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Abstract

The influence of sorption of bacteria, as well as 2,4-dichlorophenol (2,4-DCP), on the mineralization of 100
µg l−1 of the organic compound was examined in an aquifer material under advective flow conditions (column
displacement technique). The study was designed to distinguish the rates and extent of biodegradation of the
sorbed and the dissolved trace organic and the contribution of sorbed and suspended bacteria to the degradation.
The degradation of dissolved 2,4-DCP was significantly faster than the degradation of the same compound sorbed
to the solids, and suspended bacteria degraded the dissolved compound at a higher rate than sorbed bacteria, also
on a per cell basis. The suspended bacteria degraded 8–12% of the added dissolved 2,4-DCP, while sorbed bacteria
made a smaller contribution by degrading about 5% of sorbed 2,4-DCP. No degradation was seen with sorbed
2,4-DCP and suspended bacteria, and a marginal contribution was made by sorbed bacteria on the degradation of
dissolved 2,4-DCP (<0.4%).

Introduction

Bearing in mind the high volumetric content of solids
in soils and sediments, it seems conceivable that inter-
actions between the solids and bacteria are important
in controlling the fate of toxic organic compounds. If
a compound becomes available to a cell only through
uptake from the aqueous phase, sorption of the chem-
ical to the soil may decrease the degradation rate at low
concentrations (Smith et al. 1992) or limit the degrad-
ation rate to the desorption rate (Robinson et al. 1990;
Mihelcic & Luthy 1991; Harms & Zehnder 1995),
which may be controlled by slow diffusion within
the sorbent and in the pore water and by chemical
reactions at the sorbent surface. Sorption may even
prevent biodegradation of soil contaminants (Ogram
et al. 1985; Weber & Coble 1968), especially in
soils with high concentrations of soil organic carbon
(Weissenfels et al. 1992).

The limitations of the mass transfer of sorbate
to the cell surface by diffusive transport call atten-
tion to the influence of fluid mechanics in the in-

terstitial pore environment. Increased advective flow
across the cells could promote the uptake rates of
low-molecular-weight compounds (Logan & Dettmer
1990), a phenomenon that has implications for the
prediction of contaminant transport in soils with pref-
erential flow in macropores and channels, in which
the biodegradation rates tend to be faster than in the
surrounding diffusion-limited soil matrix (Pivetz et
al. 1996). Since sorption also tends to be facilitated
by a reasonably high advective flow (Akratanakul et
al. 1983b), through its compression of the hydro-
dynamic boundary layer, sorption and biodegradation
may interact in concert in macropores and channels
to prevent contaminants from spreading in subsurface,
water-saturated soil environments.

The subsurface is normally an oligotrophic envir-
onment, encompassing soils with less than 0.1% of
organic carbon and less than 10 mg carbon (DOC) per
litre in their pore water. Bacterial densities in pristine
subsurface sediments and groundwater normally range
between 105 and 107 per gram of sediment or per litre
of groundwater (Ghiorse & Wilson 1988), which re-
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flect the oligotrophic conditions of pristine aquifers.
Only 1 to 10% of the cells are metabolically active,
and their activities and growth rates are lower than
in bacteria from surface soils and waters (Gehlen et
al. 1985). Despite their limited metabolic activity,
subsurface bacteria are known to degrade xenobiotics
at concentrations below 0.1 µg g−1 (Hutchins et al.
1991; Swindoll et al. 1988a). Mineralisation repres-
ents often less than 10% of the total metabolism, and
the remaining is incorporated into biomass. By con-
trast, up to 90% of the carbon of added xenobiotics
are converted to CO2 in surface-water environments
(Subba-Rao et al. 1982). The presence of xenobiotics
in subsurface environments (Bhatt 1997), is of ma-
jor environmental concern, and strategies to prevent
their contamination of drinking water reservoirs and
to facilitate bioremediation require accurate estimates
of transport and fate under subsurface conditions.

The aim of this work was to examine the interac-
tion between sorption and biodegradation in an aquifer
material under advective flow conditions (column dis-
placement technique). We used 2,4-dichlorophenol to
estimate the contribution of sorbed compound to the
total biodegradation in the system. The major sources
of contamination by phenols have been industrial ef-
fluents, agricultural runoff, chlorination of wastewater,
and as transformation products from other chemicals.
Numerous reports describe the biodegradation trans-
formation of phenols by a suite of monooxygenases
and dioxygenases (Steiert & Crawford 1985), even
in aquifer material (Smith & Novak 1987). The spe-
cific purpose of the study was to determine the rates
and extent of utilization of adsorbed and dissolved
2,4-dichlorophenol by adsorbed and suspended bac-
teria in stainless-steel columns containing aseptically
treated aquifer sand and sterile filtered groundwater.
Closely related was the goal of estimating the con-
tribution of adsorbed 2,4-dichlorophenol to the total
biodegradation in the aquifer material. Our hypotheses
to be tested were that (1) adsorbed 2,4-dichlorophenol
would primarily be metabolized by suspended bac-
teria as a result of an increased desorption caused
by the metabolism of dissolved 2,4-dichlorophenol
by suspended cells; (2) adsorbed bacteria would
mainly influence the metabolism of dissolved 2,4-
dichlorophenol by adsorption and subsequent cell
uptake, in contrast to adsorbed 2,4-dichlorophenol,
which should be largely unavailable for the cells as
long as it is bound to the sorbent.

Materials and methods

Organism

The soil bacteria Pseudomonas putida EST4021 (Mäe
et al. 1993) was used. It carries the plasmid
pEST4011 encoding enzymes for the catabolism of
2,4-dichlorophenol (2,4-DCP).

Culturing and labelling of bacteria

The strain was precultured at room temperature over
night on an orbital-shaker at 150 rpm in 20 ml of 20%
Luria-Bertani (LB) medium. A volume sufficient to
give an initial cell density of about 105 cells per ml
(direct count in a Bürker chamber) was transferred
to 200 ml of fresh 20% LB spiked with 50 µCi l−1

of [2,8,5-3H]-adenosine (DuPont, 61.5 Ci mmol−1).
When the cells had taken up sufficiently high activity
of 3H-adenosine to allow their detection in the column
experiments (i.e. after two to three days of incubation),
they were centrifuged at 9,000 × g, 4 ◦C for 10 min
on a Sorvall RC 5B Plus centrifuge (DuPont, New-
town) and resuspended in filter-sterilized groundwater
(0.2 µm Millipore GS filter) collected from a well
at the Vomb water treatment plant, which provides
drinking water for the cities of Lund and Malmö from
Lake Vombsjön. The centrifugation was repeated, and
the bacteria were resuspended in sterile groundwater
to working densities. Labelled bacteria were stored
at groundwater temperature (12 ◦C) for less than 24
hours before used in sorption or degradation experi-
ments.

Preparation of sand

The sand was collected from the same infiltration field
at Lake Vombsjön as above and had a total organic
carbon content (TOC) of about 0.2%. The sand was
dried (2 days, 105 ◦C) and sieved to give a particle size
<630 µm and then sterilized by autoclaving (121 ◦C,
20 min).

Batch sorption experiments

Bacterial sorption isotherm

The labelled bacterial stock solution was diluted with
filter sterilized groundwater to six different cell dens-
ities ranging from 5.0 × 107 to 7.5 × 108 cells ml−1.
Nine ml of the bacterial solutions were added to 10-ml



421

Figure 1. Schematic representation of the experimental set up for the continuous flow experiment. (1) Stainless steel columns. (2) Peristaltic
pump. (3) Feed solutions with 3H-bacteria and 14C-2,4-DCP. (4) T-piece. Samples were collected either with an automatic fraction collector
(A) or in an Erlenmeyer flask connected in a series with three scintillation vials (B).

Pyrex test tubes with screw caps containing one gram
of sand. After equilibration for 64 h on an end-over-
end shaker at 12 ◦C, sand and sorbed bacteria were
allowed to settle for 30 minutes, followed by a gentle
centrifugation at 200 × g for 2.5 minutes on a Hermle
centrifuge model Z252MK. The 3H-activity of the
labelled cells was quantified in five replicates by with-
drawing one ml of the aqueous phase from the vials,
centrifuging and washing the cells twice as described
before, and resuspending them in one ml of groundwa-
ter. Thereafter, they were mixed with 4 ml of Beckman
Ready Safe scintillation cocktail, and the 3H-activity
was measured on a Beckman LS 1801 liquid scintil-
lator. The activity in the sorbed cells was calculated
as the difference between the total activity added to
the vials and the activity of suspended cells and su-
pernatant of the aqueous phase after centrifugation of
cells. The partitioning coefficient was calculated from

the slope of the linear sorption isotherm, which is a
plot of the mass of cells in the aqueous phase versus
the mass of cells on the solid phase. Controls without
sand were included to measure sorption of bacteria to
the glass surface.

The equilibrium sorption isotherm for the bacteria
to the sand was linear in the density range used (5.0 ×
107 to 7.5 × 108, r = 0.99, Figure 2). The sorption
coefficient, Kb, was calculated as 1.3 ml g−1.

2,4-DCP sorption isotherm

Six different concentrations of U-14C-2,4-DCP
(American Radiolabelled Chemicals Inc., 10 mCi
mmol−1), ranging from 8.15 to 97.8 µg l−1, were
equilibrated on an end-over-end shaker with one gram
of sterilized sand in 10 ml Pyrex test tubes at 12 ◦C
for 21 hours. The tubes were centrifuged at 200 × g
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for 20 minutes before the 14C-activity in one ml of the
supernatant was analysed by scintillation counting as
described above. Controls without sand were included
in the study to calculate the loss due to sorption to the
glass surface.

The sorption isotherm for 2,4-DCP was linear in
the investigated concentration range (r = 0.99), and
the Kd was calculated as 0.33 ml g−1 (Figure 2).

Column experiments

Column design

A schematic drawing of the experimental set up for the
continuous flow experiment is shown in Figure 1. The
stainless steel columns were 5 cm in diameter and 3
cm in length and packed with about 80 gram of dried
and sieved sand of the same origin and size distribution
as in the batch experiment. The columns were sealed
at the ends with sintered stainless steel plates (pore
size 200–300µm) milled into stainless steel end plates
with a short pipe in the middle for tubing connections.
The bottom of the plate had an on/off valve welded
to the pipe. The bacteria were labelled with 3H as de-
scribed above and diluted to a cell density of 1.8 × 108

cells ml−1, corresponding to 1000 dpm ml−1. The 2,4-
DCP solution was made with labelled and unlabelled
2,4-DCP. It had a 2,4-DCP concentration of 100 ng
ml−1 and an activity of 1000 dpm ml−1. The bacterial
and 2,4-DCP feed solutions were kept in separate 5-l
flasks placed on magnetic stirrers and had the same
density of cells and concentration of chemical and
activity in all sorption and degradation experiments.

The flasks were connected by 1.6-mm i.d. Teflon
tubings to a peristaltic pump (Ismatec Reglo-Digital
MS-4/8-100) with 0.51- or 0.38-mm i.d. autoclavable
Ismaprene tubings (Ismatec), which in turn were con-
nected to the columns with Teflon tubings joint in a
T-piece one cm ahead of the column inlet. The ex-
perimental arrangement allowed the complete set up
to be autoclaved (121 ◦C, 20 min) in one piece be-
fore the addition of the different solutions to the flasks
and before saturation of the sand. The columns were
saturated by pumping sterilized groundwater through
them from underneath at 0.5 ml min−1. The flasks with
the feeding solutions were placed above the pump to
give an hydraulic head of about 20 cm at the top of the
soil column. The homogeneity of the column packing
was evaluated from breakthrough curves (BTCs) of
a conservative tracer (36Cl− or 3H2O). The columns

Figure 2. Sorption isotherms for 2,4-DCP (�) (units dpm ml ×103)
and 2,4-DCP degrader (�) to Vomb sand after 21 and 64 hours of
equilibration, respectively. The sorption coefficient, Kd , was calcu-
lated to 0.33 for 2,4-DCP (r = 0.99), and Kb for the degrader to 1.3
(r = 0.99). Each data point is the mean value of five replicates. All
standard errors were below 3% and typically less than 1%.

were weighed empty, with added sand, and with ad-
ded groundwater so that the mass of sand and the pore
volume (≈30 ml) for each column could be calculated.
Two columns were run in parallel for each treatment at
12 ◦C. Column data for the different experiments are
listed in Table 1.

Column sorption-desorption experiments

BTCs for 14C-2,4-DCP and 3H-bacteria were gener-
ated in separate columns to estimate the number of
pore volumes required to achieve effluent concentra-
tions (C) from columns equal to influent concentra-
tions (C0) from stock solutions. The influent concen-
trations and activities of bacteria and 2,4-DCP were
measured in the 5-L flasks before the start of each ex-
periment. The peristaltic pump was set to deliver about
0.12 ml min−1 of 2,4-DCP solution and 0.05 ml min−1

of solution with 3H-bacteria. This corresponded to a
residence time of about 300 minutes and a Darcy ve-
locity of 0.37 cm h−1 in the experiment with 2,4-DCP
(560 minutes, 0.15 cm h−1 in the experiment with 3H-
bacteria). The effluent from two columns was sampled
simultaneously in 1- to 2-ml portions in scintillation
vials with an ISCO retriever II fraction collector mod-
ified for dual sampling, and the volume was measured



423

Table 1. Selected data for the different columns used in the study

Experiment Mass of sand (g) Pore volume (ml) Flow (ml min−1)

col 1 col 2 col 1 col 2 col 1 col 2

BTC 2,4-DCP 77 82 36 35 0.12 0.13

BTC bacteriaa 76 77 28 28 0.05 0.05

Degradation exp. 1b 106 106 21 22 0.05 0.05

Degradation exp. 2a 76 77 28 28 0.05 0.05

Degradation exp. 3a 76 77 28 28 0.05 0.05

Degradation exp. 4b 94 91 23 23 0.06 0.06

aThese experiments used the same columns.
bColumns were packed with sand presorbed with 2,4-DCP.

by weighing the vials. The 3H and 14C activity in the
vials was measured in the scintillator after the addition
of 4 ml of Ready Safe scintillation cocktail.

Once loading of bacteria and 2,4-DCP was termin-
ated, their desorption was determined during a period
equivalent to the time needed for a degradation exper-
iment. Filter-sterilized groundwater without 2,4-DCP
and bacteria was pumped through the columns, and
1- to 2-ml aliquots of effluent water were collected
and analyzed as before. When the cell density and the
2,4-DCP concentration of the effluent had dropped to
levels belowC/C0 = 0.1, larger sample sizes were col-
lected. Samples of 200 to 600 ml of desorbed 2,4-DCP
were collected in sterile, rubber-sealed Erlenmeyer
flasks and concentrated on LiChrolut EN 200 mg ex-
traction columns (Merck). The extraction columns
were initially conditioned by rinsing with 3 ml of ethyl
acetate and then with 3 ml of sterilized water adjusted
to pH 2.0 with HCl. The columns were loaded with
the sample by pumping the sample through a Teflon
tubing (i.d. 1.6 mm) connected to a peristaltic pump
(Ismatech model MV-CA/8) supported with a Tygone
pump tubing (Ismatech) at a flow rate of 5 ml min−1.
After washing with 1 ml of water (pH 2.0) the column
was dried by N2 (5 min, 2–3 bar). The 2,4-DCP was
eluted with 2 × 1 ml of ethyl acetate, and the ethyl
acetate remaining in the pores was forced through the
column with N2 (2–3 bar). The concentrate was ana-
lyzed for 14C-2,4-DCP by scintillation after addition
of 4 ml of Permafluor (Packard Instrument B.V.). De-
sorbed cells were collected in 30 to 200 ml portions
and concentrated by centrifugation at 9000 rpm, 4 ◦C
for 20 min on the Sorvall centrifuge before they were
resuspended in about 1 ml filter-sterilized groundwa-
ter and analyzed by scintillation counting as above.
First-order desorption rate coefficients, k (h−1), for
2,4-DCP and cells sorbed to the sand were calculated

using the expression Ct = C0 × e−k×t , where C0
(dpm) is the initial amount of cells or 2,4-DCP sorbed
to the sand and Ct (dpm) is the amount sorbed at time
t (h).

Parameter evaluation

The transport of 2,4-DCP and bacteria through the
columns was described with the advection-dispersion-
sorption model (ADS-model) with or without a sink
term to account for irreversible sorption. The ADS
model with a sink term assumes linear, fast reversible
and irreversible sorption:

(
1 + ρ ×Kb

θ

)
× ∂C

∂t
= D × ∂2C

∂x2 − v × ∂C

∂x
− ϕC,

(1)
where ρ is the bulk density of the soil (g cm−3), Kb

the partitioning coefficient (g g−1), θ the soil poros-
ity (cm3 cm−3), C the concentration of the solute
in the aqueous phase (µg ml−1), D the longitudinal
dispersion coefficient (cm2 h−1), x the coordinate in
the flow direction (cm), and v the mean interstitial
water velocity (cm h−1) and ϕ is a first-order rate
coefficient for irreversible loss (Bengtsson & Lindqv-
ist 1991). The parameters ρ, θ , and v were calculated
from column data, and D was estimated from curve-
fitting of the conservative tracer breakthrough (Kb =
0) by the software package RS/1 using the Marquard–
Levenberg non-linear least squares regression proced-
ure (MRQFIT). The value of D was then used to
obtain the retardation factor, R, defined by the expres-
sion within the parenthesis in Eq. 1, and ϕ for 2,4-DCP
and the bacteria by curve-fitting with the ADS-model
as before.
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Column sorption-desorption results

BTCs for the bacteria and for 2,4-DCP in the sand
columns were generated to estimate (i) the number of
pore volumes required for a complete breakthrough,
(ii) sorption and retardation, and (iii) the degree of
desorption of cells and 2,4-DCP after saturation. The
cells were slightly retarded compared with the con-
servative tracer 36Cl, and about 90% of them passed
through the columns, indicating that the cells were
subject to irreversible retention reactions (Figure 3).
The sorption coefficient, Kb, was calculated as 0.003–
0.03 ml g−1, which was 40–400 times smaller than
in the batch sorption experiment. A smaller Kb in
column studies has been observed before and attrib-
uted to differences in depth of the hydrodynamic
boundary layer and in contact time between cells
and the solid surface (Bengtsson & Lindqvist 1991,
Lindqvist & Bengtsson 1995). The irreversible loss
coefficient, ϕ, for the cells was calculated as 0.01
h−1 by fitting the ADS-model with a sink term to
the breakthrough data (Table 2). The desorption of
cells was measured when C/C0 had decreased to 0.1
(indicated with an arrow in Figure 3) and during the
following 14 pore volumes. Thirteen percent of the
cells initially sorbed to the sand in column 1 and 51%
in column 2 desorbed in this time. This corresponds to
overall first-order desorption rate coefficients of 0.001
h−1 (column 1) and 0.006 h−1 (column 2). The net
amount of cells initially sorbed to the sand was cal-
culated from the differences in the dose of 3H activity
loaded and collected in the effluent during the loading
period.

The relative retardation as well as the irreversible
loss of 2,4-DCP in the sand columns was substantial
(Figure 4, closed circles). The retardation coefficient
was calculated as 1.6 and 1.7 in the two columns and
the irreversible loss coefficients, ϕ, to 0.13 and 0.14
h−1 (Table 2). The sorption coefficient, Kd , obtained
from curve-fitting with the ADS-model with a first-
order sink term was 0.3 ml g−1 (Table 2) and close
to the Kd calculated from the batch sorption experi-
ment (Figure 2). After seven pore volumes of loading
of the sand columns, C/C0 had not reached 0.6. In
fact, on another set of columns, C/C0 stayed at about
0.65 during a loading period of 200 pore volumes and
the number of pore volumes required for a complete
breakthrough (C/C0 = 1) could thus not be measured.
The total accumulated amount of sorbed 2,4-DCP dur-
ing this loading period, calculated from the difference
in 14C-activity loaded and collected in the effluent,

was 280 µg in column 1 and 270 µg in column 2.
The sand collected from the column cores after the
sorption and degradation experiments was pooled in
about 5 g portions and expected to contain 0.1–3.6 µg
g−1 of 2,4-DCP. However, no 2,4-DCP was detected in
the extracted samples by gas chromatography. Since
aqueous samples spiked with the same concentration
of 2,4-DCP gave 100% recovery, we are tempted to
suggest that 2,4-DCP had become inextractable from
the sand. Desorption of 2,4-DCP was measured by
scintillation after C/C0 had decreased to 0.1 and dur-
ing the following 45 pore volumes and calculated to
0.1% (0.4 µg) of the sorbed amounts of 2,4-DCP in
both columns. The overall first-order desorption rate
coefficient was calculated to 2 × 10−5 h−1 in both
columns.

Column degradation experiments

The mineralization of 14C-2,4-DCP in the columns
was determined by collecting sequences of aliquots
of about 60 ml of column effluent in rubber sealed
Erlenmeyer flasks containing 1 ml of 6 M HCl. The
acid terminated the microbial activity and acidified the
solution so that CO2 evolved into the gaseous phase.
The pump was set to deliver 0.05 ml min−1, corres-
ponding to a residence time in the column of about
560 minutes and a Darcy velocity of 0.15 cm h−1. The
Erlenmeyer flask was connected in a series with three
scintillation vials (Figure 1) containing 4, 1, and 1
ml of Carbosorb (Packard Instrument Company, Inc.),
respectively. The whole sampling setup was discon-
nected in one piece after sampling, and the remaining
CO2 in the gaseous phase of the Erlenmeyer flask was
transferred into the Carbosorb solution by gently pur-
ging the collected water with N2. After addition of 16,
4, and 4 ml, respectively, of Permafluor to the vials
with Carbosorb solutions, the samples were analyzed
by scintillation as above. A one ml aqueous sample
was withdrawn from the Erlenmeyer flask, and the 14C
and 3H activity was measured as described before.

At the end of the experiments on the BTC of
2,4-DCP and the degradation experiments 1, 3, and
4, samples of sand were collected in three replicates
from three different heights in the columns, and 2,4-
DCP sorbed to the sand was extracted as described by
Knuutinen et al. (1990). The 2,4-DCP concentration
was determined after adjustment to pH 6, derivatiz-
ing with acetic anhydride, and extraction with hexane
(Bengtsson 1985), using a Hewlett Packard model
6890 gas chromatograph equipped with a flame ionisa-
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Figure 3. Observed BTC for 36Cl (�) and 3H-labelled bacteria (�) in a column packed with Vomb sand and for 3H-labelled bacteria (�)
in another column saturated with 2,4-DCP. The ADS-model with a first-order sink term to account for irreversible loss was used to describe
transport of bacteria through the sand column without sorbed 2,4-DCP (—). The model parameters (porosity θ = 0.48 cm3 cm−3, bulk density,
ρ = 1.29 g cm−1, and interstitial water velocity, v = 0.32 cm h−1) were calculated from column data. Dispersivity, D = 0.33, Kb = 0.032, and
the irreversible loss coefficient ,ϕ = 0.01 were derived from curve fitting with MRQFIT. The arrow indicates the start of measurement of cell
desorption at C/C0 = 0.1.

Table 2. Coefficients obtained from curve-fitting with the ADS-model with a first-order sink term for irreversible loss to the BTCs for bacteria
and 2,4-DCP, and the corresponding parameters characterising the columns

Porosity, θ Soil bulk Interstitial Dispersivity, Dw Partitioning Irreversible loss Retardation

(cm3 cm−3) density, ρ velocity, v (cm2 h−1) coefficient, Kb coeff., ϕ (h−1) factor, R

(g cm−3) (cm h−1) (ml g−1)

2,4-DCP column 1 0.54 1.26 0.73 0.67 0.31 0.14 1.73

column 2 0.54 1.26 0.73 0.71 0.26 0.13 1.6

Bacteria column 1 0.48 1.29 0.32 0.33 0.032 0.01 1.09

column 2 0.48 1.29 0.32 0.14 0.0025 0.01 1.01

tion detector and a 30 m fused silica capillary column
(HP-5, film thickness 0.25 µm, i.d. 0.32 mm).

Four different experiments were performed to dis-
tinguish degradation of sorbed from dissolved DCP
and contribution of sorbed from suspended bacteria.
The methodology for the calculation of the degrada-
tion of 2,4-DCP in the different experiments is sum-
marized in appendix A, with the assumption that the
influence of cells desorbing from the solid phase could
be disregarded. Mean values of column 1 and 2 were
used in all calculations of degradation in experiment

2 through 4. The calculations are explicitly demon-
strated in footnotes to each experiment. The overall
first-order degradation (mineralisation) rate constant,
k, was calculated from C0 − CCO2 = C0 × e−k×t ,
where C0 (dpm) is the total amount of 14C-2,4-DCP
sorbed and dissolved during the measurement of de-
gradation, and CCO2 (dpm) is the amount of 14CO2
produced from degradation of 14C-2,4-DCP in the
column after time t (h).
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Figure 4. BTCs for 3H2O (�) and for 2,4-DCP with (�) and without (�) sorbed bacteria in a column packed with Vomb sand. The ADS
model with sink term was used to obtain the curve fit for 2,4-DCP (solid line) from θ = 0.54 cm3 cm−3, ρ = 1.26 g cm−3, v =0 .73 cm h−1,
resulting in Dw = 0.71 cm2 min−1, ϕ =0.13 and Kd = 0.26.

1. Degradation of dissolved 2,4-DCP by sorbed
bacteria. (Exp.1)

In this experiment, the sand was first saturated with
unlabelled 2,4-DCP by mixing 500 g of sieved and
autoclaved sand with 600 ml of filter sterilized 2,4-
DCP-solution (40 µg ml−1) at room temperature over
night in an Erlenmeyer flask on a magnetic stirrer. The
concentration of 2,4-DCP remaining in the aqueous
phase after equilibration was analyzed with GC ac-
cording to the procedure described above. The sand
was then dried (105 ◦C) before it was packed with a
spoon in the columns and autoclaved at 121 ◦C, 20
min. The columns were connected to the tubings as
described above, and the whole set up was autoclaved
before the sand was saturated with 3H-labelled bac-
teria by pumping a cell solution through a column until
the effluent and influent concentrations were equal
(C/C0 = 1). Effluent concentrations were measured
by collecting samples of 1 to 2 ml and analysing them
by scintillation as described before. Finally, the de-
livery of bacteria was interrupted, and 14C-labelled
2,4-DCP was added by pumping a solution through the
columns at 0.05 ml min−1. Its degradation was meas-
ured in 60 ml portions, collected in Erlenmeyer flasks
as described above, during about 30 pore volumes.
The observed degradation was considered to largely

reflect degradation of dissolved 2,4-DCP by sorbed
bacteria (unless desorption of bacteria was shown to
be substantial, see below).

The mixing of sand over night with unlabelled 2,4-
DCP followed by drying and autoclaving left 2.4 µg
2,4-DCP sorbed per g sand, calculated from the 2,4-
DCP remaining in the aqueous phase after equilibra-
tion and a 90% loss of 2,4-DCP during the sterilization
procedure (data not shown). The number of 3H la-
belled cells retained in the columns was about three
times higher when 2,4-DCP was previously sorbed in
the columns than in its absence (Figure 3), most likely
because 2,4-DCP covered some negatively charged
sites of the sand and reduced their interaction with the
net negatively charged cells (Lindqvist & Bengtsson
1995). After 18 pore volumes of loading of cells, about
2 × 1010 had been sorbed to each 2,4-DCP presorbed
column, corresponding to about 2 × 108 cells g−1 of
sand. The sudden breakthrough of cells after 15 pore
volumes may have followed upon saturation of the
2,4-DCP presorbed sand. The amount of 14C-labelled
2,4-DCP trapped as 14CO2 during 32–34 pore volumes
was about 0.2 µg, corresponding to 0.2–0.3%1 of
added 14C-labelled 2,4-DCP (Table 3).

1 Calculated as described in Appendix A with data from Table 3,
column 1: PCDBS = (0.23/(0.1 × 725))× 100 = 0.32%.
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2. Degradation of sorbed 2,4-DCP by sorbed
bacteria. (Exp. 2)

In this experiment, we continued to use the same
columns as used in the column sorption-desorption
experiment generating the BTC of bacteria. The sand
was again saturated with 3H-labelled bacteria by
pumping about 11 pore volumes of a cell solution
through a column until C/C0 = 1. The T connect-
ing the column inlet with the 5 L flasks containing
the feed solutions was then switched to 14C-labelled
2,4-DCP, which was pumped through the column
during 9 pore volumes, and a BTC was generated.
A 14C-labelled 2,4-DCP solution was then pumped
through the columns during another 50 pore volumes
in column 1 and 46 pore volumes in column 2, so that
14C-labelled 2,4-DCP was present both in the aqueous
and solid phase. The degradation of 14C-2,4-DCP was
then measured in 60-ml portions, collected in an Er-
lenmeyer flask as described before. Since the bacteria
were largely sorbed to the sand, degradation should
here reflect degradation of sorbed and dissolved 2,4-
DCP by sorbed bacteria. By subtracting the amount
of dissolved 2,4-DCP degraded in the experiment on
degradation of dissolved 2,4-DCP by sorbed bacteria
(Exp. 1) from the observed degradation in this exper-
iment, the degradation of sorbed 2,4-DCP by sorbed
bacteria could be calculated. If desorption of cells was
substantial (see below), adjustments had to be made
for the possibility that desorbed bacteria could have
degraded dissolved 2,4-DCP.

Four pore volumes was sufficient for a complete
breakthrough of 14C-labelled 2,4-DCP in columns that
were saturated with 4–6 × 107 cells g−1 of sand (Fig-
ure 4, open circles). Very little irreversible loss of
2,4-DCP was seen in presence of presorbed bacteria as
opposed to their absence on the sand (Figure 4, closed
circles), most likely because the presorbed cells oc-
cupied the most favourable sorption sites of 2,4-DCP
(Lindqvist and Enfield 1992). The collection of 14CO2
started after an initial 14C-2,4-DCP loading period
of nine pore volumes, and continued until 50 pore
volumes had elapsed. During this period about 0.6
µg of dissolved and sorbed 2,4-DCP were degraded
in the columns. The evolved 14CO2 representing min-
eralisation of only sorbed 2,4-DCP was about 0.5 µg,
corresponding to a little more than 5%2 of the total

2 Calculated as described in Appendix A with data from Table 3,
column 1 and 2: PCSBS = ((0.57/(1405 × 4.5 × 109) − ((0.23/(725
× 2.9 × 1010)) + (0.17/(711 × 1.2 × 1010))/2)) × 1405 × 4.5 ×
109/8.7) × 100 = 5.44%.

Figure 5. Partitioning of microbial degradation of 2,4-DCP in
columns packed with the Vomb sand. Data are from the four dif-
ferent column degradation experiments and shows the degradation
in per cent of the total amount of 2,4-DCP in the specific phase for
different combinations of sorbed and dissolved 2,4-DCP by sorbed
and suspended bacteria.

amount of 8.7 and 10.2 µg 2,4-DCP initially sorbed in
the two columns (Figure 5, Table 3).

3. Degradation of sorbed 2,4-DCP by suspended
bacteria. (Exp. 3)
In this experiment we continued to use the same
columns as in Exp. 2. 3H-labelled bacteria were ad-
ded again and moved through the column largely in
the aqueous phase. The degradation of the sorbed
14C-labelled 2,4-DCP was then measured when bac-
teria were pumped through the column during 43 pore
volumes, so that sorbed and suspended cells were
present to degrade the compound. The contribution
to the degradation of sorbed 2,4-DCP by suspended
bacteria was calculated by subtracting the degradation
of sorbed 2,4-DCP by sorbed bacteria in Exp. 2 from
the observed degradation in this experiment.

Degradation of sorbed 14C-2,4-DCP was meas-
ured during a period of 43 pore volumes in the same
columns as used in Exp. 2 (above). The 14CO2 col-
lected corresponded to about 0.3 µg of degraded 14C-
2,4-DCP, equivalent to 3–4% of the sorbed amount
of 14C-2,4-DCP. When the numbers for the degrada-
tion of sorbed 2,4-DCP by sorbed bacteria in Exp. 2
were subtracted from the numbers for the degradation
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of sorbed 2,4-DCP in this experiment, the suspen-
ded bacteria were found to have no influence on the
degradation of sorbed 2,4-DCP3 (Figure 5, Table 3).

4. Degradation of dissolved 2,4-DCP by suspended
bacteria. (Exp. 4)
The sand was first saturated with unlabelled 2,4-DCP
and bacteria following the same procedure as in Exp.
1. A 14C-labelled 2,4-DCP solution made from la-
belled and unlabelled 2,4-DCP at a concentration of
200 ng ml−1 and an activity of 1000 dpm ml−1 and
a labelled bacterial solution (1.9 × 108 cells ml−1,
1000 dpm ml−1) were then added simultaneously from
separate supplies during 41 pore volumes in column 1
and 38 pore volumes in column 2 at the same flow
rate (0.03 ml min−1). The tubings from the 2,4-DCP
solution and the bacterial solution were not connec-
ted until in the T piece one cm ahead of the column
inlet. The net flow rate through a column then be-
came 0.06 ml min−1, the concentration of 2,4-DCP
in the pore water 100 ng ml−1, and the cell density
about 1.0×108 cells ml−1. Since the columns initially
had been saturated with unlabelled 2,4-DCP, the 14C-
labelled 2,4-DCP pumped through a column should
be mainly in the aqueous phase. Samples of about
60 ml were collected and analyzed for 14CO2 (and
1C-2,4-DCP). The production of 14CO2 should come
from degradation of aqueous 2,4-DCP by suspended
and sorbed bacteria, and the amount attributable to the
suspended bacteria was calculated by subtracting the
contribution from sorbed bacteria (Exp. 1).

The columns were initially sorbed with unlabelled
2,4-DCP at a concentration of 2.4 µg g−1 sand in
both columns, and bacteria at 7–16 × 108 cells g−1.
The amount of degraded 14C-2,4-DCP, measured as
evolved 14CO2 during about 40 pore volumes, was
9–12 µg, of which 7–11 µg - was the result of degrad-
ation by suspended cells, corresponding to a degrad-
ation of 8–12%4 of dissolved 2,4-DCP by suspended
bacteria (Figure 5, Table 3).

Since the column sorption-desorption experiment
with bacteria demonstrated an appreciable desorption
of cells when the columns were eluted with groundwa-

3 Calculated as described in Appendix A with data from Table
3, column 1 and 2: PCSBD = (((0.35/(1191 × (2.8 × 108 + 1.8
× 1011))) − ((((0.57/(1405 × 4.5 × 109)) + (0.58/(1282 × 2.8
× 109)))/2) − (((0.23/(725 × 2.9 × 1010)) + (0.17/(711 × 1.2 ×
1010)))/2))) × 1191 × 1.8 × 1011/8.7) × 100 = Neg. value.

4 Calculated as described in Appendix A with data from Table 3,
column 1 and 2: PCDBD = ((11.8 − (((0.23/(725 × 2.9 × 1010)) +
(0.17/(711 × 1.2 × 1010)))/2) × 918 × 6.3 × 1010))/(0.1 × 918) ×
100 = 11.9%.

ter, the potential influence of unintentionally desorb-
ing cells on degradation was also addressed. When the
highest cell desorption rate coefficient derived from
the column sorption-desorption experiment was used
(k = 0.006 h−1), as much as 77% of the degraded
dissolved 2,4-DCP (corresponding to 0.2% of the total
dissolved compound) in Exp. 1 might have been due
to the activity of desorbed rather than sorbed cells.
In Exp. 2, up to 93% of the bacteria initially sorbed
to the sand might have desorbed during the experi-
ment. However, since suspended cells, including those
that might have desorbed, were not degrading sorbed
2,4-DCP in Exp. 3, desorbed cells had most likely
no influence on the degradation of sorbed 2,4-DCP
in Exp. 2. In Exp. 4, suspended and desorbed cells
together might have been responsible for the degrad-
ation of 10–13% of the dissolved 2,4-DCP, slightly
exceeding the 8–12% calculated when cell desorption
was disregarded.

Summary of column degradation experiments

In summary, the column experiment demonstrated that
both sorbed and suspended bacteria were metabol-
ising 2,4-DCP, with dissolved 2,4-DCP and suspended
bacteria being the most efficient combination. Al-
though sorption of 2,4-DCP was substantial, it did
not protect the compound from degradation. Suspen-
ded bacteria degraded 8–12% of the added dissolved
2,4-DCP, and adsorbed bacteria degraded about 5%
of sorbed 2,4-DCP (Figure 5). Very little degradation
was associated with the combinations of dissolved 2,4-
DCP and sorbed bacteria (<0.4%), and with sorbed
2,4-DCP and suspended bacteria (0%).

The specific degradation activities expressed in µg
2,4-DCP degraded ml−1 cell−1 varied between the
degradation experiments (Table 3). The highest spe-
cific degradation activity, 7.5–14.9 × 10−14 µg ml−1

cell−1, was seen with the combination of sorbed 2,4-
DCP and sorbed bacteria. This was about twice as high
as the specific degradation activity for the combin-
ation of dissolved 2,4-DCP and suspended bacteria,
and almost 10 times higher than the combination of
dissolved 2,4-DCP and sorbed bacteria. The overall
first-order degradation rate constants in the soil-water
systems were about 10−5 to 10−4, with the highest
rates in experiment 4 (Table 3).

The desorption of 2,4-DCP was slow, and curve-
fitting with the ADS-model indicated that sorption was
partly irreversible. Desorption of cells was relatively
fast when the columns were eluted with groundwater,
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unless the sand was presorbed with 2,4-DCP, which
caused irreversible sorption or straining. The inclu-
sion of an unintentional cell desorption had a marginal
effect on the degradation results.

Discussion

Suspended bacteria effectively degraded dissolved
2,4-DCP, while sorption of the substance seemed to
make it unavailable for the suspended cells (Figure
5). Sorption of substituted phenols occurs primarily
by hydrophobic sorption and hydrogen bonding (Boyd
1982), but the high persistence and low extractability
of 2,4-DCP in the solid aquifer material may also have
been caused by polymerization into phenolic poly-
mers. What mechanisms that were responsible for the
irreversible loss of 2,4-DCP in the columns remain
unknown, but the phenomenon has been observed in
other sandy soils and sediments and referred to as
irreversible sorption and inextractability (Isaacson &
Frink 1984, Lagas 1988, Bhandari et al. 1997).

However, sorbed 2,4-DCP was readily available
for degradation by sorbed bacteria (Figure 5), and
sorbed cells were even twice as efficient, on a per
cell basis, in degrading sorbed 2,4-DCP as suspen-
ded cells were in degrading the dissolved compound.
The sorbed cells may have promoted the degrada-
tion of sorbed 2,4-DCP by various mechanisms. It is
known that sorbed cells readily assimilate and synthes-
ize other substrates, such as amino acids, proteins, and
phosphorus (Paerl & Merkel 1982; Bright & Fletcher
1983), which has been explained as an effect of en-
hanced concentration of energy and nutrients at the
surface. For example, surfaces induce denaturation
and unfolding of proteins, which is thought to fa-
cilitate the exposure of peptide bonds to enzymatic
hydrolysis and the anisotropic diffusion of the hy-
drolysis products away from the surface to the cells
associated with the surface (Taylor 1995). Sorbed cells
may scavenge the surface by exoenzymes but also
trap ions and molecules by absorption (Baughman &
Paris 1981, Salkinoja-Salonen et al. 1983, Lindqvist
& Enfield 1992).

The more extensive degradation of dissolved 2,4-
DCP by suspended compared with sorbed bacteria
(Figure 5) was reflected also on a per cell basis, with
suspended cells about three times faster than sorbed
(Table 3). It is likely that the slower diffusion of the
molecules through the hydrodynamic boundary layer
limits their availability to the cells at the solid sur-

face compared with the more extensive mixing of cells
and molecules in the interstitial pores where advective
movement of water may override constraints imposed
by diffusion (Rijnaarts et al. 1990).

The overall degradation rate of 2,4-DCP agrees
reasonably well with rates calculated by Smith and
Novak (1987), k = 0.0004 h−1, for slurries of aquifer
sediments from pristine areas, when the anticipated
rate differences between flow and slurry systems are
considered. These comparisons indicate that rate coef-
ficients are dependent on the hydrodynamics as well
as on the temperature and nutrient status of the test
system.

Knowledge of the influence of sorption on bio-
degradation is important for risk and bioremediation
assessment of polluted soils and groundwater. Our res-
ults demonstrate that the solid phase of a subsurface
environment may make a significant contribution to
the total degradation of trace organics due to the large
bulk density compared with porosity. For instance,
if we assume a degradation rate ten times higher of
dissolved than sorbed compound in an aquifer with a
porosity of 25%, the contribution to the total amount
degraded by the sorbed contaminant with a Kd of 10
ml g−1 would be three times greater than the con-
tribution by the same, evenly distributed, dissolved
compound.
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Appendix A

The degradation of 2,4-DCP in the continuous flow
system during the described four treatments was cal-
culated in the following way:

PCDBS =
Q
CDBS
C(CO2)

C
CDBS
0 × VCDBS

,
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PCSBS =




Q
CSBS
T (CO2)

VCSBS×BCSBS
S

−
Q
CDBS
C(CO2)

VCDBS×BCDBS
S


×VCSBS×BCSBS

S

S
CSBS
0×100,

PCSBD =


 Q

CSBD
S(CO2)

V CSBD×(BCSBD
S

+BCSBD
D

−

 Q

CSBS
T (CO2)

VCSBS×BCSBS
S

−
Q
CDBS
C(CO2)

VCDBS×BCDBS
S







S
CSBD
0

×V CSBD × B
CSBD
D

× 100,

PCDBD =
Q
CDBD
C(CO2)

−
Q
CDBS
C(CO2)

VCDBS×BCDBS
S

× B
CDBD
S

× VCDBD

C
CDBD
0 × V CDBD

× 100,

where PCDBS , PCSBS , PCSBD , and PCDBD are the
degraded amounts (µg) of 14C labelled 2,4-DCP in
per cent of added dissolved or sorbed compound when
the dissolved (CD) or sorbed (CS) compound was de-
graded by sorbed (BS) or suspended bacteria (BD);
Q
CDBS
C(CO2)

and Q
CDBD
C(CO2)

are the amounts (µg) of dis-

solved 2,4-DCP detected as 14CO2 when the dissolved
CD) compound was degraded by sorbed (BS) or sus-
pended (BD) bacteria; QCSBS

T (CO2)
is the amount (µg)

of sorbed and dissolved 2,4-DCP detected as 14CO2
when the sorbed (CS) compound was degraded by
sorbed (BS) bacteria; QCSBD

S(CO2)
is the amount (µg) of

sorbed 2,4-DCP detected as 14CO2 when the sorbed
(CS) compound was degraded by suspended (BD) bac-
teria; CCDBS

0 andCCDBD
0 are the concentrations 0.1µg

ml−1) of dissolved 2,4-DCP added at the beginning
of the experiment when the dissolved (CD) compound
was degraded by sorbed (BS) or suspended (BD) bac-
teria; SCSBS0 and SCSBD0 are the amounts (µg) of sorbed
2,4-DCP when the sorbed (CS) compound was de-
graded by sorbed (BS) or suspended (BD) bacteria;
V CDBS , V CSBS , V CSBD , and V CDBD are the total
eluted volumes (ml) during which degradation of 2,4-
DCP was measured as 14CO2 when the dissolved (CD)
or sorbed (CS) compound was degraded by sorbed
(BS) or suspended bacteria (BD); B

CSBS
S , B

CDBS
S ,

B
CSBD
S , and B

CDBD
S are the number of sorbed cells

when the dissolved (CD) or sorbed (CS) compound
was degraded by sorbed (BS) and/or suspended (BD)

bacteria; B
CSBD
D is the number of suspended (BD)

cells when the sorbed (CS) compound was degraded
by suspended bacteria.
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