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Abstract

Recent years have seen an increasing interest in hybrid constructed wetland (HCW)
systems for domestic sewage treatment. This paper is focused on kinetics of removal of
the main pollutants occurring in wastewater i.e. organics expressed as chemical oxygen
demand, biochemical oxygen demand and total nitrogen. The purpose of the article is to
compare different HCW configurations in terms of mass removal rates (MRR) and
removal rate coefficients (ka and ky). Analysed data have been collected at two wetland
systems, each composed by two subsurface flow beds: horizontal flow (HF) and vertical
flow (VF). Reliable evaluation was achieved by using the same composition of influent
wastewater in both HCWs. Performance of opposite configurations HF + VF vs. VF +
HF was compared after each stage and the overall HCW system. The average mass
removal rates of COD, BODs and TN in both systems were similar, respectively: 2.30,
0.98 and 0.40 g m2 d*. However, removal rates differ between single wetland beds
after each treatment stage.

Keywords: wastewater, treatment efficiency, horizontal flow, vertical flow,

configuration



1 Introduction

Constructed wetlands (CWSs) have received a high level of interest over the past
decades due to their efficiency, low investment and operating costs and positive
environmental impact. For this reason, these facilities have started to be used as a
sustainable method of wastewater treatment for small communities and individual
households. In terms of the complexity of the processes occurring, constructed wetlands
create a more diverse environment compared to conventional treatment technologies
[Gajewska, Obarska-Pempkowiak, 2011, Gomez Cerezo et al., 2001, Langergraber et
al., 2010, Vymazal, 2005, Vymazal, 2013].

Subsurface hybrid CW systems are composed of filters with different sewage flow
patterns: vertical (VF) or horizontal (HF). These systems prove to achieve higher
efficiency of pollutants removal combining the benefits of both types of beds. Processes
in vertical flow beds are dominated by mineralization of organic matter and ammonia
nitrification thanks to better oxygen conditions compared to the horizontal flow beds
ensuring better quality of final effluent (lower concentration of organic matter, complete
nitrification and partial denitrification). The processes occurring in vertical and
horizontal flow beds differ in magnitude depending on the design and mode of
operation. In general, VF beds are unsaturated units usually fed periodically, resulting in
high oxygen transfer capacity, thereby favoring the process of nitrification within the
wetland bed. On the other hand, HF beds are operated mostly under anoxic/anaerobic
conditions due to constant saturation of the beds, which makes it a likely environment
for denitrification. Horizontal flow beds are also responsible for effective removal of

suspended solids and organic matter [Gajewska, Obarska-Pempkowiak, 2011,
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Jozwiakowski et al., 2017, Kadlec, Knight, 1996, Kadlec, Wallace, 2009, Reed et al.,
1995].

The results of many studies revealed that the mass removal rate (MRR) of NH4-N
varies only between 2.13+1.72 ¢ m? d* for HF + VF constructed wetlands and
2.48+2.83 ¢ m2d™* for VF+HF CWs. Hybrid constructed wetlands with multiple stages
of VF and HF beds removed on average 2.33+2.61 g NH,-N m?d™. Considering total
nitrogen, HF + VF and VF + HF beds combinations are able to achieve MRR on
average 2.74+1.86 and 2.31+2.10 g TN m2d™, respectively. It should be noted that all
removal rates exceed the average MRR of single HF systems (1.13+2.01 g TN m™” d™)
or single VE CWs (1.85+3.66 ¢ TN m?d™). In terms of BODs, COD, TSS, the mass
removal rates in hybrid constructed wetlands did not vary and, also did not differ
substantially from single VF and HF constructed wetlands [Kadlec, Knight, 1996,
Kadlec, Wallace, 2009, Canga et al., 2011, Vymazal, 2013].

The aim of the paper is to provide an evaluation of performance of HCW with
opposite configurations of the beds in respect of pollutants removal rates. Mass removal
rates (MRR) and rate constants (k) were analysed after each stage of treatment. Within
this paper, a statistical analysis of research results was carried out. The division of
discharged wastewater into two streams treated in HCWs in two configurations enabled
for reliable estimation and very unique results.

2 Materials and methods

The investigations were carried out at two constructed wetlands (Dabrowica I and
Dabrowica II) in Dgbrowica, Poland, southeast part of the country. Analyzed systems
were built in 2006 and were designated for the treatment of domestic wastewater from a

single household.
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In this case subsurface vertical flow (VF) and horizontal flow (HF) beds were used.

The scheme of the investigated wetland systems is shown in Figure 1.

6 PE
) 3 PE
septic
tank HF VF
@ 3 PE
Sewage outflow
mflow VF HF

Fig. 1. Constructed wetland system in Dabrowica — general scheme (author's own work).

The analysed wetlands differ from each other in the order of subsequent stages. The

characteristic of the systems with configuration of the beds is given in Table 1.

F|03W .. Configu- Area Depth  Hydraulic Orga_mics
Plant [m? day™] cation [m?] of bed load loading rate
(pe) [m] [mmd?"] [gCODm?d"]
Dabrowical 0.3; HF 24 1.0 12.0 7.021
(3) VF 24 0.8
> 48
Dabrowica IT  0.3; VF 24 0.8 12.0 7.021
(3) HF 24 1.0
> 48

Table 1. The operation conditions of the wetland systems.

Each HCWs system comprised of two beds arranged in series. All beds had
dimensions of 6 x 4 m. In the presented case, opposite bed configurations used in these
two systems (HF + VF vs. VF + HF) were very valuable for comparison of treatment
efficiency due to the identical dimensions of the beds and the same composition of
influent wastewater.

Longitudinal sections of the analysed plants are shown on Figure 2 and Figure 3.
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Fig. 2. Household HCW system in Dabrowica — configuration | (longitudinal section)
[Jozwiakowski, 2012], modified.

As a filter media, gravel and medium sand were selected for both wetland systems.
The surface layer of HF bed consists of a humus layer with a thickness of 0.1 m. The
following is a 0.6 m layer of sand (grain diameter 1-2 mm). The lower horizontal layer
of the bed is 0.2 m thick and consists of gravel with a granulation range of 10-50 mm.
Underneath, there is a layer of sand of about 4 cm. VF wetlands are made in the same
arrangement of layers, with the difference that the thickness of the sand layer lying
under the humus layer is 0.4 m. All wetland beds are isolated from the natural ground
using 0.5 mm PEHD geomembrane.

The method of sewage discharge into HF beds is gravitational and feeding regime is
continuous, whilst VF beds are fed periodically by means of submersible pumps
installed in the wells. VVolume of a single loading is 0.3 m* with loading intervals set to
once per hour. The designed retention time in HF and VF beds was 16 and 9.6 days,
respectively. The retention time can be calculated on the basis of the following
equation:

tr=(LxWxnxd)/Q 1)
where: L — length of the bed (m), W — width of the bed (m), n — porosity of the material
from the bed, d — depth of bed (height of the filter bed filled with sewage) (m), Q —

average daily inflow of sewage (m* d™*) [Cooper, 1998, Jozwiakowski, 2012].
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Fig. 3. Household HCW system in Dgbrowica — configuration Il (longitudinal section)
[Jozwiakowski, 2012], modified.

Horizontal flow beds in the systems were planted with willow (Salix viminalis), and
for vertical flow beds common reed (Phragmites australis) was used.

Data from HCW systems in Dabrowica I and Dabrowica II was collected in 2007—
2010. Averaged samples of influent and after subsequent stages of treatment in the CW
systems were analysed. Number of series of analyses in this study was sixteen as
sampling interval amounted to four times a year (February, May, August and
November). Overall number of samples taken was 106. In order to evaluate the removal
efficiencies, the following parameters were measured: organic matter (COD and BOD:s)
and total nitrogen (TN), according to the methods of Polish Standards in accordance
with the standard methods (APHA 2005). Removal efficiency was calculated as a
quotient of contaminants concentration difference in influent and effluent after
subsequent stages of constructed wetland and concentration in influent. Mass removal
rate (MRR) was calculated on the basis of the following equation:

MRR = [(Cin x Qin) — (Cout X Quut)l/A [g m™? d'] (2)
where A is the area of constructed wetland bed [m?], Qi, and Qo are the average
influent and effluent flow rates, respectively [m® d™], Ci, and Coy: are average influent
and effluent pollutant concentrations, respectively [mg L™] [Gajewska, Obarska-

Pempkowiak, 2011, Jozwiakowski, 2012].
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To estimate the rates of removal, the rates of organic matter decay and total nitrogen
removal were calculated. It was assumed that the rate coefficients can be described by
means of a first-order decay laws. On the basis of the retention time, flow rates, surface
bed area and concentrations of organic matter and nitrogen, the decomposition constant
coefficients (k) for wastewater treated in HF beds and VF beds were calculated. First
order equation form presented in (3), which uses the hydraulic retention time (7) in days,
is dedicated for HF beds:

Cous/Cin = exp(—ht) 3)
The following equation was used for the calculation of k-rates in VF system:

Cou/Cin = exp(—k4/q) 4)
where q is the hydraulic loading rate in m d™* (calculated as the ratio of the flow rate, Q
in m® d™ and surface area, A in m?) and ka is the decomposition constant in m d* [Brix,
Johansen, 1999, Gajewska, Skrzypiec, 2018].
3 Results and discussion

The measured influent and effluent concentrations of COD, BODs and TN are

presented in Table 2.

Mean Median Standard deviation
COD BODs TN COD BODs TN COD BODs TN
Influent 408.1 168.7 134.3 395.0 1535 1265 942 659 254

HF 1743 64.7 1153 1725 608 1155 580 378 195
VF 46.4 122 708 420 106 605 329 102 29.0
VF 544 184 717 280 7.3 675 864 411 281
HF 404 117 543 275 438 490 600 235 279

Table 2. Mean, median and standard deviation of pollutants concentrations (mg L™) in
analysed configurations.

Pollutants concentrations in wastewater in observed HCWs are higher than the most
commonly occurring in other European countries [Vymazal, 2007, Molle et al., 2008,

Langergraber et al., 2007, Puigagut et al., 2007]. The quality of influent wastewater is
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comparable with raw wastewater without pretreatment (France) [Molle et al., 2005,
Cooper, 1998] and very typical for Polish rural areas [Gajewska et. al., 2011].
Influent and effluent concentrations of BODs and COD after successive treatment

steps in two HCW systems are presented in Figure 4.
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Fig. 4. Influent and effluent concentrations of COD and BODs in HCWs.
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In the HF + VF system, the removal efficiency of organic compounds expressed as
BODs and COD was 93.2% and 89.2%, respectively. In the VF + HF system, reduction
rate of 96.8% for BODs and 93.9% for COD was achieved. The median of BODs and
COD concentrations in the effluent of this system was 9.6 and 11.0 mg L%, respectively.
The median values of BODs and COD in the treated wastewater discharged after the HF
+ VF system were 4.6 and 23.0 mg L™, respectively. Concentrations of BODs in the
effluent of both HCW systems were characterized by high variability, which is
confirmed by irregularity coefficients which amounted to 0.87 for the configuration |

and a bit lower 0.80 for the configuration II.
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Fig. 5. Influent and effluent concentrations of TN and N-NH, in HCWs.

The removal of total nitrogen was also uneven in both analyzed HCW systems. In the
case of the HF + VF configuration it was found that the efficiency of TN removal was
52.7% and the median in the effluent was 61.0 mg L™. The second system showed
higher TN reduction, as the overall removal rate was 62.8%. In the effluent from VF +

HF system, the median concentration of total nitrogen was 48.0 mg L™ (Fig. 5).
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The analysis concerning the performance of two parallel HCW systems showed that
higher efficiency of pollution elimination was obtained in vertical-horizontal system
(VF + HF). In horizontal-vertical system (HF + VVF) low reduction rates of all analyzed
parameters ware found after first-stage bed in comparison to the first vertical bed in the
configuration Il. Comparing obtained results, it was stated that in the VF bed working
as first stage, reduction of analysed pollutants was higher in comparison to the first-
stage HF bed, respectively for BODs by 38.2%, COD by 37.9%, total nitrogen by
38.8% and for ammonium nitrogen by 85.2%. All these findings are very similar to data
avalaibe in literature [Laber et al., 1997, Vymazal, 2007, Dotro et al., 2017].

Due to different conditions in each bed, different transformations of OM (organic
matter) and N occurred and could influence on further removal performance. To analyze
wastewater susceptibility to biological decomposition, the BODs/COD ratio was
calculated for influent and effluent after each stage of HCWs. The following values are

presented in Table 3.

BODs/COD ratio

Configuration

Influent | stage Il stage

min max mean min mMax mean min  max mean
HF + VF 0.25 055 041 005 055 036 0.06 120 0.33
VF + HF 025 055 041 001 1.19 032 0.01 108 0.30

Table 3. Biodegradability of wastewater in analysed HCWs.

Influent wastewater in this case is regarded as vulnerable to biological decomposition
to a medium degree. Further on, after first and second stage of analysed configurations,
BODs/COD ratio hecomes more unfavorable.

Relationships between BODs and TN in influent and after single stages in analysed
hybrid systems are shown in Figure 6. The linear regression equation and the coefficient

of determination were calculated for each bed.
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Fig. 6. Relationships between BODs and TN for influent, HF + VVF and VVF + HF configurations.

Total nitrogen concentrations after first stage of treatment were much more
differentiated for the bed with vertical flow than with horizontal flow, where the results
were around 100-150 mg L™. On the other hand, concentrations of BODs were not
dispersed in 1. stage VF bed, contrary to the HF bed in configuration 1. Similar situation
occurs in the second-stage beds in both systems. In the outflow from the HF bed, the

values of total nitrogen concentrations are dispersed, and BODs concentrations usually
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do not exceed 20 mg L. As it can be seen, there is no significant correlation between

the studied parameters as coefficients of determination are not significantly high.
Further analysis includes the relationships between pollutant removal rates. In the

following Table 4 mean values of mass removal rates in two configurations of wetlands

are shown.

Type ofbed COD BODs TN

Configuration | HF 2.92 1.30 0.24
VF 1.60 0.66 0.56
Configuration Il VF 4.42 1.88 0.78
HF 0.18 0.08 0.22

Table 4. Average mass removal rates (MRR, g m?d™) in analysed HCWs.

About 1.5 times higher removal rate of COD was observed in VF bed than in HF
bed, both working as first stage. The proportions in removal rates between these two
types of beds are less noticeable in case of BODs but still in vertical flow bed removal
processes proceeded at a higher rate. Similar conditions are noticed in the first stage of
treatment for total nitrogen, where MRR in VF bed was ca. 3 times higher than in
horizontal flow bed.

The rate of pollutant removal is typically represented by a rate coefficient, k
(volume-based k, in case of horizontal flow beds and area-based ka in case of vertical
flow beds). This parameter is dependent on factors such as pollutant loading, oxygen
transfer, presence of vegetation, etc. K-rates are usually corrected to a temperature
standard of 20 °C in the literature [Gajewska, Skrzypiec, 2018, Kadlec, Knight, 1996].
Correlation levels of the k constant with the rate of removal of given pollutants are

presented in Figs. 7 and 8.
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Fig. 7. The correlation between main pollutants (TN, BODs, COD) removal constants (ky, Ka)
and mass removal rates (MRR) of the HF+VF system in Dabrowica I.

The processes taking place in particular beds are different because of the diversity of
kinetics expressed in removal rates. Different wetlands are characterized by different k
rates, but certain tendencies can be observed. The slope of the regression lines is similar
for respective parameters of the contaminants. The most significant correlation was
found for total nitrogen, since the coefficient of determination in the first-stage HF bed

and second-stage VF bed was 87.95% and 92.13%, respectively.
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Fig. 8. The correlation between main pollutants (TN, BODs, COD) removal constants (K, Ka)
and mass removal rates (MRR) of the VF+HF system in Dabrowica II.

Results for VF + HF system are more varied after each treatment stage. Still the
highest coefficient of determination was observed for total nitrogen. Regarding the first-
stage beds in both configurations, the overall nitrogen removal rate was higher in the
vertical bed (configuration Il). Removal of organic matter (BODs and COD) also
proceeded more rapidly in the system with VVF bed working as a first stage.

The average values of the rate constants and corresponding mass removal rates, for

the same relationship as shown in figures above, are given in the Table 5.

COD BODs TN
MRR ka’ky, MRR ka/ky MRR  kalky
Configuration | HF 292 005 130 0.067 0.24 0.009
VF 160 0.018 066 0.023 056  0.007

Configuration 11 VF 442 0031 188 0.040 0.78 0.009
HF 0.18 0.015 0.08 0.024 0.22 0.021

Table 5. Average proportions between mass removal rates (MRR, g m? d*) and removal
constants (ka, m d™ for VF beds and k,, d™ for HF beds).

Average values of all parameters are characterized by an increase of k rate with a

corresponding increase in the mass removal rate. In general both MRR and k values are
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within the ranges of values given in the literature but are in the lowest values. TN
MRRs in this study (Table 5) were lower (except for the VF in configuration II) than 0.7
g m?d* reported for systems in Denmark by Brix et al. (2003) and similar MRR values
reported by Tanner et al. (2002). The rate constants indicate that organic matter
(especially BODs) decomposition was the fastest process, while TN removal was
slightly slower. Moreover in the first stage of treatment independently of configuration
decomposition rates were higher in comparison to the second stage.
4 Conclusions

The carried out investigation and analyses of achieved results revealed that the
configuration with the vertical flow bed at the beginning of treatment process provides
better conditions for decomposition and transformation of pollutants, higher efficiency
and, as a result, lower effluent concentrations of pollutants. The investigation confirmed
very high performance of VF beds. The concentration of ammonium nitrogen dropped
down after vertical flow beds what confirmed their high potential for N-NH, removal.
Thus the configuration with vertical flow beds at the beginning of treatment supported
better and more stable performance especially in the case of ammonium nitrogen.

This statement is particularly true in the case of this investigation which enabled to
compare two opposite configurations (HF + VF vs. VF + HF) working in the same local

conditions in full scale facility and with exactly the same wastewater.
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