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ABSTRACT

This study involves sequential treatment of domestic wastewater by anaerobic reactors
followed by horizontal (HSSF-CW) and vertical (VSSF-CW) subsurface flow-constructed
wetlands. Two full-scale systems constructed in two villages were operated in order to treat
domestic wastewaters of about 2,000 and 500 inhabitants. Anaerobic treatment of domestic
wastewater served as a pretreatment step before the constructed wetland (CW) systems.
Anaerobic pretreatment was performed by an upflow anaerobic sludge bed reactor or an
anaerobic baffled reactor. Anaerobically pretreated wastewater was first introduced into
parallel HSSF-CWs and then parallel VSSF-CWs before being discharged. Efficient treatment
of wastewaters of the two villages was particularly important since they are located in the
watershed of a drinking water reservoir. The treatment efficiencies of systems were 88 and
83% for chemical oxygen demand, 89 and 81% for BODs, 57 and 39% for total nitrogen, 55
and 53% for total phosphorus, 94 and 90% for total suspended solids removal on average,
respectively, in Balcik and Orucoglu villages. The effluent concentrations met the discharge
limits. The study showed that hybrid CW system with anaerobic pretreatment is an effective
method to treat domestic wastewaters of small communities with populations below 2,000.

Keywords: Anaerobic pretreatment; Domestic wastewater; Horizontal subsurface flow-con-
structed wetland (HSSF-CW); Vertical subsurface flow-constructed wetland
(VSSF-CW)

1. Introduction

Constructed wetlands (CWs) are widely used for
the treatment of domestic wastewaters. Two different
types of technology which have been developed for

*Corresponding author.

CWs are surface flow and subsurface flow-beds.
Surface flow systems can be installed with lower
capital costs, however may lead to odor and produc-
tion of mosquitoes. On the other hand, subsurface
flow systems prevent these problems. Besides, sub-
surface flow systems need less surface area per capita
and provide higher surface area for the attachment
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of micro-organisms in the case of vertical flow sys-
tems. Thereby, they can perform a more efficient
wastewater treatment by occupying smaller areas at
similar conditions [1]. Subsurface flow-CWs are
designed in two different types, namely horizontal
(HSSF) and vertical (VSSF) flow CWs [2].

Biodegradation is the dominant mechanism in the
removal of organic matter in CW systems. Both sus-
pended  micro-organisms and  micro-organisms
attached on the filling materials (such as gravel filled
in the basement during construction of wetlands) and
plants can metabolize and biodegrade organic matter
and nutrients in the wastewater. Besides, plants also
utilize the organic matter and nutrient content of the
wastewater. An important advantage of hybrid CWs
consisting of HSSF and VSSF beds in series is particu-
larly attainment of total nitrogen (TN) removal,
whereas recirculation that may be required in these
systems may be considered a disadvantage increasing
pumping costs. Oxygen transfer through the wetland
system is very important particularly in terms of nitri-
fication which is an important step of nitrogen
removal. Higher oxygen transfer inside VSSF-CWs
may provide nitrification. On the other hand, anoxic
conditions obtained in HSSF-CWs may enhance deni-
trification resulting in the removal of TN. Besides,
HSSF-CWs may remove suspended matter more effi-
ciently compared with a VSSF-CW. Hence, application
of hybrid CWs combines the advantages of two types
for a more efficient pollutant removal [3]. In addition,
application of anaerobic pretreatment protects CWs
from clogging via settling of suspended solids (SS)
and stabilization of suspended organic matter, and
decreases the land requirement for the CWs via
decreasing the organic matter loading [4].

CW systems can achieve high treatment efficiencies
in Mediterrranean countries. A previous study con-
ducted in four Mediterranean countries, namely
Egypt, Morocco, Tunisia, and Turkey showed that
subsurface flow-CW systems can achieve a very high
chemical oxygen demand (COD) reduction (up to
98%) and nitrification (92-99%) resulting in effluent
concentrations below 15 mg/L for BODs, 1 mg/L for
NO;-N, and 0.5 mg/L for NH4-N [5]. Even at a lower
temperature of northern Europe, a new CW system in
Ireland achieved high removal efficiencies amounting
to 99.4% BOD, 97.0% COD, 99.5% SS, and 99.0%
ammonia nitrogen, where as in a mature CW system
these efficiencies decreased to 95.2% BOD, 89.1%
COD, 97.2% SS, and 58.2% ammonia nitrogen [6].

The literature also shows that wetlands are also
effective in coliform removal reaching up to 99.9%
removal [7] and the removal of pathogen micro-organ-
isms such as Clostridium perfringens, Fecal streptococci,
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Giardia cysts, Cryptosporidium oocysts, and helmint eggs
as well as coliforms with efficiencies reaching up to
99.9% [8]. Another study also showed efficient patho-
gen and coliform removal (logs 3-5) in hybrid CW
systems comprising of sequential horizontal and
vertical wetlands [9].

The previous study showed that a pilot-scale
hybrid CW system with anaerobic pretreatment suc-
cessfully treated domestic wastewater of a small
community resulting in 91 +4% COD removal, 98
+1% SS removal, and 66 =25% TN removal [3,10].
The aim of the present study was to determine, by
full-scale applications, the technological applicability
of hybrid CW systems to solve environmental prob-
lems of small communities in developing countries in
the Mediterranean Region. For this purpose, two full-
scale hybrid CW systems with anaerobic pretreatment
were designed, constructed, and the results were
evaluated within the scope of two research projects.

2. Materials and methods
2.1. Treatment system in Balcik village

The full-scale wetland was constructed downstream
of an upflow anaerobic sludge bed (UASB) reactor in
Balcik located in Gebze, Turkey, for about 2,000 people
(Fig. 1). The village is located in the watershed of a
water reservoir, Omerli Dam Lake, which is used as
drinking water supply for a megacity, Istanbul.
Wastewater flow to the system was about 300 m®/d.
The hybrid CW system was designed together with an
anaerobic pretreatment. The UASB reactor was oper-
ated at ambient temperatures (12-25°C) corresponding
to psychrophilic and/or sub-mesophilic conditions,
depending on the seasonal variations. The UASB was
built as a concrete reactor with a volume of 297 m> and
dimensions of 11.5m length, 6 m width, and 4.3 m
height. The reactor was seeded at a volumetric ratio of
16% with a granular anaerobic sludge taken from the
anaerobic reactor of a food industry facility. Biogas was
collected from the UASB with a gas collection system
and burned in order to eliminate emission of the well-
known greenhouse gas, methane, from the reactor
(Fig. 2). However, biogas production was very low
because of the low-strength domestic wastewater.

Anaerobically pretreated wastewater was intro-
duced into the serially operated hybrid two-stage
subsurface flow-CW system. The reason for choosing
a hybrid CW system was combining the advantages of
two systems particularly in terms of nitrogen removal,
such that VSSF-CW served as a nitrification unit
owing to better oxygenation of the system, and
HSSF-CW served as denitrification unit owing to the
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Fig. 2. Gas collection and burning system in anaerobic
reactor of Balcik (photo from the system).

anoxic conditions obtained within the system. The
HSSF-CW system consisted of three parallel HSSF
beds, whereas VSSF-CW system consisted of four
parallel VSSF beds. Effluent from HSSF beds was
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pumped to VSSF beds, and effluent from VSSF beds
was recirculated by a pump to the influent of UASB.
Recirculation ratio could not be fixed and fluctuated
during operation resulting in a total influent flow rate
of 250-400 m>/d to the system. The total surface area
per capita was 2.5 m?/pe. Hydraulic load to the whole
wetland system was 50-80 L/m? d. The design and
operation criteria for both wetland types are given in
Table 1.

The gravel diameter was 80-120 mm over the first
and last 0.5 m from the inlet and before the outlet,
respectively, of the HSSF beds. The gravel diameter
was 8-10 mm in the remaining of each cell. In VSSF
beds, gravel diameter size was 4-8 mm in the upper
5cm and lower 25 cm layers, and 0.5-2 cm diameter
sand was used in the middle layer. The depth of the
gravel media was 0.8 m. The plant species used in
both systems was common reed (Phragmites australis).
The measured summer temperatures of the wetlands’
influent ranged between 21.6 and 28°C, and winter
temperatures ranged between 8.8 and 20.1°C at the
time of samplings which are normally during daytime.
The performance of the treatment system was
monitored for about 10 months.
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Table 1
The design and operation criteria for HSSF and VSSF CW systems in Balcik Village

HSSF beds VSSF beds

Flow rate 250-400 m®/d 250-400 m*/d
Surface area 675 m* x 3 750 m* x 4
Surface area per capita 1 m?/pe 1.5 m*/pe
Filling material Gravel Gravel and sand
Base slope 1% 1%
Hydraulic retention time® 1.22-1.94 d 1.80-2.88 d

Hydraulic loading rate
Plant density

125-200 L/m? d
4 rhizomes/m?>

85—135L/m?d
4 rhizomes/m?

Thirty percent porosity in gravel bed was taken as basis for calculation of HRT.

2.2. Treatment system in Orucoglu Village

The full-scale wetland was constructed down-
stream of anaerobic baffled reactor (ABR) for the treat-
ment of domestic wastewater of about 500 people in
Orucoglu Village in Sile, Istanbul, Turkey (Fig. 1). The
wastewaters of the village were previously discharged
without any treatment to the Orucoglu creek which
feeds the Omerli Dam Lake, the greatest drinking
water reservoir for Istanbul. The hybrid CW system
was designed together with an anaerobic pretreat-
ment. The ABR reactor was operated at ambient
temperatures (12-25°C) corresponding to psychrophilic
and/or sub-mesophilic conditions depending on the
seasonal variations. The volume of ABR was 44.4 m®
with dimensions of 74mx3mx2m (length
x width x depth). Anaerobically pretreated wastewater
introduced into the hybrid two-stage subsurface flow-
CW system which was consisted of three parallel
HSSF beds and two parallel VSSF beds operated in
series. Effluent from HSSF beds was introduced into
VSSF beds by gravity and the effluent was not
recirculated within the system. The design and opera-
tion criteria for both wetland types are given in
Table 2.

Total area of the CW system was 750 m?, where
HSSF beds accounted for 500 m* and VSSF beds for
250 m?. The total surface area per capita was 1.5 m*/pe.
Hydraulic load to the whole wetland system was 67—
80 L/m? d. The plant species used in both types of
wetland was common reed (P. australis). The measured
summer temperatures of the wetlands’ influent ranged
between 222 and 24.7°C, and winter temperatures
ranged between 10.8 and 18.5°C at daytime samplings.
The performance of the treatment system was
monitored for about 19 months.

2.3. Sampling and analyses

Sampling was made weekly or biweekly in both
systems. Samples were taken from the inlet and outlet
of the UASB, and outlet of the HSSF beds and VSSF
beds in Balcik. In Orucoglu, samples were taken from
the inlet and outlet of the ABR, and outlet of the CW
system. One-liter samples were taken from the man-
holes constructed at each sampling point as specified
above.

All analyses were performed according to the
Standard Methods for the Examination of Water and

Table 2
The design and operation criteria for HSSF and VSSF CW systems in Orucoglu village

HSSF beds VSSF beds
Flow rate 50-60 m*/d 50-60 m*/d
Surface area 167 m* x 3 125 m? x 2
Surface area per capita 1 m?/pe 0.5 m?/pe
Filling material Gravel Gravel
Base slope 1% 1%
Hydraulic retention time® 2-24d 1-1.2d

Hydraulic loading rate
Plant density

100-120 L/m?d
4 rhizomes/m?

200-240 L/m? d
4 rhizomes/m?

“Thirty percent porosity in gravel bed was taken as basis for calculation of HRT.
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Wastewater [11]. COD was analyzed by open reflux
method (SM-5220 B). Biochemical oxygen demand
(BODs) was determined by measuring oxygen deple-
tion within 5 d at 20°C (SM-5210 B). Dissolved oxygen
(DO) was analyzed electrometrically. Total suspended
solids (TSS) was analyzed gravimetrically (SM-2540 D).
NH; -N and Total Kjeldahl Nitrogen (TKN) were ana-
lyzed by distillation followed by titration (SM-4500-
NH; B, C) which required predigestion for TKN analy-
sis. NO; -N, NOj; -N, and PO]"-P were analyzed by ion
chromatography (SM-4110 B). Total phosphorus (TP)
was analyzed by stannous chloride method (SM-4500-
P D). TN was calculated by addition of TKN, NO; -N,
and NO; -N concentrations. pH and conductivity were
analyzed electrometrically (SM-4500-H'B and SM-
2510). Alkalinity was analyzed by titration method
(SM-2320). Detergents were determined by SM-5540
and color was determined by ASTM D1209 Pt-Co
method. Total and fecal coliform analyses were made
according to membrane filter procedure (SM-9220 B
and D). At least two samples were used for each
analysis and the measurements were averaged. All
analyses were performed in the accredited laboratories
of TUBITAK Marmara Research Center.

The measured concentrations were statistically
analyzed by calculating mean values and statistical
deviations with a spreadsheet program at each stage
of the system. Removal efficiencies were calculated
from the difference between the influent (C;,) and
effluent (C,y) concentrations (Eq. (1)) at each sampling
for all stages of the system and for the whole treat-
ment system. Averages of removal efficiencies at each
sampling and standard deviations from the mean
were also calculated as for concentrations.

Removal efficiency (%) = 100 (Cin — Cout)/Cin 1)

Table 3
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3. Results and discussion
3.1. Performance of the treatment system in Balcik

The influent and effluent concentrations of COD,
BODs, TN, TP, and TSS at each stage of the treatment
system and the corresponding removal efficiencies are
shown in Table 3 together with their standard devia-
tions. Table 3 shows that more than half of organic
matter (measured as COD and BODs) and suspended
matters were removed in the UASB reactor. These
removal ratios were comparable with the previous
pilot-scale UASB treatment studies in the same
climatic region, where COD removal efficiencies were
56-58%, and TSS removal efficiencies were 67% on
average [12]. However, organic matter removal in the
moderate temperature in our study (12-25°C) was
lower compared to a similar UASB in literature [13] in
a high-temperature climate region (20-28°C) of Italy
(74% COD removal), although TSS removal (65%) was
comparable to our study. This shows that higher
organic matter removal efficiencies can be expected in
sub-tropic  Mediterranean regions with  higher
temperatures.

In addition to anaerobic biodegradation, COD was
also removed by physical means since suspended
organic matter was kept in the sludge bed of the
UASB through sedimentation. Rainfall increased the
TSS loads and decreased alkalinity. Suspended matter
was carried to the system particularly after rainy peri-
ods resulting in higher TSS concentrations. An impor-
tant indicator for the stability of anaerobic processes is
the change in pH and alkalinity. Throughout the
study, UASB influent and effluent pH ranged between
6.5-7.5 (mean 7.2 +0.2) and 7.1-7.5 (mean 7.2 +0.1),
respectively. Alkalinity slightly decreased from 195-
590 (mean 345 + 126) to 180-512 (mean 319 = 119) mg
CaCO3/L between the influent and the effluent of

Influent and effluent concentrations and removal efficiencies (average + std. dev., N = 26%) at each stage of the treatment

system in Balcik Village

COD BODs TN TP TSS
Influent (mg/L) 333 + 222 124 + 80 44 + 25 4+4 157 £ 114
UASB effluent (mg/L) 167 =128 63 =45 35+ 20 32x32 52+15
UASB removal efficiency (%) 52 +17 54 + 14 32 +16 20+18 62 +21
HSSF CW effluent (mg/L) 54 + 35 21+15 29 + 14 27+26 6+4
HSSF CW removal efficiency (%) 60 + 18 55+ 18 24 +15 16 + 14 84 +12
VSSF CW effluent (mg/L) 29 +21 12+38 21+12 18+17 5+1
VSSF CW removal efficiency (%) 50 =20 48 +22 30 =20 33 +24 15+ 10
Hybrid CW total removal efficiency (%) 76 + 13 77 + 15 41 +29 45 + 26 87+6
Whole system efficiency (%) 88+5 89+6 57 + 26 55+ 25 94 +5

“N: Number of samples.
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UASB. The fluctuation of the influent alkalinity was
probably caused by dilution due to rainfalls.

Fig. 3 graphically illustrates the temporal varia-
tions of the influent and effluent concentrations of
COD, TSS, and TN of the whole treatment system as
well as the corresponding removal efficiencies. The
high values of standard deviations in Table 3 showed
that influent concentrations drastically fluctuated due
to seasonal effects such as higher water use in sum-
mer by residents and higher precipitation in winter
periods. Effluent concentrations also fluctuated accord-
ingly. Organic matter was successfully removed in the
hybrid CW system. COD and BOD were removed
with efficiencies of about 60% in HSSF beds and later
about 50% in VSSF beds (Table 3) at ambient tempera-
tures with a mean value of 18 +4°C. COD mass
removal rates ranged between 14.1 and 22.6 g/ m?d
on average in HSSF beds, and 2.1-3.4 g/m?*d in VSSF
beds showing that most of organic matter removal
occurred in the HSSF beds. Considering the hybrid
CW system consisting of HSSF and VSSF beds, organic
matter removal was about 75% in total. COD mass
removal rates for the whole wetland system ranged
between 6.9 and 11 g/m>d on average. The effluent
COD concentration was generally below 50 mg/L with
a mean value of 29 mg/L, whereas BOD was below
20mg/L with a mean value of 12mg/L. COD
removal efficiency of the whole treatment system
fluctuated between 80 and 100% (Fig. 3(a)).

SS were removed with efficiencies reaching up to
95% in the treatment system with TSS concentrations
below 6 mg/L in the effluent. TSS removal efficiency
was quite stable and fluctuated very little between 90
and 100% (Fig. 3(b)). TSS was particularly removed in
UASB and HSSF beds, and clear water was introduced
into the VSSF beds, and this prevented the clogging of
VSSF beds. Clogging was also not observed in HSSF
beds although TSS decreased from 52 to 6 mg/L on
average in the HSSF beds, because anaerobic pretreat-
ment also prevented the clogging of HSSF beds by
decreasing TSS. TSS mass removal rates ranged
between 5.75 and 9.20 g/m®d on average in HSSF
beds, and 0.09-0.14 g/m* d in VSSF beds showing that
most of SS removal occurred in the HSSF beds. For
the whole wetland system, TSS mass removal rates
were calculated to be between 2.35 and 3.76 g/m”d
on average.

Nitrogen removal efficiency of the whole system
was much less compared with the removal of organic
matter and SS (Table 3). VSSF wetlands were expected
to act as a nitrification unit, and via recirculation of
effluent to the influent of anaerobic pretreatment,
HSSF system was aimed to act as a denitrification unit
together with UASB. This had been achieved in
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previous pilot-scale studies with TN removal efficien-
cies reaching up to about 80% with recirculation [10].
However, sufficient nitrification could not be achieved
in VSSF system because of oxygen deficiency. Hence,
TN removal was lower in the present full-scale stud-
ies. The reason for this was that oxygenation of the
system had been improved in VSSF beds by the
application of a rapid fill-and-draw mechanism result-
ing in high nitrification in the previous pilot-scale
studies. However, significant TN removal occurred
since recirculation improved denitrification. TN mass
removal rates were calculated to be between 0.75 and
120 g/m?d on average in HSSF beds, and 0.68-
1.08 g/m?d in VSSF beds showing that nitrogen
removal occurred similarly in both types of beds.
Considering the hybrid CW system consisting of HSSF
and VSSF beds, TN removal was about 40% in total.
TN mass removal rates were about 0.70-1.12 g/m” d
on average. However, these removal rates were much
lower compared to a pilot-scale two-stage vertical flow
study in literature, where nitrogen removal rate was
between 2.76 and 4.20 g/m”d and nitrogen removal
efficiencies were greater than 60% showing that it was
possible to increase nitrogen removal with vegetation
as well as biofilm development [14].

For the whole system, removal efficiency of nitro-
gen drastically fluctuated between 10 and 90%
although in most of the observations it was between
40 and 80% (Fig. 3(c)). The high fluctuations in nitro-
gen removal efficiencies may be attributed to high
sensitivity of nitrifying micro-organisms to external
conditions such as temperature and DO [15]. A previ-
ous study showed that nitrification was the limiting
step for TN removal in hybrid CW systems, in which
a total surface area of 3.7 m?/pe for HSSF and VSSF
beds achieved TN removal efficiencies between 58 and
65% at temperatures below 11°C and 72-80% at tem-
peratures between 12 and 21°C [16]. In that study, it
was also shown that nitrification efficiency was lim-
ited by water temperature in HSSF beds, although not
limited in VSSF beds, and denitrification was accept-
able in HSSF beds in all seasons for an HRT of 2 d.
Since water temperature did not frequently decrease
below 10°C in our system, we did not observe
seasonal effects on TN removal strongly.

The efficiency of the treatment system in Balcik was
similar to a previous study investigating five full-scale
hybrid CWs in a temperate climate in Poland, where
TN removal efficiencies varied highly between 23 and
79% with mass removal rates of 0.4-2.0 g TN/m”d
and COD removal efficiencies varied between 75 and
95% at a loading range of 1.5-17.0 g COD/m?d [17].
However, surface areas ranged between 5.6 and
12.4 m?/pe in those hybrid systems without anaerobic
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pretreatment [17], whereas surface area was only
2.5 m?/pe in Balcik. This showed that anaerobic pre-
treatment significantly decreased land requirement in
the present study.

Removal of TP and PO, -P also fluctuated very
much due to fluctuation of initial concentrations.
However, there was a considerable reduction in the
effluent concentrations with total removal efficiency of
about 55% (Table 3). A previous hybrid CW study
similarly reported average outflow phosphorus con-
centration of 1.8 mg/l with a removal efficiency of
about 65%, but this concentration was considered to
be still high [18]. TP mass removal rates in Balcik
were calculated to be between 0.06 and 0.10 g/m”d
on average in HSSF beds, and 0.08-0.12 g/mzd in
VSSF beds showing that slightly higher TP removal
occurred in VSSF beds.

Physicochemical parameters such as temperature,
alkalinity, pH, and conductivity were measured in all
stages of the system as for the main parameters. Tem-
perature did not change among the stages of the treat-
ment system with a mean value of 17 + 4°C (average
+ std. dev., N = 26) at all stages. Conductivity slightly
decreased from 929 + 299 pS/cm in the influent to 826
+ 248 uS/cm in the effluent. pH did not fluctuate too
much among the stages and ranged between 7.2 and
7.4 throughout the system. Alkalinity slightly
decreased from 345 + 126 to 291 + 104) mg CaCOs5/L
between the influent and the effluent of the whole
treatment system. Dependency of organic carbon, SS
and TN removal ratios were statistically tested for
physicochemical parameters and regression analyses
showed that correlation did not exist with R* values
as low as <0.02. This was particularly important in
terms of temperature showing that temperature was
not a limiting factor for the efficiency of the system,
both for anaerobic treatment and CWSs, within the
wastewater temperatures ranging between 10 and
25°C throughout the system. As an example, Fig. 4
shows that there is no correlation between COD and
TKN removal efficiencies and temperature in the
wetland system in Balcik.

Effluent fecal and total coliform concentrations
ranged from 10° up to >10° coliforms/100 mL. Con-
sidering that the wastewater was a medium strength
domestic wastewater having typical initial total and
fecal coliform concentrations of 10”7 coliforms/100 mL,
coliform removal efficiency in the CW system, fluctu-
ated drastically reaching up to 99.9%. The coliform
removal efficiencies were occasionally comparable to
the typical coliform removal efficiencies reported in
the literature to be between 95 and 99.99% [8] and
between 98.1 and 99.9% [7] for CWs and 98.8% on
average in a CW integrated with UASB pretreatment
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Fig. 4. Linear regression of COD and TKN removal
efficiencies with respect to temperature in the CW system
in Balcik.

[13]. Even in the periods of high coliform removal,
effluent fecal coliform values did not meet the regula-
tions enforcing <200 fecal coliforms /100 mL. Hence,
further removal is required. Solar disinfection or UV
treatment may be alternatives for coliform removal.
However, disinfection with chlorination is required by
the regulations enforcing >1 mg/L residual chlorine
for water reuse in agriculture.

The effluent concentrations shown in Table 3 are
much lower than the discharge limits of COD:
120 mg/L, BODs: 50 mg/L, and TSS: 150 mg/L given
in Turkish Water Pollution Control Regulation for
domestic wastewaters treated in CWs. There is no
limit for TN and TP in Turkish Water Pollution Con-
trol Regulation. On the other hand, Turkish Urban
Wastewater Treatment Directive necessitates effluent
concentrations of COD: 125 mg/L, BODs: 25 mg/L,
TSS: 60 mg/L, TN: 15 mg/L, and TP: 2 mg/L for pop-
ulations above 10,000. The full-scale system in Balcik
Village achieved effluent quality that satisfies these
requirements in terms of COD, BODs, and TSS. Efflu-
ent requirements were not always met for TN and TP,
although effluent concentrations were usually close to



8634

discharge limits. Since the population of Balcik Village
is 2,000, the requirements of Urban Wastewater Treat-
ment Directive do not apply. Therefore, it may be pro-
posed that these hybrid CW systems are not suitable
for populations above 10,000 because they may not
satisfy the requirements for nutrients.

The effluent of the plant also met the requirements
for reuse as irrigation water with BOD <20 mg/L,
TSS <30 mg/L, and pH 6-9 as declared by Turkish
regulations. However, the effluent should be disin-
fected to have fecal coliform less than 200 per 100 mL.
A recent study conducted in an arid Mediterranean
country, Jordan, also showed that gray water treated
in a recirculated vertical flow CW met the WHO
guidelines for agricultural irrigation of ornamentals,
fruit trees, and fodder crops as a result of BODs,
COD, and TSS removals above 90% [19]. However, the
reduction in indicator organisms was not adequate to
allow unrestricted reuse of treated wastewater without
disinfection also in that study.

3.2. Performance of the treatment system in Orucoglu

The raw domestic wastewater of Orucoglu village
was a low-strength type of wastewater, whereas that
of Balcik village was middle strength. The relatively
low average influent concentrations in Table 4 were
due to dilution of the wastewater by intrusion of
external surface or ground waters particularly during
a period of 9 months. Throughout the study, influent
pH ranging between 6.6 and 8.0 was between 6.7
and 7.7 in the effluent of ABR reactor. Table 4 shows
that almost half of organic matter and suspended
matters were removed in the ABR reactor. These
removal ratios were comparable with the previous
pilot-scale ABR treatment studies, where COD
removal efficiencies were 41-50%, and TSS removal
efficiencies were 64-71% on average [12]. Suspended
organic matter was also removed by physical means
in the ABR. Besides, about a quarter of TN and TP

Table 4
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were also removed in the ABR. Since removal of
nitrogen and phosphorus by anaerobic biodegrada-
tion is very limited, it is proposed that physical sedi-
mentation dominated the removal of nitrogen and
particularly phosphorus in the ABR. The removal
ratios obtained with the ABR in Orucoglu were in
general comparable with the removal ratios obtained
with the UASB in Balcik. However, removal of
organic matter and SS was slightly lower and phos-
phorus removal was more apparent in the ABR. In
general, it is possible to deduce that both UASB and
ABR performed well as a pretreatment for CWs,
although UASB in Balcik performed slightly better
than ABR in Orucoglu as also observed in the previ-
ous pilot-scale study [12]. In addition to differences
in design of two reactor types, a reason for this may
be lower HRT for ABR in Orucoglu, which ranged
between 0.73 and 0.88 d, whereas it ranged between
0.74 and 1.18 d in UASB in Balcik.

Considering the whole system, removal efficiencies
were about 80% for organic matter, 90% for SS, and
40% for TN on average (Table 4). COD and TSS
removal efficiencies fluctuated between 70 and 100%
(Fig. 5(a) and (b)). On the other hand, greater fluctua-
tion of TN removal was observed and removal effi-
ciencies ranged between 20 and 80% (Fig. 5(c)) similar
to the case in Balcik. Although DO concentrations
were usually sufficient ranging between 5 and 8 mg/L
in the effluent of the system, nitrification usually did
not occur in the CW systems. Hence, TN removal effi-
ciencies were mostly due to heterotrophic use of nitro-
gen as well as physical means. Temperatures ranging
between 10 and 26°C in the effluent of the CWs did
not have a significant role on the removal of organic
matter. These removal rates were comparable or
mostly higher than many of the HSSF-CW, VSSF-CW
systems operated alone or in combination with other
unit processes in several European countries including
Spain, where BODs removal ranged between 80 and
95%, COD removal ranged between 50 and 95%, TSS

Influent and effluent concentrations and removal efficiencies (average + std. dev., N = 28%) at each stage of the treatment

system in Orucoglu village

COD BODs TN TP TSS
Influent (mg/L) 211 + 175 89 +76 31 +22 57+38 121 + 88
ABR effluent (mg/L) 102 + 82 50 + 37 23 + 14 46+39 44 + 26
ABR removal efficiency (%) 45 +21 42 +20 27 +20 26+ 15 51 + 26
Hybrid CW effluent (mg/L) 31+24 12+9 17 £ 10 26x1.6 10+9
Hybrid CW removal efficiency (%) 68 + 16 70 + 15 25+ 24 39 £ 32 78 + 14
Whole system efficiency (%) 83 +13 81 +14 39+19 53 +24 90 +8

“N: Number of samples.
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removal ranged between 70 and 95%, nitrogen and
phosphorus removal ranged between 40 and 50% [20].
Considering the hybrid CW system consisting of
HSSF and VSSF beds, organic matter removal was
about 70% in total (Table 4) which was lower than the
case in Balcik. Similarly nitrogen (about 25%),
phosphorus (about 40%), and suspended matter (about
80%) removal efficiencies were lower than the efficien-
cies obtained in the Balcik WWTP. Average mass
removal rates were calculated to be in the range of
4.74-5.68 g/m>d for COD, 2.27-2.72 g¢/m>d for TSS,
0.40-0.48 g/m* d for TN, and 0.13-0.16 g/m” d for TP
in Orucoglu. These removal rates were also lower than
those obtained for Balcik (see Section 3.1) except for TP.
Hence, it can be deduced that the seven-cell format
with recirculation in Balcik resulted in higher removal
efficiencies compared with the five-cell format without
recirculation in Orucoglu. It is important to emphasize
that surface area per capita in Balcik (2.5 m*/pe) was
much greater than the one in Orucoglu (1.5 m*/pe)
and this increased removal efficiencies in Balcik as
expected. It is also expected that better removal per-
formance of the anaerobic pretreatment reactor
affected the removal efficiencies in CW beds of Balcik
compared to the case in Orucoglu. On the other hand,
compared with the system in Orucoglu, recirculation
particularly improved nitrogen removal efficiencies
significantly in Balcik through denitrification of the
recirculating nitrified effluent. This finding was very
important to emphasize the importance of effluent
recirculation on nitrogen removal efficiencies in CWs.
A recent study also showed that in a vertical flow CW
system with insufficient denitrification, TN removal
ranged only between 23 and 36% [15]. Another study
showed a significant correlation between TN removal
efficiencies (about 52% on average) with nitrate reduc-
tase activities pointing out the importance of the pres-
ence of anoxic conditions for TN removal in CWs [21].
However, the effluent concentrations from both
WWTPs were comparable in our study. The reason for
low efficiencies obtained in Orucoglu WWTP may also
be attributed to much lower influent average concen-
trations compared with Balcik WWTP. Temperatures
of the wastewater were almost always above 10°C in
both Balcik and Orucoglu. Hence, the results obtained
in this study reflect a moderate temperature climate.
In Orucoglu, physicochemical parameters were
similar to the case of Balcik. Temperature was 19
+4°C in all stages of the system and regression of val-
ues showed that temperature did not affect treatment
efficiencies both in the anaerobic reactor and the
hybrid wetland system as well as other physicochemi-
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cal parameters. DO concentration ranged around 3.5
+25mg/L in the influent and effluent of the ABR,
and increased to about 7 =2 mg/L in the effluent of
the hybrid wetland system. Also color and detergents
were measured in all stages of the system. It was
found that color decreased from 198 + 131 Pt—Co in
the influent to 150 + 114 Pt-Co in ABR effluent and
further decreased to 63 + 42 Pt—Co in the system efflu-
ent. Detergents decreased from 0.52 +0.36 mg/L in
the influent to 0.33 + 0.23 mg/L in ABR effluent, and
further decreased to 0.20 = 0.18 mg/L in the system
effluent.

Effluent organic matter and suspended matter con-
centrations met the Turkish regulations as in the case
for Balcik WWTP. Effluent total coliform concentra-
tions fluctuated drastically from 3,000 up to 10" col-
iforms/100 mL and fecal coliform ranged between 180
and 107 coliforms/100 mL. Disinfection is required in
the cases of both discharge to a receiving water media
or reuse for irrigation as in the case for Balcik WWTP.

The effluent of the system did not have a very
pronounced impact on the water quality of the receiv-
ing Orucoglu Creek in terms of organic matter and
nitrogen. BODj5 of the stream ranging between 0.5 and
24 mg/L before the discharge increased to 1.5-
39 mg/L. On the other hand, TKN increased from
0.7-2.6 mg/L to 1.2-3.9 mg/L. These increases did not
change the water quality class of the river according
to the Turkish Water Pollution Control Regulation.
However, TP increased from about 0.2 mg/L to about
0.7 mg/L after discharge, which may significantly
worsen the water quality of the stream. On the other
hand, DO of the stream decreased from 6.2-7.5 mg/L
to 3.3-6.7 mg/L. DO levels decreasing below 6 mg/L
deteriorate the water quality. However, it is important
to mention that these measurements of the stream
water quality were performed in summer when the
water flow rate of the stream was the least. Therefore,
it is expected to have less impact throughout the full
year. Nevertheless, increasing TP removal efficiencies
in the CW system will be very beneficial both to keep
good water quality in the receiving stream Orucoglu
Creek and to prevent eutrophication and obtain better
water quality in the drinking water reservoir, Omerli
Dam Lake which is fed by Orucoglu Creek. This can
be obtained by additional CWs specific for phospho-
rus removal, which are filled with sorbent materials
efficiently removing phosphorus such as iron slag as
shown in a previous study [22]. This is also important
for the discharge of Balcik treatment system as well as
all the other discharges within the watershed of
Omerli Dam Lake.
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3.3. Evaluation of treatment systems in terms of cost and
land requirement

The construction cost of treatment systems was
about 60,000$ in Orucoglu (50-60 m3/d), and 350,000$
in Balcik (250-400 m®/d) including anaerobic pretreat-
ment. On the other hand, the investment cost for a
classical aerobic activated sludge plant is expected to
be about 1,100,000$ for a wastewater flow rate of
400 m3/d. Besides, maintenance and aeration costs are
expected to be about 100,000 $/year for a classical
activated sludge, whereas it would cost only 6,000
$/year in a treatment wetland system for a flow rate
of 400 m*>/d [23] in the cases without effluent recir-
culation. Hence, the treatment systems constructed in
two villages were economically very feasible even
though pumping costs are expected to increase
operation costs when recirculation is applied.

Additionally, in both systems, anaerobic pretreat-
ment significantly decreased the land requirement for
CWs, which is usually a major cost factor even in rural
areas particularly where land is agriculturally suitable.
As mentioned in previous sections, sufficient pollutant
removal was obtained in Balcik and Orucoglu, where
CW land areas were 2.5 and 1.5 m?/pe, respectively.
Also in our previous pilot-scale studies [3,10], a CW
area of about 1 m?/pe following anaerobic pretreat-
ment was sufficient in terms of organic matter, SS, and
nitrogen removal with removal efficiencies as high as
91 + 4% for COD, 83 + 10% for BOD, 96 + 3% for TSS,
and 66 = 25% for TN and average effluent concentra-
tions as low as 9 +5mg/L COD, 6 +3 mg/L BOD,
1 mg/L for TSS, and 12 + 6 mg/L for TN. Although,
the pilot-scale system performed better, the results of
the present full-scale systems also showed that anaero-
bic pretreatment can be considered as a very effective
pretreatment for CW systems.

On the other hand, in those hybrid systems in
literature without anaerobic pretreatment, area require-
ments to achieve similar treatment objectives were as
high as 5.6-12.4 m*/pe in hybrid CW systems [17] and
2-18 m*/pe in CW systems combined with other unit
processes such as ponds and utilizing settling tank,
Imhoff tank or grit chamber as pretreatment [20]. The
most commonly used pretreatment technologies for
CW treatment of domestic sewage are septic tanks and
Imhoff tanks. These technologies usually suffer from
insufficient removal of solids. There are very few stud-
ies in literature regarding the impact of anaerobic pre-
treatment on the efficiency of CWs. In one study,
pretreatment of segregated domestic wastewater by
UASB before a CW system resulted in total removal
efficiencies of 87.7% for COD and 94% for TSS in the
case of gray water, and 94.2% for COD, and 94.9% for
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TSS in the case of black water, and it was recommended
that the combination of UASB and CW was an effective
system [24]. In CW systems combined with anaerobic
pretreatment, the TSS loading rate was reported to be
30-50% less than that applied in CWs combined with
classical pretreatment technologies such as septic and
Imhoff tanks. This prevented or delayed gravel bed
clogging in CWs and 30-60% reduction was provided
in the required wetland area owing to increased organic
matter removal in anaerobic reactors [25].

4. Conclusions

Full-scale treatment of wastewater of two small
communities (populations of 2,000 and 500) showed
effective removal of organic matter, SS, and acceptable
removal of nitrogen and phosphorus in serially
operated horizontal and vertical subsurface flow-CWs
following anaerobic pretreatment. Anaerobic pretreat-
ment particularly decreased the organic matter and SS
loading to the CWs. The two full-scale CW systems
with anaerobic pretreatment performed above 80%
COD, 40% TN, and 90% SS removal on average. These
efficiencies achieved the project goals and were in
accordance with the results in literature. The average
effluent from the system met the discharge standards
for treated domestic wastewaters with effluent concen-
trations much lower than the limits for organic matter
and SS parameters. Comparison of two systems
showed that recirculation of the effluent particularly
increased nitrogen removal efficiency by improving
denitrification. Effluent of the system should be disin-
fected before discharge or reuse as irrigation water.
Agricultural irrigation is recommended when the
receiving media is particularly a lake, since it may
prevent the eutrophication risk caused by nitrogen
and phosphorus. On the other hand, if the wastewater
is to be discharged rather than being used for irriga-
tion, it may be recommended to increase removal of
nitrogen and phosphorus particularly in the water-
sheds of drinking water reservoirs. The results of the
two full-scale cases showed that CWs can be success-
fully used to solve wastewater problems of communi-
ties below 2,000 in Mediterranean countries such as
Turkey, particularly in regions with moderate to high
temperatures.
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