pH, and

soil-attached biomass concentration at the column inlet, which promoted the precipitation of Mn2+ and Ca2+ as

carbonate, and Fe2+ as sulphide. An influent acetic acid concentration of 1750mg/l decreased the soil’s hydraulic

conductivity from an initial value of 8.8� 10�3 cm/s to approximately 7� 10�5 cm/s in the 2–6 cm section of the

column. Increasing the influent acetic acid to 5100mg/l only further decreased the hydraulic conductivity to

3.6� 10�5 cm/s; rather, the primary effect was to increase the length of the zone experiencing reduced hydraulic

conductivity from 0–6 cm to the entire column. As bioaccumulation was limited to the 0–5 cm section of the column,

and the effect of metal precipitation was negligible, the reduction on the deeper sections of the column is attributed to

gas flow, which was up to 1440ml/day. Mathematical modelling shows that biomass accumulation and gas formation

were equally significant in reducing the hydraulic conductivity, while metal precipitation contributed only up to 4% of

the observed reduction.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In New Zealand, solid wastes are primarily disposed in

landfills. Landfills constructed prior to 1970 are generally

unlined and may potentially leak leading to contamina-

tion of underlying soils and groundwater. Field observa-

tions, such as the ponding of leachate at landfill base [1]

suggest that some of the unlined landfills have undergone
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significant reductions in hydraulic conductivity. Other

laboratory and field observations also show that soils can

undergo significant decreases in hydraulic conductivity

during leachate permeation [2,3], even leading to clogging

of leachate collection systems [4,5].

Reductions in the soils’ hydraulic conductivity have

been linked to the formation of continuous biofilms [6,7]

or presence of discontinuous microbial aggregates in soil

pores [8], metal precipitation [5], and gas production by

denitrifiers and methanogens [9,10]. However, the relative

significance of these mechanisms in controlling the extent

of clogging and the dynamics of microbial-metal pre-

cipitation interactions is as yet poorly understood.

A laboratory study using continuous flow columns

was conducted to investigate the potential for creating
d.
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low permeability waste containment barriers by stimu-

lating bacterial growth and assessing the relative

significance of bioaccumulation, metal precipitation

and gas formation in reducing the hydraulic conductiv-

ity of soils at the base of landfills.
2. Material and methods

2.1. Experimental set-up and procedure

Three columns, 50 cm long and 5 cm in diameter, were

prepared similarly by packing with clean sand ranging

between 0.21 and 0.61mm in size, which had previously

been heated in a furnace at 550�C for 1 h. Each column

contained 8 sampling ports. Syringe needles (2mm

ID� 90mm long) inserted to the centre of the column

at each port were used to collect liquid samples and

measure the piezometric head. The porosity of the

packed media was estimated as 0.41 by gravimetric

analysis. A peristaltic pump was used to inject natural

leachate, periodically collected from an old section of a

municipal landfill in Auckland, at 0.23ml/min. The

leachate had low organic carbon content, ranging from

120 to 180mg/l, and was amended by adding sodium

acetate to achieve a concentration of 1750mg/l as acetic

acid. The columns were initially inoculated by pumping

2 l of the unamended leachate at 5ml/min, followed by

12 h of no flow to promote bacterial attachment to the

soil. One of the columns was dismantled at the start of

the experiments to determine the initial spatial distribu-

tion of attached biomass in the column. The remaining

two columns were operated similarly with upward flow.

The columns were initially operated at ambient tem-

perature (approximately 18�C) for 2 weeks during which

no acetic acid degradation was observed. After two

weeks the temperature was increased to 30�C by placing

each column in an outer jacket of copper tubing with

continuous hot water flow. The columns were operated

under these conditions for 58 days. One of the columns

was then dismantled to determine the spatial distribu-

tion of attached biomass and precipitated metals. The

last column was operated for another 2 months with an

increased acetic acid concentration of 2900mg/l for 16

days, followed by another 52 days with an even higher

acetic acid concentration of 5100mg/l. After 126 days

the column was dismantled and the soil analysed for

attached biomass and precipitated metals.

2.2. Analytical methods

Aqueous samples were analysed for SO4
2�, Cl�, and

NO3
2� using an ion chromatograph (Dionex DX-120).

The total concentrations of Na+, K+, Ca2+, Mg2+,

Fe2+ and Mn2+ in soil were determined using an atomic

absorption spectroscope (Varian SPECTRAA 50) ac-
cording to methods specified by the United States

Environmental Protection Agency [11]. The dissolved

metal concentrations were determined after filtering

liquid samples through a 0.2 mm membrane filter. The

total organic carbon (TOC) and total inorganic carbon

(TIC) was determined using a TOC analyser (DC-190,

Rosemount Analytical Inc.). Acetic acid was analysed

using gas chromatography (HP GC 6890) by injecting

acidified sample onto a 30m� 0.25mm ID� 0.25 mm
Econo-cap EC-1000 capillary column (Alltech Associ-

ates Inc.) connected to a flame ionisation detector. The

biomass was measured as protein using the Biorad

Protein Assay Kit I (Biorad).
3. Results and discussions

3.1. Microbial activity

Significant microbial activity was observed only after

the first month in both columns, despite the increase in

temperature to 30�C after 2 weeks of operation. Similar

observations have been reported by others [5,12] and are

attributed to metabolic lag resulting from the need for

the microbial population to adapt to the environmental

conditions. Based on observed transformations the

following microbial reactions are assumed to occur in

the columns:

* Manganese reduction

CH3COO�þ4MnO2ðsÞ þ 7Hþ

) 2HCO�
3 þ4Mn2þþ4H2O; ð1Þ

* Iron reduction

CH3COO�þ8FeðOHÞ3ðsÞ þ 15Hþ

) 2HCO�
3 þ8Fe2þþ20H2O; ð2Þ

* Sulphate reduction

CH3COO�þSO2�
4 ) 2HCO�

3 þHS�; ð3Þ

* Methanogenesis

CH3COO�þH2O ) HCO�
3 þCH4: ð4Þ

The above equations, used with the corresponding

influent concentrations, show that methanogenesis is

primarily responsible for acetic acid degradation as

sulphate, iron and manganese reduction in total

contribute to less than 5% of the observed decrease.

Changes in the observed concentrations of dissolved

acetic acid, sulphate, Fe(II), and Mn(II) with time

suggest that methanogenesis and the reduction of

manganese, iron, and sulphate occur simultaneously.

While simultaneous methane production and reduction
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of sulphate and iron have been reported for hetero-

geneous field conditions [13–15], the current laboratory

experiments show that these can also occur in relatively

small-scale homogeneous settings.

3.2. Biomass build-up

The profiles of the attached and suspended biomass in

the columns are shown in Fig. 1. High attached biomass

concentrations at the inlet are followed by a sharp

decrease to relatively constant levels at distances greater

than 5 cm from the inlet. While the suspended biomass

concentration also follows the above pattern, the rapid

decrease in biomass concentration at the inlet is absent

and the gradual changes occur over relatively larger

distances.

3.3. Substrate degradation

The acetic acid concentration profiles for influent

concentrations of 1750, 2900, and 5100mg/l are shown

in Fig. 2. No substrate degradation was observed in the

first month of operation. The columns performed

similarly as indicated by the small differences in the

observed sulphate and acetic acid concentrations in the

two columns. Increasing the influent acetic acid concen-

tration to 2900mg/l after 58 days of operation resulted in

a faster uptake and the influent substrate was completely

degraded by the first sampling port. Fig. 3 shows the

sulphate concentration profiles, which parallel those for

acetic acid and show enhanced degradation after the first

month and after the influent acetic acid was increased.

3.4. Metal precipitation and dissolution

Iron (Fe3+) and manganese (Mn3,4+) present in

sand underwent dissolution due to reduction. Such
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Fig. 1. Profiles for attached and sus
transformations have been reported by others [2,16] and

are coupled to microbial oxidation of organic carbon in

anaerobic environments [17,18], and abiotic transforma-

tions by inorganic compounds, such as sulphides [19,20].

Additionally, manganese oxide can be reduced by Fe(II)

[18,21]. The extent of iron and manganese reduction

depends on the availability of reducible Fe(III) and

Mn(III,IV) in soil, the crystal structure and the surface

area of the minerals, with amorphous forms showing the

greatest reactivity [22,23]. The relevant reduction reac-

tions can be summarised as follows:

2FeðOHÞ3ðsÞ þH2Sþ 4Hþ2Fe2þþS0þ6H2O; ð5Þ

MnO2ðsÞ þH2Sþ 2Hþ ) Mn2þþS0þ2H2O; ð6Þ

MnO2ðsÞ þ 2Fe2þþ4H2O

) Mn2þþ2FeðOHÞ3ðsÞ þ 2Hþ: ð7Þ

Figs. 4 and 5 show that significant reduction of iron

and manganese minerals occurred in the columns.

Dissolved Fe(II) rapidly decreased in the first 5 cm

section of the column due to precipitation of Fe(II) as

sulphide (iron sulphide, FeS) and possibly carbonate

(siderite, FeCO3), followed by gradual increase in other

sections of the column due to reductive dissolution of

Fe(III) present in sand. A black FeS precipitate was

observed visually in the entire column, with higher

intensity near the column inlet. Dissolved Mn(II)

gradually increased along the column for influent acetic

acid of 1750mg/l, but increasing the influent acetic acid

concentration after 58 days caused the Mn(II) concen-

tration to decrease near the column inlet possibly due to

precipitation as rhodochrosite (MnCO3).

Dissolved calcium concentration decreased near the

column inlet and then remained relatively constant

along the column. Fig. 6 shows that at low influent

acetic acid concentration little calcium precipitated.

Increasing the influent substrate concentration after 58
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Fig. 2. Profiles for acetic acid concentration.
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Fig. 3. Profiles for sulfate concentration.
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days resulted in high concentrations of calcium being

precipitated near the column inlet due to a combination

of increase in dissolved inorganic carbon and solution

pH (see Fig. 7). High concentration of attached biomass

at the column inlet likely enhanced these reactions as

reactive sites on bacterial cell surfaces play an important

role in heterogeneous nucleation and mineral precipita-

tion reactions [4,24,25].

The minerals that likely precipitated were determined

by calculating the saturation levels for various carbonate

minerals using the MINTEQA2 [26] equilibrium

chemical speciation model. The leachate samples collec-

ted at different ports of the column were found to

always be supersaturated with respect to the following

carbonate minerals: calcite (CaCO3), O ¼ 329; dolomite

(CaMg(CO3)2), O ¼ 802160; siderite (FeCO3), O ¼
1502240; and, rhodochrosite (MnCO3), O ¼ 35280;
where O is the ratio of the observed ion activity product

and the solubility product of carbonate minerals.

Supersaturation of carbonate minerals has also been

observed in landfill leachate plumes [14,27].

3.5. Reduction in hydraulic conductivity

The average hydraulic conductivities in different

sections of the columns were determined by inserting

the up- and downgradient piezometric head measure-

ments in the finite difference approximation to the

Darcy’s law. The average initial hydraulic conductivity

(K0) of the columns was estimated as 8.8� 10�3 cm/s.

Changes in the hydraulic conductivity with time are

shown in Fig. 8, and the hydraulic conductivity in the
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Fig. 5. Profiles for dissolved and solid manganese concentrations in column.
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2–6 cm section of both columns was seen to decrease to

approximately 7� 10�5 cm/s after 58 days of column

operation, a reduction of more than two orders of

magnitude. Increasing the influent acetic acid concentra-

tion after 58 days to 2900mg/l, and later to 5100mg/l,

resulted in a small additional reduction in hydraulic

conductivity to 3.6� 10�5 cm/s. However, the section of

the column experiencing a reduction in hydraulic con-

ductivity increased from 0–6 cm to essentially the entire

column. As high attached biomass concentrations are

limited to the 0–5 cm section of the column and the

deeper sections of the column were unaffected by the

increase in the influent acetic acid, the increase in the

length of column experiencing a reduction in hydraulic

conductivity resulted from factors other than biomass

accumulation, such as metal precipitation and gas forma-
tion. Gas flows of 1080 and 1440ml/day were measured at

days 80 and 86, respectively. Formation of gas bubbles

may lead to blocking of pore throats, reducing the

hydraulic conductivity of the medium without significantly

reducing the volumetric water content [28].

A simple mathematical model was constructed to

assess the relative significance of bioaccumulation, metal

precipitation, and gas formation on the reduction in

hydraulic conductivity. The model expressed the total

reduction in hydraulic conductivity in terms of the

fractional reduction due to biomass accumulation, metal

precipitation, and gas formation, as follows:

Total reduction ¼ 1 �
kðtÞ
k0

¼ 1� ð1� ðf ðxÞ

þ gðmÞÞÞð1� hðgÞÞ; ð8Þ
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where, f ðxÞ; gðmÞ; and hðgÞ are functions for fractional

reduction in hydraulic conductivity due to bioaccumula-

tion, metal precipitation, and gas formation, respec-

tively, k0 is the initial soil permeability (L2), and kðtÞ is

the soil permeability at time t: The term

(1� ðf ðxÞ þ gðmÞÞ) represents the fraction of the initial

intrinsic permeability remaining, and (1� hðgÞ) acts

similarly to the relative permeability function in

representing the effect of gas flow on soil permeability.

The impact of biomass accumulation on the perme-

ability was described using a simple permeability

reduction model proposed by Clement et al. [29], as

follows

f xð Þ ¼ 1� 1�
ns

n0

� �19=6

; ð9Þ

where ns (¼ X srk=rs) is the volume fraction of the soil-

attached biomass (L3 biomass/L3 total), n0 is the initial

soil porosity, X s is the microbial mass per unit mass of

aquifer solids (M=M), rk is the bulk density of aquifer

solids (M=L3), and rs is the biomass density (M=L3).

The biomass density is estimated as 70mg-volatile so-

lids/cm3 [30]. Assuming that approximately 50% of the

cellular carbon is protein [31] the biomass density is

estimated as 35mg-protein/cm3.

The effect of metal precipitation on permeability

reduction was modelled using a functional form for gðmÞ
similar to Eq. (9), with the sum of the volumetric

fractions of the precipitated metals replacing attached

biomass in the expression. The volumetric fraction of the

precipitated mineral is estimated by dividing the mass

precipitated per unit volume of aquifer solids by the

density of the mineral [32]. No analytical equation is

available for describing the effect of gas production on

soil permeability. This effect was estimated by solving

the generalised Darcy’s law with the assumption that

capillary pressure remained constant in the entire

column, as described by Islam and Singhal [33].

The model predicted that bioaccumulation resulted in

reducing the permeability by 28% and 48% in the 2–

6 cm section of the columns over 58 days and 126 days,

respectively. Metal precipitation resulted in an addi-

tional reduction in hydraulic conductivity of less than

1% in the 2–6 cm section. Gas flows of 1080 and

1440ml/day had similar effects—gas saturation of

approximately 10% and reduction in permeability of

60% [33]. Therefore, the overall hydraulic conductivity

reduction in the 2–6 cm section after 128 days is esti-

mated as approximately 80% (=1�(1�0.48)(1�0.6)),

compared to the observed decrease of 99.6% (change

from 8.8� 10�3 to 3.6� 10�5 cm/s). The difference

between the observed and estimated values is attributed

to the use of simple uncalibrated models for perme-

ability reduction by bioaccumulation and gas formation.

In particular, the modelling of the latter phenomena

ignores permeability reduction due to bubble formation
and entrapment, which can lead to significant reduction

in permeability in the column inlet region. Nonetheless,

the model shows that gas formation and bioaccumula-

tion significantly contribute to the hydraulic conductiv-

ity reduction in the columns, while metal precipitation

has an insignificant effect.
4. Conclusions

Several physical, geochemical, and biological interac-

tions were observed during leachate transport in soils

that resulted in a reduction of its permeability. Experi-

mental observations suggest simultaneous reduction of

manganese and iron accompanied by sulphate degrada-

tion and methane production, and that methanogenic

processes were primarily responsible for acetic acid

degradation. An increase in the substrate concentration

resulted in rapidly increasing the pH, inorganic carbon

(total dissolved carbonate), and attached biomass at the

column inlet, leading to enhanced precipitation of Fe2+,

Mn2+, and Ca2+ at the column inlet. These changes

decreased the hydraulic conductivity from an initial

value of 8.8� 10�3 to 3.6� 10�5 cm/s. At the largest

influent acetic acid concentration the entire column

experienced some reduction in hydraulic conductivity.

Mathematical modelling showed that the reduction in

hydraulic conductivity was approximately equally due to

bioaccumulation and gas formation, while metal pre-

cipitation had a negligible effect. The study suggests that

stimulation of anaerobic activity at the base of landfills

can lead to creation of impermeable barriers. Further-

more, it shows that at such landfills the potential for

clogging of leachate collection systems can be minimised

by eliminating gas entrapment.
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