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Featured Application: The outcomes of the study are useful for the planning and operation of
soil aquifer treatment (SAT) facilities. The results of the experiments provide knowledge about
the correlations between the grain size fractions of soil and the availability of nutrients as well
as oxygen in the soil pore system during the operation of such systems. This makes it possible to
choose soils for SAT systems, providing optimal conditions for microbiological growth, and thus
to ensure optimal conditions for water quality improvement.

Abstract: Soil aquifer treatment (SAT) is a nature-inspired solution for improving the water quality
through soil percolation. The biodegradation of organic matter typically occurs in the shallowest
soil layer and it depends on the contaminant’s characteristics (water solubility, molecular structure)
and specific soil properties (pore size distribution). The present study aims at identifying which
grain size fraction of typically used sandy soils in the shallowest layer of SAT systems can provide
the optimal conditions for microbiological growth that can be reached by a trade-off between soil
moisture as well as nutrients and oxygen supply. For this, soil columns were used at a laboratory
scale to determine the relationship between the pore size distribution of four different grain size
fractions and biodegradation rates of organic matter from synthetic wastewater. The results obtained
from this experimental setup indicate that bacterial colonies reached optimum growth when about
60% of the available pore space was filled with water. For the selected soil, this was achieved by the
fraction with grain sizes in the range of 630 um to 1000 um, having pore diameters between 87 pm
and 320 pm and a mean pore diameter of 230 pm.

Keywords: managed aquifer recharge; column experiments; soil properties; water filled pore space;
pore size distribution; organic substances; degradation rate

1. Introduction

Nowadays, around 780 million people suffer from water scarcity and the numbers are expected
to increase due to population growth, economic development and climate change [1-3]. By 2025, two
billion people will be living in countries or regions with water scarcity and two-thirds of the world’s
population will be living under water-stressed conditions [4,5].

The managed recharge of aquifers (MAR) has been successfully applied in different countries
for mitigating the effects of water scarcity [6]. The method implies the use of excess surface water
to recharge an aquifer under controlled conditions for later use or environmental benefits [7]. MAR
application enhances the capacity of existing water supply systems, contributes to the prevention of
saltwater intrusion into coastal aquifers and reduces evaporation by storing water in the subsurface
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layer [3,7]. Further advantages include the use of soil and aquifer treatment capacity (SAT) for the
removal of organic matter, viruses and pathogens from the infiltration water.

The technical performance of SAT systems is characterized by two key factors: the maximum
amount of water that can be infiltrated and the degree of water purification during water percolation
through the soil. These factors depend mainly on the quality of the infiltration water, the operational
conditions and the specific properties of the shallowest soil layer in the infiltration basins. In some
cases, facility operators embed sand with very low organic matter in this layer. The sand acts as
medium for the filtration of suspended particles and as substrate for bacterial development. Otherwise,
infiltration takes place through naturally existing sandy soils with similar characteristics.

For the efficient degradation of organic matter, the shallowest soil layer must provide sufficient
water, nutrients and oxygen to native bacterial communities. The supply capacity is influenced by the
properties of the soil matrix such as pore size distribution (PSD) [8-10]. PSD is defined as the relative
abundance of different pore sizes in a representative volume of soil.

Pore sizes in loose rock sediments are characterized according to their drainage or water holding
capacity and are divided into fine pores (equivalent diameter < 0.2 um), medium-sized pores (from
0.2 pm to 10 um), fine coarse pores (from 10 pm to 50 um) and wide coarse pores (>50 pm) [11].
Each pore size depicts a different ability to transport and store water, nutrients and oxygen, which is
crucial for microbial activity and further for bioavailability of nutrients [11]. The transport of water
containing nutrients and oxygen is poorer in less-drainable, fine pores which form low-porosity media
than in well-drainable coarse pores. By contrast, water holding capacity (and implicitly the availability
of nutrients) is higher in poorly drainable, fine pores than in coarse pores [9,12]. The performance of soil
microorganisms is largely dependent on water, nutrients, and soil aeration [13-16]. If the soil moisture
content is too low, the water diffusion into the cell (driven by the concentration gradient of the solute)
is reversed, which leads to microbial cellular water loss (desiccation stress), and further to diminished
microbial activity [17,18]. Additionally, low soil moisture can also be the reason for insufficient
supply of microbes with essential nutrients. In the short term, this may induce states of relative
inactivity while in the long term, the starvation of the microbes in unsaturated sites may severely
limit the rates of biodegradation [19-22]. By contrast, a high soil moisture content is correlated with
oxygen deficiency in the system and also leads to the reduction of the biodegradation rates [19,23-25].
The minimum volume of pore space filled with air should be higher than 10% for the occurrence of
aerobic biodegradation [26]. At lower values, the biodegradation process will be anaerobic because of
the lack of oxygen.

As a consequence, optimal bacterial activity and development require a trade-off between oxygen
(low soil moisture content) and nutrient availability (high soil moisture content). Extreme situations
such as very wet or very dry soil conditions significantly reduce the biodegradation rates [27,28].
Aerobic microbial activity increases with soil water content until a point is reached where the diffusion
and availability of oxygen are limited by the water [29-31]. There is an optimum for microbial activity
at a specific water content coupled with a specific exchange of air in the pore space [32].

Often the moisture content in the soil, given in percentage of water saturation, field capacity
(FC) or water holding capacity (WHC), is used as a criterion for the evaluation of conditions for
biodegradation of organic substances. The field capacity is a range of soil moisture content that
represents the amount of water which can be held against gravity through capillary and adsorption
forces [33,34]. Water holding capacity is defined as the water retained between field capacity and
wilting point [32,34]. Thereby, the soil moisture content is influenced by the bulk density and the pore
size distribution [35,36].

Another parameter that can be used as indicator for the suitability of soils for biodegradation of
organic substances is the water-filled pore space (WFPS). Determination of WFPS requires knowledge
of the soil volume, gravimetric soil water content and soil bulk density. Some studies [19,37-41]
indicate that maximum microbial activity can be achieved at WFPS = 60%.
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In the case of SAT basins, most microbiological activity occurs in the shallowest soil layer where
trade-off conditions for water, nutrients and oxygen supply are easier to be met. Therefore, it is
important to select soils that provide a WFPS which can ensure optimal conditions for bacterial growth.
Selection of soils with unsuitable grain size distribution can have a negative effect on the overall
system’s efficiency, such as poor supply of nutrients and oxygen or low water retention capacity.

In practice, sands or sandy soils in their natural condition are used in the shallowest layer of SAT
basins. So the aim of this paper is to identify the relationship between different soil fractions of a sandy
soil typically used in SAT systems and the biodegradation of organic compounds. The parameters
considered in the analysis are the pore size distribution, the mean pore diameter and the water-filled
pore space of four different grain size fractions. Knowledge of the relationship can be helpful during
the planning and operation of SAT systems. Thus, it is possible to ensure optimal availability of
oxygen and nutrients as well as sufficient soil moisture content needed for purification processes in
the shallowest soil layer.

For comparison purposes, the four fractions were obtained from the same soil type, so the results
are applied only for this particular example. Nevertheless, the values achieved will be compared with
those obtained from experiments run under different boundary conditions in order to confirm the
applicability of present results for other site-specific conditions (soil type, organic compounds).

2. Materials and Methods

2.1. Experimental Set-up

Laboratory experiments were conducted to analyse the correlation between four grain size
fractions of a selected sandy soil and the biodegradation rates of organic substances. The selected
fractions are: 125 um to 200 wm, 200 pm to 630 pm, 630 pum to 1000 pm and 1000 wm to 2000 wm, which
represent different soil textures that are characteristic to filter layers in SAT facilities. The selection
considered the proportion of different pore sizes, mean pore diameter as well as WFPS. After sieving,
the fractions were sterilized and inoculated with Sphingobium yanoikuae (DSMZ-German Collection of
Microorganisms and Cell Cultures, registration code 7235), a bacterium occurring naturally in soils.
To achieve a homogeneous distribution of the bacteria in the soil, the inoculated solution was mixed
with the soil for 24 h using an overhead shaker at 5 rot/min. After mixing, the fractions were dried for
three days at 40 °C, the low temperature being selected to prevent bacteria dying. All working steps
were carried out under sterile conditions.

After drying, the different fractions were packed in sterilized glass columns (9.5 cm long, 10.5 cm
in diameter) (Figure 1). The upper parts of the columns were open to the atmosphere, and a synthetic
solution containing organic substances and nutrients was infiltrated from the top. The solution
was pumped from a storage bottle and distributed uniformly over the soil surface by a perforated
plate (1 hole of 0.3 cm diameter per cm?) installed 1 cm above the soil surface. The perforated
plate was covered with aluminium foil to prevent its contamination with other bacteria from the air.
The experiment was run at constant temperature (13 °C) for 2 h (infiltration period) followed by a
dry period of 22 h. This particular setup was selected to reproduce the infiltration scenarios of treated
wastewater in SAT facilities, where infiltration basins are flooded for a specific period followed by a
drying phase.
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Figure 1. Experimental set-up.

The hydraulic loading rate was set at 15 m per year, which corresponds to a flow rate of
3.0 mL/min during the wet period. This ensures an average residence time in the soil of about
one day. This rather high infiltration rate is common in SAT facilities, which are operated using
infiltration rates from 10 to 150 m per year, depending on the soil type [42]. The wet/dry ratio of
1:11, the ratio between the length of infiltration and following dry phase, was chosen to strengthen
the effect of different pore size distribution on moisture content, oxygen and nutrient supply in the
different fractions. A perforated PVC plate (2 holes of 0.3 cm diameter per cm?), covered with a nylon
membrane (30 um mesh size), was placed at the bottom of the column to ensure the free drainage of
the water.

Two columns were used for each fraction: an active column and a sterile control column to correct
the results from the effects of sorption and chemical oxidation. Microbiological activity in the sterile
control system was prevented by adding NaNj3 (1 g/L) to the inflow solution and outflow collectors.
Dissolved organic carbon (DOC) and oxygen were measured at the inflow and outflow of the columns.
The soil moisture content was measured continuously by weighting the columns during the entire
duration of the experiment. The water evaporation from the columns, determined by a water mass
balance of the system (evaporation = Ainflow-Aoutflow—Astorage in the soil), amounted to 2 mL per
24 h and was neglected due to its insignificance in the calculations. The field capacity was reached after
different times depending on the water holding capacity of the different fractions. The experiment was
run for 30 days for the fraction 125 um to 200 um, 35 days for the fraction 1000 pm to 2000 pm, and
48 days for the fractions 200 pm to 630 pm and 630 pm to 1000 pm.

2.2. Culture Media

Preliminary tests were conducted to identify most suitable culture media required for controlled
bacterial growth under laboratory conditions. The optimum culture medium has to sustain bacterial
growth while making possible the differentiation between degradation rates in different grain size
fractions. In total, six solutions were tested containing combinations of different carbon sources
and common nutritional requirements (Table 1). The elements selected represent naturally occurring
substances and ingredients used for the preparation of synthetic wastewater [43,44]. For the experiment,
only one culture medium was selected based on its support for microbial growth.
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Table 1. Composition of culture media (in g/L).

Nutrient Solution

Substance Formula CAS-No.
A B C D E F
D-Glucose C6H1206 50-99-7 1 1 1 1 - -
Pepton n.a. n.a. 0.5 - - - - -
Starch CgH190s5 9005-25-8 0.5 - - - - -
Yeast extract n.a. n.a. 0.5 - - - - -
Casamino acid n.a. n.a. 0.5 - - - - -
Pyruvic acid C3H403 127-17-3 0.3 - - - - -
Sodium acetate Cy,H;3NaO, 127-09-3 0.5 1 - - - -
Oxalic acid CoH,04 144-62-7 - - 0.5 - - 1
Salicylic acid CyHgO3 69-72-7 - - 0.5 - 1
Kaliumdihydrogen-phosphat KH,PO4 7778-77-0 0.3 2.65 2.65 2.65 2.65 2.65
Magnesiumsulfat MgSOy4 x 7H,0 10034-99-8 0.05 0.2 0.2 0.2 0.2 0.2
Dinatriumhydrogen-phosphat Na,HPO, 7558-79-4 - 4.33 4.33 4.33 4.33 4.33
Ammoniumsulfat (NHy),SOy4 7783-20-2 - 0.5 0.5 0.5 0.5 0.5
Calciumchlorid CaCl x 2H,0 10035-04-8 - 0.05 0.05 0.05 0.05 0.05

2.3. Analytics

2.3.1. Water Retention Curve

The hydraulic properties of the soil, which are characterized by the relationship between
the water content and the soil water potential, were measured using a HYPROP system [45-47].
The proportion of the pores with equivalent diameter smaller than 5 um (corresponding with matric
potentials lower than —600 cm) was calculated from specific parametric functions. These describe the
hydraulic characteristics of the soil fraction in the area where the tension is so high that the absolute
internal pressure is below vacuum and the cavitation of the water phase occurs in the HYPROP
tensiometers. The experimental retention curves were fitted with the van Genuchten and Brooks &
Corey models [48,49].

2.3.2. Pore Size Distribution (PSD)

PSD of a soil plays an important role in its water retention behavior [50]. Van Genuchten and
Brooks & Corey retention models integrate a parameter to represent the distribution of different
pore sizes in the soil. The parameter 7 [-] represents the PSD in the van Genuchten model while the
parameter A [-] describes the distribution of different pore sizes in the retention model of Brooks and
Corey. In both cases, the larger the values of n and A, the more uniform are the pore sizes in the soil.

2.3.3. Mean Pore Diameter

The mean pore diameter was calculated as a function of the PSD represented by the water retention
curve. According to the capillary theory, the pressure at which a pore empties (or fills) corresponds to
the pore opening size (respectively the pore diameter) and is calculated according to Jurin’s law [51]:

_4xo

d—h,

where:
d = pore diameter [m]
o = surface tension between water and air (0.0729 N/m)
h = soil water potential (Pa)
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2.3.4. Water-filled Pore Space (WFPS)

The water-filled pore space was calculated using the following equation [52]:

SWC

~ PD

where:
WEPS = water-filled pore space (%)

SWC = volumetric soil water content (vol. %)
BD = soil bulk density (g/ cm?)
PD = particle density (2.65 g/cm?)

2.3.5. Dissolved Organic Carbon (DOC)

The concentration of the dissolved organic carbon was measured in aqueous solutions according
to ISO 8245 [53]. Before analysis, the samples were passed through a 0.45 pm membrane filter for
the separation of non-dissolved carbon compounds. Shortly before the DOC analyses, the inorganic
carbon dioxide (CO,) in the samples was stripped off by gassing with nitrogen for seven minutes.
The organic compounds were then photochemically oxidized to CO, by the irradiation with UV light
while the CO, released was detected by a non-dispersive infrared analyser.

2.3.6. Oxygen Content

The oxygen concentration was measured by miniaturized optical oxygen micro sensors
(needle-type) based on 140 um silica fibre. The reading of the values was done with the oxygen
meter Microx TX3 (PreSens Precision Sensing GmbH, Regensburg, Germany)—a temperature
compensated system.

2.3.7. Optical Density

Optical density at 600 nm wavelength (OD600) was measured by a photometer to determine the
suspended biomass concentration of the microbial growth. The conversion factor between OD600 and
the number of bacteria per mL unit volume was 8 x 10° L1 [54].

2.3.8. Calculation of Degradation Rates

The degradation rates were calculated using the first-order decay rate law according to [55]:
A=Ay xe

where:
A = molar concentration of reactant (mol/L)

Ap = initial molar concentration of reactant A (mol/L)

k = rate constant (s~ 1)

t = time (s)

It was assumed that the oxidation of organic substances took place under constant boundary

conditions after a certain period of adaptation. The first-order decay rate is a simplification to replicate
bacterial kinetics for even distribution of bacterial cultures.

3. Results and Discussion

3.1. Soil Characterization

The grain size fractions used in the experiment were separated by dry sieving a sandy soil
collected from a sand pit in Ottendorf, Germany. The total pore volumes of the resulting fractions
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varied from 37.4% to 44.3% (Table 2). These values correspond to pore volumes of sandy soils [11],
which are in the range of 36% to 56%. The largest pore volume (44.3%) was observed for the fraction
125 pm to 200 pm while the smallest pore volume (37%) was observed for the fraction 1000 um to
2000 pm. This corresponds to the theory that the smaller the grains, the greater the deviation from the
ideal spherical shape that creates larger pore spaces [11].

Table 2. Characterization of the grain size fractions.

Fracti Porosity Bulk Density PSD Index PSD Index Me.an Pore pH Value
raction (um) (vol.%) (g/cm®) van Brooks/Corey Diameter ©
g Genuchten (-) ) (um)
125-200 443 1.48 8.80 4.13 47 6.49
200-630 415 1.55 5.71 2.50 95 6.36
630-1000 38.5 1.63 491 2.47 230 6.38
1000-2000 37.0 1.66 5.86 2.70 425 6.52

The PSD index parameters n and A estimated by fitting the experimental data with the van
Genuchten and Brooks/Corey models indicate that the fraction 630 um to 1000 pm has the widest
range of pore sizes while the fraction 125 um to 200 um has the most uniform pore size.

The pore diameters are directly proportional to the grain sizes of the different fractions, which is
also confirmed by the investigations of [56]. The pore size distribution curve of the fraction 125 um to
200 pm shows a peak at 47 um, with 90% of the pores between 30 um and 70 pm; the fraction 200 pm to
630 um shows a peak at 95 um with 90% of the pores between 40 um and 150 pm; the fraction 630 pm
to 1000 pm shows a peak at 230 um with 90% of the pores between 87 pm and 320 um and the fraction
1000 pm to 2000 um shows a peak at 425 um with 85% of the pores between 230 pm and 800 pum.

The pH values of the individual fractions (Table 2) fall slightly in the acidic range but are within
the interval of bacterial optimal growth conditions (pH 6-8) [57].

3.2. Selection of Optimum Culture Medium

Six culture media containing combinations of different carbon sources were used to identify the
most suitable laboratory conditions for controlled bacterial growth. The fastest bacteria growth was
observed when using culture medium A (Figure 2). A very fast exponential growth started after a
short lag phase (6.5 h) and the stationary phase was established quickly.
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Figure 2. Bacterial growth curves in different culture media.
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The bacteria grew at similar rates in culture media B and D but with a lower maximum cell
concentration. The fast growth of bacteria in these three media was caused by the very good utilization
of the available carbon sources. In culture media E and F, the development of bacterial cultures was
strongly inhibited by the absence of an appropriate utilizable carbon source and thus no growth could
be observed over the duration of the experiment. Culture media C was a mix of several organic and
inorganic substances used to reproduce synthetic wastewater. In this case, the bacterial growth curve
indicates that the available glucose was sufficient to stimulate growth while the two acids were utilized
by bacteria after glucose consumption. The conversion of the cell metabolism from glucose to the
two acids is reflected in a temporary slowdown of bacterial cell growth, so that a steady growth was
observed over the duration of the experiment (173.5 h). The addition of trace elements and vitamin
solution in all culture media did not exert a decisive influence on the growth of bacteria; therefore,
they were not used in the column experiments.

Based on these results, culture media C was used in the column experiments, which was crucial
for the quantification of the degradation rates of the different grain size fractions. The decisive reason
for selection was the inhibited excess growth of bacteria over the duration of the experiment compared
to the rapid growth in culture media A, B and D, and the non-existing growth in solutions E and F.

3.3. Soil Water Balance

The soil moisture content was determined by measuring the weight of the soil column between
the start of the experiment (dry soil) and the end of each wet/dry cycle. The results indicate that the
smaller the grain size of the fraction, the higher the water-filled pore space during wet and dry phases
(Table 3). The reason for this is again the different pore size distribution of the fractions resulting in a
different storage capacity of the water in the pore system. The water holding capacity by capillary
forces was stronger in the fraction with the smallest grain size compared to the fractions with a larger
grain size due to the higher content of fine pores with smaller diameter [32,34]. The changes in WFPS
between wet and dry phases were quite high for the bigger fractions (>17%) while the change for the
smaller fractions was negligibly small (3%).

Table 3. Parameters of water balance.

Volumetric Soil Volumetric Soil Water Filled Water Filled

Soil Fraction Moisture Moisture Pore Pore Water-Air-Ratio-Wet  Water-Air-Ratio-Dry
Content-Wet Content-Dry Space-Wet Space-Dry Phase [-] Phase [-]
Phase (vol. %) Phase (vol. %) Phase (%) Phase (%)
125-200 pum 0.39 0.38 89 86 7.9 6.1
200-630 um 0.33 0.32 80 77 4.0 3.3
630-1000 pm 0.29 0.22 75 58 3.1 14
1000-2000 um 0.24 0.16 65 44 19 0.8

The average residence time calculation of the daily infiltrated amounts of the synthetic solution
occurred based on the estimated pore volumes. It could be observed that the fraction with smaller grain
size had higher residence time (125 um to 200 pm—24.4 h; 1000 pm to 2000 um—20.4 h). The reason for
this behaviour is the different pore size distributions of the fractions resulting in a different hydraulic
conductivity and residence time.

3.4. Results of Biodegradation

3.4.1. Degradation of DOC

In consideration of the results obtained in the sterile control columns, the decrease of DOC
concentration in the active column was only caused by the biodegradation process. Other processes
such as sorption or chemical oxidation, potentially responsible for DOC removal, can be neglected in
this study.
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After different lag phases (4 days for the fractions 630 um to 1000 um and 1000 pm to 2000 pm,
and 12 days for the fractions 125 pm to 200 pm and 200 pm to 630 pm), the degradation in all soil
fractions followed an exponential trend and continued with a stationary phase (Figure 3A).
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Figure 3. Degradation of DOC for the different fractions presented as c/cgy versus time (A) and
exponential degradation phase of DOC presented as logarithm of c/cg versus time (B).

The highest microbial activity and consequently degradation rate of organic substances for this
experimental condition (type of bacteria, temperature, infiltration cycle, water quality) was provided
by the fraction 630 pm to 1000 pm (Figure 3B). The supply of oxygen and nutrients to bacteria as
well as the soil moisture were optimal here due to the specific pore size distribution of these fraction
(widest range of pore sizes defined by the PSD index), which corresponds to a WEPS of 58% in the dry
phase. These results are consistent with data reported for other applications [19,37-41,58,59], where
the biodegradation was most effective at WFPS 60%.

Further, previous studies (Table 4) involving a wide range of soil types also indicate that the
maximum microbial activity and consequently the highest biodegradation of organic substances can
be expected between 50% and 70% of a soil’s water holding capacity or field capacity.

Table 4. Water saturation and matric potential ranges for optimal biodegradation conditions.

Water Water Water

. . . Matric . Application
Saturation Saturation Saturation . Soil Type . . Source
(%) (%FC) (%WHC) Potential (Pa) (Biodegradation of)
28-95 n.a. 30-90 400-5000 Loamy sand Hydrocarbons [60]
30-98 n.a. 25-85 300-4000 na. na. [26]
53-71 n.a. 50-70 1000-2000 n.a. Pesticides [61]
58-82 n.a. 58-82 n.a. Peat and sand Pentachlorophenol [62]
70-93 n.a. n.a. n.a. Sanf:l/gravel Hydrocarbons [63]
with clay
2647 n.a. n.a. n.a. Sandy loam Pentachlorophenol [64]
21-83 n.a. n.a. n.a. Sandy loam Metolachlor [65]
70-93 35-50 n.a. 500-1000 n.a. Fuel and solvent [66]
53-70 50-70 n.a. 1000-2000 Silty loam Hydrocarbons [67]
Polynucleararomatics
n.a. n.a. 50-80 n.a. Sandy loam (PNAs) [68]
Constituents in
n.a. n.a. 66-100 n.a. n.a. waste fluid [69]
n.a. 60-80 n.a. n.a. Silty sand n.a. [70]
n.a. n.a. 41-62 n.a. Sandy loam n.a. [71]

Note: n.a.—not available.
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The results of the present investigations indicate that the smaller fractions (125 pm to 200 um and
200 um to 630 um) had a higher moisture content and therefore WFPS of 86% and 77% due to higher
proportion of fine pores. This soil moisture content should be able to allow high microbial activity,
but the growth was limited by the reduced diffusion of air into the soil. The minimum pore space
filled with air should be higher than 10% by volume to create conditions for aerobic biodegradation,
as reported by [24,26,72]. Moreover, the lower proportion of coarse pores in the smaller fractions
slows down and reduces the supply of nutrients in the accessible areas. In contrast, the supply with
oxygen and nutrients was more efficient in the largest fraction (1000 pm to 2000 pm) with the lowest
WEPS (44%) and the highest air capacity. Nevertheless, the lower moisture content caused by the
lower water storage capacity of the coarse pores is the limiting factor here for bacterial growth and the
corresponding metabolization of DOC.

3.4.2. Oxygen Consumption

The reduction of dissolved oxygen concentration started at the beginning of the experiment, and
the consumption rate caused by microbiological activity followed the individual lag phases of the
microorganisms (4-12 days). After these intervals, the oxygen was almost completely consumed in all
four experiments. However, because the concentration of dissolved oxygen was measured only in the
inflow and outflow of the columns, no differences could be proven in the transport of oxygen through
the pores of different fractions.

3.4.3. Degradation Rates

The observed degradation followed a first-order order kinetic model, so the rates were calculated
based on the first-order decay rate law according to [55] (Table 5). The decay rates for the different
fractions correspond to the slope of the trend lines (Figure 3B). As the concentration profiles of DOC
indicate, the highest decay rate in the exponential phase was determined for the fraction 630 um to
1000 um. This was followed by the fractions 1000 um to 2000 um, 200 um to 630 um and 125 pum to
200 pm.

Table 5. Calculated degradation rates for each fraction.

Degradation Degradation Degradation Degradation
. Rate for . Rate for . Rate for . Rate for
Runtime . Runtime . Runtime . Runtime .
[d] Fraction [d] Fraction [d] Fraction [d] Fraction
125-200 um 200-630 um 630-1000 1000-2000
[d=1 [d-1 pum [d—1] pm [d—1]
0-12 No degr. 0-12 No degr. 04 No degr. 0-4 No degr.
13-30 0.011 13-47 0.015 5-29 0.038 5-34 0.018

The results indicate that soils with lower WFPS corresponding to bigger mean pore diameter
and a wider range of pore sizes (Tables 2 and 3) are more suitable for the metabolization of organic
substances than the fractions with higher WFPS and more uniform pore size distribution. This can
be explained by better transport of oxygen and nutrients as well as sufficient moisture to support
microbial activity (Figure 4).
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Figure 4. Correlation between experimental biodegradation rates and WFPS in the used grain
size fractions.

4. Conclusions

The present study contributed to the identification of a relationship between the biodegradation
of organic matter and the texture of a sandy soil typically used in SAT applications, characterized
by the pore size distribution; mean pore diameter, and water-filled pore space (WFPS) of the soil.
These parameters were selected as evaluation criteria for degradation since they describe both limiting
factors in the microbiological development: available soil moisture (responsible for cell desiccation
stress when too low) and aeration (supply of oxygen).

The highest biodegradation rate of organic substances percolating under specific experimental
conditions (infiltration cycle, water quality, temperature) through the columns filled with the selected
soil was obtained from the grain size fraction 630 pm 1000 pm. This is characteristic of the mean pore
diameter of 230 um and a rather wide range of pore sizes (pore size distribution index n = 4.91) and
a WFPS of 58% estimated in the dry phases of the infiltration cycle. The high availability of oxygen
and nutrients, and the sufficient soil moisture favored the microbial activity and the corresponding
metabolization of DOC. By contrast, these processes were partially limited in the smaller fractions
(due to insufficient supply of oxygen and nutrients) and the largest fraction (low moisture content).

The values obtained for the selected sandy soil and under the present experimental setup confirm
the results reported by previous studies where conditions for microbiological activity were optimal at
WEPS of 60%. Contrary to previous investigations, results of the present experiments demonstrate
that optimal conditions can be achieved in the soil fraction 630 um to 1000 pm with an average pore
diameter of 230 um. In the case of embedding sand with very low organic matter in the shallowest soil
layer of SAT in filtration basins, it is therefore recommended to use the fraction with grain sizes around
the range of 630 um to 1000 pm. When water is infiltrated into natural sandy soils, the recommended
pore diameters are between 90 pm and 320 um and the mean pore diameter is about 230 pm.

The outcomes of this study can be very useful for planning the infiltration of water with high
organic load. In this case, biodegradation processes can be enhanced by providing adequate aeration,
nutrient supply and soil moisture content in the shallowest soil layer. The results help in the
selection of the granulometric characteristics of the soil filter in order to ensure optimal conditions for
purification processes.
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