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Abstract In this study, the performance of a laboratory-
scale soil aquifer treatment (SAT) system was investi-
gated and treatability studies were done in order to
determine organic matter removal from synthetic waste-
water (SWW) and secondary treated real wastewater
(RWW). The SAT system was constructed in laboratory
conditions and treatability studies were conducted using
soil columns, which were packed with silt loam soil
samples. Each column was equipped with a series of
ports at multiple depths from soil surface (10, 20, 30, 50,
and 75 cm) to collect water samples. Two operational
cycles were applied to represent the influence of differ-
ent wetting and drying periods during wastewater appli-
cation. Dissolved oxygen, chemical oxygen demand
(COD), and total organic carbon (TOC) concentrations
were measured in all samples. Average removal values
of 61.4 % (COD) and 68.2 % (TOC) were achieved by
in SWW and of 58.3 % (COD) and 51.1 % (TOC) in
RWW in 55 and 25 weeks of operation, respectively.
These results indicated that the performance of the col-
umns operated with SWW was better than the perfor-
mance of the columns operated with RWW. In essence,
the easily biodegradable portion of organic matter was
quickly consumed by microorganisms in the first 10 cm
of the columns where oxygen levels peaked. Complex
organic compounds that are likely to be found in RWW
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could thus be removed when longer residence times
were achieved through the columns. When the removal
performances achieved with different operating cycles
were compared for each wastewater, it could be seen
that longer wetting and longer drying periods yielded
higher removal efficiencies in RWW and vice versa in
SWW.

Keywords Soil aquifer treatment (SAT) - Synthetic
wastewater - Real secondary treated
wastewater - Organic matter - Wastewater polishing

1 Introduction

As a result of rapid population growth coupled with
urbanization and increased living standards, the demand
for water is constantly increasing in many parts of the
world (Nadav et al. 2012; Viswanathan et al. 1999;
Westerhoff and Pinney 2000; Yun-zheng and Jian-long
2006). Climate change and its influences on the quantity
and quality of water resources further complicate the
problem of sustainable water supply. Hence, reuse of
treated municipal wastewaters is increasingly becoming
popular in arid and semiarid regions of the world (Akber
et al. 2008; Candela et al. 2007; Drewes et al. 2003;
Nadav et al. 2012; Quanrud et al. 1996; Viswanathan et
al. 1999; Yu et al. 2006). Considering the scarcity of
available water resources, effluents of municipal waste-
water treatment plants (WWTP) are now considered to
be a notable alternative resource for replenishing
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declining groundwater reserves throughout the world.
Particularly, when treated by suitable technologies, trea-
ted municipal wastewaters could serve as a viable option
to mitigate the detrimental consequences of climate
change on water resources (Cha et al. 2004; Ernst et
al. 2000; Idelovitch et al. 2003; Laws et al. 2011; Xue et
al. 2008).

The percentage of industrial effluents in municipal
wastewater and the level of wastewater treatment (pri-
mary, secondary, or tertiary treatment) implemented
are the two most important factors to be considered
for the effective reuse of municipal wastewater (Ernst
et al. 2000). Although biological secondary treatment
is mainly intended to decrease the amount of dissolved
organic matter, secondary treated wastewater still con-
tains some organic components in addition to variable
amounts of nutrients, trace metals, suspended solids,
and pathogens (Thawale et al. 2006; Viswanathan et
al. 1999; Westerhoff and Pinney 2000; Yun-zheng and
Jian-long 2006; Zhang et al. 2007). Hence, some ad-
vanced treatment technologies are deemed necessary
to reduce these constituents present in secondary trea-
ted wastewater prior to its reuse.

Advanced treatment technologies such as ion ex-
change, reverse osmosis, activated carbon, etc. can be
implemented to improve the quality of secondary treated
wastewater before it could be reused to augment dimin-
ishing water supplies. Yet, the use of these advanced
technologies is quite limited because of high capital and
operational costs (Ernst et al. 2000; Hussain et al. 2006;
Viswanathan et al. 1999; Westerhoff and Pinney 2000).
On the other hand, alternative wastewater treatment
methods such as land treatment of secondary treated
wastewaters are typically more appropriate due to lower
costs and numerous other side benefits including but not
limited to in situ renewal of scarce water resources.
Furthermore, advantages such as simple technology
requirement and prolonged reliability and durability
further facilitate the use of land treatment of secondary
wastewaters for reuse purposes (Funderburg et al. 1979;
Nema et al. 2001; Thawale et al. 2006; Viswanathan et
al. 1999).

A soil aquifer treatment (SAT) system is primarily
based on the infiltration of treated wastewater from
large-scale recharge basins through the vadose
(unsaturated) zone. The percolated wastewater finally
reaches the native groundwater (saturated zone) and is
stored in the unconfined aquifer. During this percola-
tion and storage, nitrogen, phosphorus, dissolved
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organics, heavy metals, and pathogens are significant-
ly removed. Furthermore, an additional polishing also
occurs in the native groundwater aquifer by dilution
and horizontal dispersion (Nema et al. 2001). Based
on these principles, SAT systems are used in many
countries around the world (particularly in arid and
semiarid regions; i.e., Israel, Kuwait, etc.) in order to
reuse treated wastewater (Candela et al. 2007; Cha et
al. 2004; Fox et al. 2001; Idelovitch et al. 2003; Nadav
et al. 2012; Quanrud et al. 1996; Viswanathan et al.
1999).

Filtration, adsorption, ion exchange, precipitation,
and microbial degradation are the most effective treat-
ment mechanisms in an SAT system (Amy and Drewes
2007; Essandoh et al. 2011; Lee et al. 2004; Quanrud
et al. 1996, 2003b; Shuang et al. 2007; Viswanathan et
al. 1999; Yun-zheng and Jian-long 2006). While sus-
pended organic matter is removed by filtration, dis-
solved organic matter is primarily removed by
biodegradation and adsorption. Filtration and biodeg-
radation mechanisms are considered to last forever,
whereas adsorption mechanism is limited by adsorp-
tion capacity of soil (Idelovitch 2003; Viswanathan et
al. 1999).

Although biodegradation and adsorption are the two
major removal mechanisms for dissolved organic car-
bon (DOC) during SAT, the dominant mechanism is
considered to be biodegradation (Drewes et al. 2003;
Ernst et al. 2000; Quanrud et al. 2003a; Rauch and
Drewes 2004, 2005, 2006; Xue et al. 2009).
Biodegradation can occur under aerobic, anaerobic, or
anoxic conditions (Drewes and Jekel 1998; Westerhoff
and Pinney 2000). Drewes and Jekel (1998) showed that
removal of organohalogens is more effective under an-
oxic conditions. Xue et al. (2009) have measured about
3 % adsorption of the initial DOC concentrations and
concluded that the basic removal mechanism for DOC is
biodegradation in an SAT system. Furthermore, the
results obtained from some SAT systems that have been
in operation for long years revealed that there was not
any organic carbon accumulation in the soil matrix,
which further demonstrated the fact that biodegradation
was the major removal mechanism for organic matter
(Fox et al. 2005; Drewes and Jekel 1998; Quanrud et al.
2003b; Wilson et al. 1995).

SAT systems are typically operated in alternating
wetting and drying cycles. During the wetting period
(saturated conditions), the soil surface is clogged due
to suspended solids deposition and bacterial growth in
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soil spaces. This clogging layer blocks the infiltration
of wastewater and prevents the penetration of oxygen
into the soil matrix. Upon ceasing of wastewater ap-
plication, the SAT system is allowed to dry after the
wetting period. During the drying period (unsaturated
conditions), the SAT system is maintained at high
infiltration rate and enhanced oxygen penetration into
the soil matrix, thus creating elevated purification
capacities (Idelovitch et al. 2003; Quanrud et al.
1996; Westerhoft and Pinney 2000).

Based on these fundamentals, the main objective of
this study is to determine the changes in the organic
matter content of a secondary treated domestic waste-
water during its percolation through soil media.
Centered around this main objective, this study also
intends to investigate the influence of operation condi-
tions of a laboratory-scale SAT system and to investigate
the long-term performance of this system on organic
matter removal. In this regard, this work further aims
to investigate the performance of an SAT system as a
simple and low-cost alternative advanced wastewater
treatment technology by using a laboratory-scale exper-
imental setup.

2 Materials and Methods
2.1 Design and Operation of the Soil Columns

A multicolumn SAT system was constructed in labo-
ratory conditions. The experimental setup consisted of
five identical columns of 120 c¢cm length and 10 cm
inner diameter, a feeding tank, a feeder assembly,
distributor lines, and a peristaltic pump. Although soil
columns of 120 cm were used in the all experimental
studies, effective soil depth was 75 cm. The feeding
tank was used only when the columns were operated
with real secondary treated wastewater in order to
ensure room temperature for wastewater samples com-
ing from the refrigerator. Owing to the fact that the
synthetic wastewater (SWW) was prepared daily (not
stored in the refrigerator), the columns were directly
fed with the SWW. The experimental setup and sam-
pling ports are shown in Fig. 1.

Each column was equipped with a series of ports at
multiple depths from the soil surface (10, 20, 30, 50,
and 75 cm) in order to collect the effluent samples.
Before the columns were packed with the soil sample,
the bottom of each column was filled with a gravel

layer of 10 cm thickness in order to prevent clogging
of the column outlet. Columns were then packed with
soil to a distance of 10 cm below of the overflow weir
(top port). The columns were operated under gravity
flow conditions with 10 cm ponding depth. Thus,
10 cm ponding depth of wastewater above the soil
surface was guaranteed in each column. A peristaltic
pump was used to supply wastewater to the top feeder
assembly, from which distributor lines served to each
column. The peristaltic pump was connected to a
storage tank of 10 L capacity. The pump speed was
set such that a constant head upper boundary condition
of 10 cm was maintained in each column, while min-
imizing overflow from the column. During operation
of the columns, samples were collected from sampling
ports and stored in plastic bottles that were sealed to
prevent air entry.

During the experimental studies, the columns were
operated with SWW and real secondary treated waste-
water (RWW). A total of five columns were used: two
columns for SWW, two columns for RWW, and the last
column was operated with distilled water to determine
the influence of background contamination originating
from the soil. Two of the four columns were operated in
2-week cycles consisting of 7 days of wetting followed
by 7 days of drying (7w/7d); the other two columns
were operated in 1-week cycle consisting of 3 days of
wetting followed by 4 days of drying (3w/4d) for each
of SWW and RWW studies.

The SWW studies started in May 2010; the RWW
studies started in December 2011. Soil columns were
operated in closed laboratory conditions without any
additional climatic temperature control inside the lab-
oratory during the entire study period. Two columns
were operated for 55 weeks with SWW and the other
two columns were operated for 25 weeks with real
secondary treated effluents of Cigli (Izmir) WWTP.

Each of the SWW and RWW studies were started
with new soil samples. While SWW studies were
initiated directly with SWW, a 4-week period of dis-
tilled water operation was done prior to initiating the
RWW studies with the real secondary treated waste-
water in order to minimize the background contami-
nation originating from the soil.

2.2 Soil Samples and Properties

Soil samples were collected from a field in Menemen
plain (Izmir, Turkey) that belongs to Menemen
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Fig. 1 A schematic diagram
of experimental setup (labo-
ratory-scale SAT system)

Feeding
tank

Feeder assembly

Peristaltic
pump

Refrigerator

Agricultural Research Institute. Some physical and
chemical properties of the soil collected from the top
20 cm are given in Table 1 (Gocmez 2006). The soil
samples were air-dried, crushed, and sieved using 2 mm
mesh before packing the columns. Homogenized soil
samples represented the top 20 cm depth of Menemen
plain soils.

Table 1 Some properties of soil used in SAT system

Parameters Average value

pH 7.67

Electrical conductivity (EC) 1.156 dSm™'
Structure Silt loam

Organic matter 1.5%

C/N 4.8

CaCO; 6.0 %

Saturation 60 %

Total N 0.18 %
Permeability (cmh™") 2h 6h Average

8.64 7.49 8.06
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2.3 Synthetic and Real Wastewater

The RWW samples were periodically taken from the
secondary treated effluents of Cigli (Izmir) WWTP.
The plant implements biological treatment with nutrient
removal to the municipal wastewaters of the city of Izmir
and currently serves a population of about three million
inhabitants within the metropolitan area. The Cigli
WWTP was constructed on an area of 300,000 m? and
was designed to have an average capacity of 605,000 m*
day ' (IZSU 2010).

The average influent and effluent water quality of
Cigli treatment plant is given in Table 2. The synthetic
secondary treated wastewater was prepared according
to the quality characteristics given in Table 2 to better
represent the RWW composition of Cigli WWTP
(IZSU 2010; Gunduz and Simsek 2007). Based on
the average effluent quality given in Table 2, an
SWW with the respective carbon (as COD), nitrogen
(N), and phosphate (P) concentrations of 100, 12, and
2 mgL™" were prepared and used in column studies. b-
glucose, urea, and potassium phosphate were used as
C, N, and P sources, respectively.
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Table 2 Average influent and effluent quality of Cigli WWTP

Parameters Influent Effluent
BOD; (mgL™") 400 <20
COD (mgL™") 600 <100
TSS (mgL ™) 500 <30
Total phosphorus (mgL™") 6 <2
Total nitrogen (mgL™") 60 <12

EC (uScm ™) 8,690 7,920
Salinity (%o) 49 44

2.4 Experimental Procedure and Analytical Methods

During the studies, temperature (T), dissolved oxygen
(DO), total organic carbon (TOC), and chemical oxygen
demand (COD) were measured in Dokuz Eylul
University Department of Environmental Engineering
laboratories. These measurements were made in sam-
ples collected from the five sampling ports of each
column as well as the stock solutions during all studies.
After the RWW stock samples were taken from the
WWTP for RWW studies, the samples were immediate-
ly transferred to the laboratory where it was stored in the
refrigerator at 4 °C.

Samples taken from the columns were collected at
the end of the first wetting day and at the end of the
last wetting day for the 7w/7d cycle and only at the
end of the first wetting day for the 3w/4d cycle. When
the samples were taken into plastic bottles of 500 ml,
their caps were right away closed to prevent air entry.
Some measurements were immediately made by using
portable probes. T and DO measurements were made
by using Hanna H1 9828 and Hach HQ40D, respec-
tively. Before the samples were analyzed for COD and
TOC, all samples were centrifuged at 8,000 rpm
(7,000xg) for about 20 min in order to remove sus-
pended solids from the liquid phase using Sigma 2-16
Centrifuge. Additionally, the supernatant samples
were filtered using 0.45 p Millipore filter. Thereafter,

Table 3 Average effluent concentrations of TOC and COD for
each sampling port in the column operated with distilled water

Parameters Soil depth (cm)

10 20 30 50 75

TOC (mgL™") 1243 1451 17.03  30.79 43.52
COD (mgL™") 27.13 3217 3974 6497 107.86

Table 4 Average number of total microorganisms in the soil at
all sampling port depths

Soil depth (cm) 10 20 30 50 75

Number of microorganisms 459 173 47 9 3
(10°g™" soil)

clear supernatants were stored at 4 °C in the refriger-
ator until analysis. Prior to analysis, all samples were
brought to room temperature.

COD analysis was done using the closed reflux col-
orimetric method according to the Standard Methods
(Greenberg et al. 1989). TOC analyses were conducted
using Teledyne Tekmar Apollo 9000 Combustion TOC
Analyzer. The standard plate count method was used for
calculating the number of bacteria (in colony-forming
units) per gram of sample by dividing the number of
colonies by the dilution factor multiplied by the amount
of specimen added to liquefied agar. All experiments and
measurements were done with two or three duplicates
and arithmetic averages were used throughout the study.

3 Results and Discussion

During the studies, samples were taken at the end of the
first wetting day (7w/7d-first day) and at the end of the
last wetting day (7w/7d-last day) for the 7w/7d cycle
and only at the end of the first wetting day (3w/4d-first
day) for the 3w/4d cycle. Two of the columns were
operated for 55 weeks with SWW prepared to represent
the effluent quality of Cigli (Izmir) WWTP and the other
two columns were operated for 25 weeks with real
secondary treated effluents of Cigli (Izmir) WWTP.
Samples could not be collected in some weeks during
the study because of clogging of ports.

3.1 Hydraulic Characteristics of Columns

During the studies, infiltration rates were periodically
measured in both operational cycles. Average infiltra-
tion rate of the column operated as 3w/4d was higher
than the 7w/7d column. Average infiltration rate during
3w/4d and 7w/7d cycles were measured to be 34.4 and
28.3 cmday ', respectively. Lower infiltration rates oc-
curred at the end of the wetting periods owing to the fact
that the soil became more saturated, whereas higher
infiltration rates occurred at the beginning of the wetting
periods. Additionally, infiltration rates for each
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operation cycle decreased through the end of the study
because soil became more compacted and clogged in
time. These results are consistent with the findings
reported by Gungor and Unlu (2005), Quanrud et al.
(1996), and Westerhoff and Pinney (2000). The infiltra-
tion rate for the column operated as 3w/4d was mea-
sured to be between 28 and 45 cmday ', whereas the
infiltration rate for the column operated as 7w/7d was in
the range of 23-37 cmday '. Average hydraulic resi-
dence times during 3w/4d and 7w/7d cycles were mea-
sured to be 2.2 and 2.7 days, respectively.

3.2 Background Contamination

Simultaneous with the SWW studies, one column was
operated for 4 weeks with distilled water in order to
determine the background contamination originating
from the soil. Additionally, before RWW studies were

Fig. 2 Changes of average
DO concentration through
the columns operated with

started with real secondary treated wastewater, the two
columns of the RWW studies were also operated by
distilled water for 4 weeks in order to remove back-
ground organic matter originating from the soil.

Table 3 depicts the average effluent concentrations
of TOC and COD for each sampling port in the col-
umn operated with distilled water prior to the studies.
It is seen from Table 3 that TOC and COD Ilevels
increased as a function of depth in the column due to
the organic matter and dissolved solids originating
from the soil matrix. These increases were also ob-
served initially in the other four columns operated
with each SWW and RWW.

3.3 Microbiological Analysis of the Soil

In general, soil contains different numbers and kinds of
microorganisms, but bacteria and fungi play primarily
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roles in various biochemical cycles of organic com-
pounds (Ogunmwonyi et al. 2008; Wall and Virginia
1999). Previous studies have showed that there is a
positive correlation between microbial growth and re-
moval of organic matter. Since the determination of each
particular microorganism species is difficult and com-
plicated, total microorganisms were measured in this
study to interpret the results. Microbiological analysis
of the soil was made while the columns were operated
with RWW at all sampling port depths (Table 4).
Results indicated that number of total microorganisms
decreased through the soil columns because of decreas-
ing organic carbon concentrations along the column
depth (Table 4). These results are consistent with the
studies of Atals and Bartha (1998) and Rauch and
Drewes (2005). Additionally, Atals and Bartha (1998)
reported that fungi were found primarily in the first
10 cm depth of the soil surface and were seldom ob-
served below 30 cm. Because the top of the soil

contained more oxygen and organic carbon, the highest
number of microorganisms was observed in the first
10 cm of the soil depth in this study. Consequently, the
extent of microbial biomass growth through the columns
was mainly attributed to organic carbon availability.

3.4 Variations in Dissolved Oxygen Levels

Changes of average DO concentrations through the soil
depth demonstrated differences between columns oper-
ated with SWW and RWW. While DO concentrations in
SWW columns rapidly declined within the first 10 cm of
the soil and demonstrated a slight change along the
columns, it was a smoother decline and a variable distri-
bution along the columns operated with RWW. Changes
of average DO concentrations through the columns op-
erated with SWW and RWW are given in Fig. 2.

DO was consumed for the biodegradation of organic
matter by aerobic microorganisms in the top layers of the
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soil surface due to high availability of organic matter.
The SWW contained simpler organic compounds
(D-glucose was used in this study). Thus, easily biode-
gradable organic carbon was removed rapidly in the first
10 cm of the columns due to enhanced microbial activity.
Since most of the organic compounds were biodegraded,
there was not enough food left for microorganisms
below 10 cm soil depth. Consequently, sufficient micro-
bial growth cannot be achieved after 10 cm soil depth
and, thus, DO cannot be used by microorganisms, which
are seen from the constant DO concentration throughout
the columns below 10 cm of depth. Since RWW
contained more complex organic compounds, some
of which are not be biodegraded as easily as their
simple counterparts, the biodegradation and DO con-
sumption continued throughout the columns operated
with RWW.

The SWW studies continued for about 1 year and
first 20 weeks during the hot summer months (i.e., May
through September) of the year. Temporal variations in

Fig. 4 Changes of average
TOC concentration through
the columns operated with

DO concentrations in the last sampling ports are
depicted in Fig. 3 in the columns operated with SWW
and RWW. Since microbial activities increase with tem-
perature, more DO is consumed during the summer
period. Additionally, oxygen solubility in water
decreases with increasing temperature and salinity
(Metcalf and Eddy, Inc. 1991). Hence, lower DO con-
centrations were observed in the summer months during
SWW studies. On the other hand, high salinity of the
RWW may also be responsible from the lower initial
DO concentrations observed during RWW studies, de-
spite the fact that RWW studies were mostly conducted
during the winter periods.

3.5 Variations in Total Organic Carbon Levels

TOC concentration started from 39.7 mgL ™" and de-
creased to 12.7 mgL™" through the columns operated
with SWW, whereas TOC concentration through the
columns operated with RWW was observed to change
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from 44.0 to 21.0 mgL™". Average TOC concentration
variations through the columns operated with SWW
and RWW are given in Fig. 4.

The results revealed that average TOC removal
efficiencies increased along the columns operated with
both SWW and RWW. Average TOC removal efficien-
cies through the columns operated with SWW and
RWW are given in Fig. 5. Even though the variations
of average TOC removal through the soil depth dem-
onstrated a similar pattern in the columns operated
with both SWW and RWW, higher removal efficien-
cies were generally achieved during SWW studies.

In the columns operated with SWW, TOC removal
rapidly increased within the first 10 cm of the soil and
then had a gradual increase thereafter. An average
55.4 % removal was achieved during SWW studies
within the top 10 cm where exposure to atmospheric
oxygen was more likely. The total average removal
reached to 68.2 % in the entire column during SWW
studies. In the columns operated with RWW, TOC

Fig. 5 Average TOC re-
moval efficiencies through

removal also increased along the soil profile where
about 33.7 % removal was achieved in the top 10 cm
and 51.1 % removal was reached in the entire column.
The findings reported by Fox et al. (2005), Laws et al.
(2011), and Quanrud et al. (2003b) support the results
of total TOC removals in this study.

Similar to the results reported by Rauch and Drewes
(2005, 2006), Shuang et al. (2007), and Westerhoft and
Pinney (2000), the TOC removal occurred mostly in the
top 10 cm during SWW and RWW studies. The declin-
ing removal efficiencies along the columns were con-
sidered to be a general function of declining oxygen
availability. Biochemically, the top 10 cm of the col-
umns were more exposed to atmospheric oxygen that
favored sharp removal of organic matter. As a result,
most microbial growth was observed in the top 10 cm of
the columns (Table 4). Consequently, the easily biode-
gradable portion of organic carbon was removed by
microorganisms in the first 10 cm where oxygen levels
peaked. Complex organic compounds that are likely to
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be found in RWW could thus be removed when longer
residence times were achieved through the columns.
When organic matter removal efficiencies in different
wastewater types were compared, it could be seen that
the overall performance of the columns operated with
SWW was better than the overall performance of the
columns operated with RWW.

When the influence of two operating cycles were
compared for the each wastewater type, it could be
seen that the 3w/4d cycle operation performed slightly
better than the 7w/7d cycle operation for SWW and
the 7w/7d cycle operation was found to be better than
the 3w/4d cycle operation for the RWW. Because
longer residence times are required to remove more
complex organic compounds that are likely to be
found in RWW by biodegradation, highest TOC re-
moval efficiencies for RWW were observed in the last
day of the wetting periods of the 7w/7d cycle opera-
tion obtained to the longest residence time during all

Fig. 6 Changes of TOC 70

studies. These results are consistent with the findings
by Cha et al. (2004), Laws et al. (2011), and Sharma et
al. (2008).

While SWW studies started directly with SWW,
RWW studies were started after the columns were
operated with distilled water in order to remove back-
ground organic carbon originating from the soil.
Hence, TOC concentrations increased through the col-
umns during the first weeks of operation during SWW
studies. This result is supported by the results reported
by Fox et al. (2005). Changes of TOC concentration in
the last sampling ports with operation weeks are
depicted in Fig. 6 in the columns operated with
SWW and RWW. As shown in Fig. 6, TOC concen-
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in the first weeks of operation, a small amount of
organic carbon continued to dissolve in SWW for
about 20 operation weeks. After about 20 weeks, the
columns operated with SWW had no or very little
organic carbon originating from the soil matrix and
the columns were considered to have reached stable
conditions in terms of organic carbon.

Due to the fact that the columns utilized during
RWW studies were operated with distilled water for
about 4 weeks, most of the organic carbon originating
from the soil was removed. Therefore, TOC concen-
trations higher than the influent concentrations were
not observed in these columns. Changes of TOC con-
centration in the last sampling ports with operation
weeks during RWW studies demonstrated a similar
pattern to SWW studies. Although the influent TOC
concentrations of RWW were more variable than
SWW, the columns operated with RWW also reached

Fig. 7 Changes of average
COD concentration through
the columns operated with

10

stable conditions in about 15 weeks from the begin-
ning of operation.

In general, it is difficult to distinguish between
organic matter removed by biodegradation or by ad-
sorption (Idelovitch et al. 2003). Nevertheless, previ-
ous studies revealed that the dominant mechanism in
organic matter removal is always biodegradation. In
this study, TOC removal efficiencies increased with
operation weeks and, by the time 20 weeks were
reached, stable conditions in terms of organic carbon
were obtained. Additionally, the removal of organic
carbon continued up to end of the study without any
decrease in removal performance. Moreover, most of
the removal occurred in the top layers of the soil where
highest microbial biomass was observed (Table 4).
These results provided the biggest evidence that effec-
tive removal mechanism for organic matter was bio-
degradation during this laboratory-scale SAT system,
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which were supported by numerous other studies
(Amy and Drewes 2007; Drewes et al. 2003; Ernst et
al. 2000; Fox et al. 2005; Quanrud et al. 2003a; Rauch
and Drewes 2004, 2005, 2006; Xue et al. 2009).

3.6 Variations in Chemical Oxygen Demand Levels

There is a stoichiometric relationship between COD
and TOC concentrations in wastewater, which range
between 2.0 and 2.5 for typical untreated wastewater
(Metcalf and Eddy, Inc. 1991). Consequently, COD
concentrations can effectively be used to cross-check
TOC levels. The variations of the average COD con-
centration through the columns operated with SWW
and RWW are given in Fig. 7. Starting from 95.9 mg
L', average COD concentration decreased to 36.8 mg
L' through the columns operated with SWW. On the
other hand, average COD concentration through the
columns operated with RWW was decreased from

Fig. 8 Average COD re-
moval efficiencies through
the columns operated with

about 102.4 to 42.5 mgL™". The average COD con-
centration and removal changed through the columns
and demonstrated a similar pattern to the average TOC
changes, following the stoichiometric relationship be-
tween the two parameters.

Average COD removal efficiencies increased along
the columns operated with both SWW and RWW.
Moreover, most of the removal occurred in the top
layers of the columns where the highest microbial
biomass was observed. This trend closely followed
the TOC removal trend. Average COD removal effi-
ciencies through the columns operated with SWW and
RWW are depicted in Fig. 8. In the columns operated
with SWW, an average 51.6 % COD removal was
achieved in the top 10 cm, whereas the total removal
reached an average of 61.4 % at the last sampling ports
of the columns. On the contrary, at the columns oper-
ated with RWW, an average of 32.5 % COD removal
efficiency was achieved in the top 10 cm and an
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average of about 58.3 % at the last sampling ports of
the columns. Although higher removal efficiencies
were achieved first 10 cm of the soil depth during
SWW studies, no major differences were detected in
the total removal efficiencies at the last sampling port
between both SWW and RWW studies. Total removal
efficiencies obtained in this study are found to be
consistent with results obtained by Zhang et al. (2007).

The 3w/4d cycle operation performed slightly bet-
ter than the 7w/7d cycle operation for SWW in terms
of COD removal since oxygen concentrations in the
soil were slightly higher with shorter wetting and
longer drying periods. Although the oxygen concen-
trations in the soil increased more with shorter wetting
and longer drying periods for the columns operated
with RWW, complex organic compounds in the RWW
were not easily biodegraded and needed longer resi-
dence time for biodegradation. Similar to TOC remov-
al changes through the columns operated with both

Fig. 9 Changes of COD
concentration in the last
sampling ports with opera-
tion weeks in the columns
operated with SWW and
RWW
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SWW and RWW, the highest COD removal efficien-
cies for RWW were observed to the last day of the
wetting periods of the 7w/7d cycle operation because
of longer residence time.

Temporal variations of COD concentration in the
last sampling ports are depicted in Fig. 9 as a function
of operation weeks in the columns operated with
SWW and RWW. COD concentrations through the
columns operated with both SWW and RWW were
measured to be always lower than influent concentra-
tions after organic carbon originating from the soil
matrix has been removed. The COD removal efficien-
cies were observed to be relatively stable, except for
the first weeks of operation of SWW studies, and
continued up to the end of the both SWW and RWW
studies without being affected by any seasonal con-
ditions. Although the influent COD concentrations in
RWW were more variable, no major differences were
observed in the removal efficiencies.
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3.7 Analysis of the Column Operated with Distilled
Water After the Studies

The 7w/7d cycle column was also operated with dis-
tilled water for three cycles to determine the release
pattern of accumulated contaminants from soil pores
and on column surface after RWW studies has termi-
nated. Distilled water operation of the column started
about 1 month later after RWW studies was ceased
and was also operated on a 7w/7d cycle. Table 5
depicts the effluent concentrations of TOC and COD
for each sampling port in the columns operated with
distilled water after the studies.

TOC and COD concentrations reflected that organ-
ic matter increased through the column similar to the
column operated with distilled water before the stud-
ies. After finishing three cycles of the washing period,
TOC and COD concentrations were decreased to al-
most the same values with the results obtained from
the soil matrix prior to the studies. The concentration
of organic matter decreased relatively through the
three cycles of the washing period. Although organic
matter removed by biodegradation were released dur-
ing three cycles of the washing period, organic matter

Table 5 Effluent concentrations of TOC and COD for each
sampling port in the column operated with distilled water after
the studies

Soil depth (cm) TOC (mgL™")  COD (mgL™)
Cycle 1 Influent - -
10 24.80 50.61
20 25.31 54.81
30 26.85 60.49
50 28.04 63.33
75 34.63 74.52
Cycle 2 Influent - -
10 14.25 31.77
20 15.56 33.13
30 15.85 35.81
50 16.27 39.65
75 23.49 49.16
Cycle 3 Influent - -
10 7.12 16.94
20 8.33 18.45
30 9.01 20.29
50 11.84 25.13
75 13.12 29.81

@ Springer

concentrations at the end of the three cycles of the
washing period were measured to be lower than the
column operated with distilled water before the stud-
ies. These findings indicated that SAT systems could
be effectively used in the long term without any re-
duction in removal performance.

4 Conclusions

A laboratory-scale SAT system was investigated in
this study to determine the changes in organic matter
in a secondary treated domestic wastewater during its
percolation through soil media. Column studies
showed that organic matter was removed considerably
using silt loam soil. Particularly, part of the easily
biodegradable organic matter was significantly re-
moved within the top layers of the column where more
microbial biomass was present due to high DO and
organic matter concentrations. In this regard, removal
of organic matter from SWW that contained the more
casily biodegradable part of organic matter was found
to be more effective than its RWW counterpart.
Although most of the organic matter was removed
within the first 10 cm of the soil, removal of organic
matter continued with soil depth till the end of the
columns. This result indicated that the residence time
was one of the most effective parameters for organic
matter removal in an SAT system. In addition, longer
wetting periods ensured longer residence times,
which, in essence, were observed to be a crucial factor
in the removal of more complex organic matter present
in RWW. Considering the fact that most of the organic
matter removal occurred in the top layer of the soil and
removal of organic matter continued on a constant
manner for 55 and 25 weeks without any decrease in
removal performance, it could be deduced that bio-
degradation was to be the main mechanism in organic
matter removal in the SAT system.

In spite of the 75-cm effective soil depth, more than
65 % organic matter removal was achieved during the
operation of this laboratory-scale SAT system. This
value is a significant figure achieved on a secondary
treated wastewater. Hence, the SAT system is essentially
a very effective method for polishing residual organic
matter from secondary treated wastewater. In addition to
organic matter, most of the nutrients (phosphate and
nitrogen) and heavy metals are also removed with an
SAT system. The results further demonstrated the fact
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that the SAT system could be used for long-term remov-
al of organic matter as the system maintained its removal
capacity without any decrease in removal performance
for 55 and 25 weeks under SWW and RWW operation
conditions, respectively. With this characteristic, the
SAT system could also be used for recharging ground-
water resources that are under stress due to anthropo-
genic and natural causes.
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