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ABSTRACT

Wetlands technology is one of the main sustainable and successful treatment processes. Similarly, biochar is an
organic, effective, and low-cost adsorbent material used for the treatment of diverse wastewaters. The combination
between wetland system and biochar, as a media, can greatly enhance the treatment efficiency. The aim of this
study is to assess the performance of two horizontal flow constructed wetlands planted with Bacopa monnieri L.
for the treatment of household greywater. The objectives were to investigate the raw and treated greywater char-
acteristics, compare the removal efficiency of pollutants by using gravel bed, and biochar-gravel bed, monitor the
growth and survival of the plants. Findings indicated that the simulated treatment systems were able to improve
all the greywater characteristics. The wetland with biochar enhanced the removal efficiency of biological oxygen
demand (BOD,), ammonia (NH,), and other parameters compared with the wetland with gravels alone.

Keywords: greywater treatment, subsurface flow, Bacopa monnieri L., constructed wetland, biochar.

INTRODUCTION

The current water shortage problems moved
the attention of scientists towards water conserv-
ing approaches. This achieved by applying the sus-
tainable wastewater treatment processes (Gizins-
ka-Gorna et al., 2016) and reuse the treated water
as a non- conventional source of water (Abunaser
and Abdelhay, 2020). In this context, reclamation
of household greywater in rural areas, and recy-
cling the treated water for irrigation or cleaning is
a successful approach to reduce the pressure on the
natural water resources (Juan et al., 2016; Abdel-
hay and Abunaser, 2021). Greywater is including
the wastewater disposed from the bathroom, lava-
tories, kitchen sink and the dishwashers (Laaffat et
al., 2016), and its components are varied based on
the formation sources (Spychala et al., 2019). For
example, wash basins and bathrooms discharged
water consists of dead skin, hair, soap, tooth-
paste, shaving and skin care materials. Whereas,
kitchen wastewater characterized by high level of
detergents, pH, salts, food parts, nitrogen, organic
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compounds, turbidity, suspended solids, fats and
oils. On other hand, clothes washing machine
discharged wastewater consists of viruses, dyes,
heavy metals, fibers and bleaches and detergents
(Couto et al., 2015). It is estimated that greywater
covers around fifty to seventy percent of the house-
hold discharged water (Laaffat et al., 2016). There-
fore, it is considered a good source to provide a
valuable quantity of recycled water after treatment
(Chrispim and Nolasco, 2017).

Among all wastewater treatment types, con-
structed wetlands (CWs) technology is widely
recommended due to its effectively, sustainabil-
ity, thriftily, and environmentally friendly. Con-
structed wetlands are artificial engineered systems
simulate the natural wetlands in terms of utilizing
the combination between the plants, organisms,
and soil for the treatment of diverse domestic
sewage, industrial wastewater, storm, agricultural,
and greywater (Yaseen and Scholz, 2016; 2018).
All CWs configurations have proven as successful
treatment systems. However, most of last studies
mentioned that horizontal flow CW (HSSFCW)
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is the preferable among other wetlands due to its
effectiveness for the purification of diverse pol-
lutants (Shukla et al., 2021). In addition to the
direction of flow, the combination of the main
CW components is the key role of wastewater
treatment performance. Planted systems showed
higher wastewater reclamation than unplanted
ones (Shaikh and Ahammed, 2020). In terms of
filter media, authors confirmed that sand is more
efficient than gravel, and the mixture of sand and
soil is the best case for removing different contam-
inants (Priya et al., 2013). Recently, other types of
media were utilized in CWs to improve the treat-
ment efficiency, such as zeolite, biochar, active
carbon, biofilm carriers (Zaboon et al., 2022).

Biochar is one of the preferable and effec-
tive adsorbents for heavy metals, nutrients, dyes
and other pollutants adsorption from water. This
due to its features as a carbon rich substance,
porous material, have diverse functional groups,
and very cheap comparing with other adsorbents
(Gupta et al., 2016). Biochar was examined as
a mixture with other substrate materials to en-
hance the treatment of different loading rate of
low C/N wastewaters (Zhou et al., 2018), syn-
thetic wastewater (Abedi and Mojiri, 2019),
and domestic wastewater (Xing et al., 2021) by
vertical wetland. Also, it is utilized as a media
in HFCW to examine the treatment of synthetic
wastewater (Gupta et al., 2016).

Although, biochar was widely investigated to
purify of diverse effluents by vertical and horizontal
wetlands. However, the performance and efficiency
of HFCW combined with biochar to treat house-
hold greywater has not been surveyed yet. There-
fore, it is required more investigations with a sig-
nificant extent to cover all the gaps in the field of
greywater reclamation by modified CWs. This re-
search is motivated by the challenges of wastewater
discharges in low-income developing countries, in-
volving the environmental pollution resulting from
the discharge of the untreated or poorly treated
wastewater linked with the water shortage prob-
lems, which require a crucial solution by treating
these effluents using effective and low-cost technol-
ogy for the protection of the eco-system, and con-
sequently recycling of the treated wastewater for
irrigation purposes or reuse for other processes.

The research aims to assess the performance
of two horizontal flow constructed wetlands (HF-
CWs) planted with Bacopa monnieri L. for the
treatment of household greywater, as a secondary
treatment stage. The objectives were to investigate

the raw and treated greywater characteristics,
compare the removal efficiency of pollutants by
using gravel bed, and biochar-gravel bed, monitor
the growth and survival of the plants.

EXPERIMENTAL DESIGN
AND OPERATION

Materials

Two types of the substrates were used in this
research. The gravel material supplied by a local
laboratory in Basra governorate. The pebbles, in
different sizes of 5-10 mm, 10-20 mm, and 40-80
mm based on the design requirements, rinsed with
deionized water to remove any impurities. The
biochar material collected from the date palms
(Phoenix dactylifera L.). Biochar was prepared by
cutting and collecting the date palm fronds from a
palm grove in the Abu Al-Khaseeb area. Then, the
palm fronds washed with tap water to remove any
dust and suspended matters, and placed below the
sun for 15 days to dry very well. After that, the
dried fronds were cut into small parts and placed
in an oven at temperature of 500 to 600 °C for two
hours, then cooled. Later, biochar was collected,
grounded and sieved (Salem et al., 2021). Finally,
the desired sizes of biochar placed in the wetland
filters for drainage and treatment purposes.

The selected aquatic plant in this study was
Bacopa monnieri L. A small pond located in Bas-
ra Province was the source of collection enough
quantity of the selected plant. The pond was not
attached with any sources of greywater or other
wastewater types. The aquatic plant washed cau-
tiously by distilled water to remove any dust. The
greywater used in this research was taken from
the washing machines, kitchen sinks, and lava-
tories from different houses at Abu Al-Khaseeb
District. The household greywater water was not
affected by any source of black water.

Treatment system description

Two experimental scale HFCWs were oper-
ated using rectangular plastic basins for the pe-
riod from 4/10/2022 to 26/12/2022 (with extra
two weeks as a setup period). The basins, with
dimensions of 26 cm length, 85 cm width, and 45
cm depth, placed in the yard of a house at Abu Al-
Khaseeb District under semi-natural conditions
(30.46662°, 47.865902°, Basrah, Iraq).
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Both basins received the same quantity of
25 liters of greywater, which was equivalent to
35 cm depth. The first basin (R1) consisted of
gravel as media whereas the second basin (R2)
consisted of gravel and biochar. The EPA (2000)
declared that the recommended media sizes in
treatment zone of HFCW ranged between 5 and
20 mm. Tanner et al. (2011) mentioned that the
media basic size in treatment zone is from 10 to
20 mm. Therefore, in this study the size of media
(gravel and biochar) was selected between 10-20
mm in the bottom layer as a treatment zone, and
between 5-10 mm in the top layer as a treatment
zone and to support the plants’ roots. The sides of
the treatment system filled with gravel of 40 to 80
mm size to distribute the water evenly and mini-
mize clogging, as recommended for the inlet and
outlet zones (Tanner et al., 2011). The schematic
diagram of the wetland basins is shown in Figure
1. The greywater was collected and placed in a
plastic storage tank of 250 L capacity. The inlet
tap position was at depth of 25 cm from bed of the
storage basin. This was to assure that the greywa-
ter enters to the systems by gravity and without
any sediments. The GW was discharged to the
wetland basins after the time of filling by around
2 hours, which was suitable time for settling the
particles, as a pre-treatment stage. Both basins
were filled and drained each five days, regularly.
This because the contact time of five days was
recommended by (Tanner et al., 2011) for best
TSS, TDS, TU, BOD,, COD, NH,, NO,, and PO,,

reduction. Table 1. Summarized the experimental
wetlands description and properties.

Analysis of samples

The outlet water from each filter and the raw
greywater were collected regularly for analysis.
The volume of each collected sample was three li-
ters. Most of the analyses were done based on the
standard methods (APHA, 2012). The temperature,
total dissolved solids (TDS), electrical conductivity
(EC), and the pH were tested using pH meter (Han-
na/ Romania). Turbidity (TU) was measured using
Turbidity meter (TB 300IR/ Lovibond/Germany).
Total suspended solids (TSS) was tested by pass-
ing the samples through filter paper of 0.45 pum.
Biological oxygen demand (BOD;), chemical oxy-
gen demand (COD), and dissolved oxygen (DO)
were measured using Winkler’s method (APHA,
2005), spectrophotometer DR 5000 Hach Lange
(Germany), and oxi Top/WTW, respectively. The
spectrophotometer (V-1100D /Germany) was used
to test reactive nitrate (NO,) at wavelengths of 220
and 270 (APHA, 1999), and orthophosphate (PO,)
at a wavelength of 650 (EPA1978). Total hardness
(TH), magnesium and calcium were determined us-
ing Titrimetric Method (APHA 2005). The ammo-
nia (NH,) samples were sent to the College of Ag-
riculture and tested by the technicians at the central
laboratory. The efficiency of pollutants reduction
(R) and the porosity (P) were calculated by Equa-
tion 1 and 2, respectively (Zaboon et al., 2022).

‘/P' ant (Bacopa monnieri L.)

Inlet

S cm free board
10 cm fine gravel 5-10mm
]
- 25 cm fine gravel 10-20 mm
- Outl

Coarse gravel 40-80 mm

Inlet

/ lant (Bacopa monnieri L.)

S cm free board
10 cm fine gravel 5-10mm
- 15 cm ceramic 10-20 mm
- 10 cm fine gravel 10-20 mm

Outle

Coarse gravel 40-80

Figure 1. Schematic diagram of the experimental setup: R1 — plant + gravel filter;
R2 — plants + biochar + gravel filter
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Table 1. Treatment systems details

Details R1 R2
Length (cm) 26 26
Width (cm) 85 85
Depth (cm) 45 45
Influent volume (liter) 25 25
HRT (days) 5 5
Water depth (cm) 35 35
Porosity (%) 29 29
Vegetation B. monnieri L. B. monnieri L.
Biochar weight (kg) - 40
Gravel weight (kg) 85 65
Size of gravel /sides 40-80 mm 40-80 mm
Size of gravel/ bottom layer 10-20 mm of 25 cm depth 10-20 mm of 10 cm depth
Size of biochar/ middle layer - 10-20 mm of 15 cm depth
Size of gravel/ top layer 5-10 mm of 10 cm depth 5-10 mm of 10 cm depth

Note: R1 — plant + gravel filter; R2 — plants + biochar + gravel filter.

R = ((Ic — Oc)/Ic) * 100% (1)

(2)
where: Ic — inlet concentration, Oc — outlet con-

centration; Vz— total volume; Vs — volume
of the solids.

Porosity = (Vt-Vs)/Vt) x 100%

Fecal and total coliforms

Fecal coliform (FC) was calculated accord-
ing to APHA (2005), as described by Zaboon et
al. (2022). The total coliform (TC) test according
to APHA (2005), which was similar to FC test,
except the following steps: the dissolved weigh
of Endo agar medium was 20.75 g, the boiled so-
lution was then sterilized for 15 minutes by au-
toclaving at 15 Ibs pressure at 121°C and then
transferred to the dishes, and finally set the incu-
bator temperature at 37.5°C. The bacteria colo-
nies were counted by Eq. 3.

CFU)

100
Rd x 100 x =
FS

Colonies forming unit mL =

3)

where: CFU — colonies forming unit, Rd — recip-
rocal dilution, n — the number of colonies
in the plate; Fs- filter sample size.

Data analysis

Microsoft Excel (www.microsoft.com) was
used to analyze all the study records. The statisti-
cal analyses were computed using the IBM SPSS

Statistics (www.ibm.com) version 22. Shapiro-
Wilk test, t-test, and Mann-Whitney U test were
used to check the data normality, observed the
significant differences between the filters for the
parametric and non-parametric data, respectively.

RESULTS AND DISCUSSION

Raw greywater characteristics

The untreated greywater characteristics for
the period between 4/10/2022 and 26/12/2022 are
presented in Table 2.

Characteristics of treated water

The physiochemical parameters of water are
reflecting the biological activities that occur in
wetlands systems to improve the treatment per-
formance. The main biological parameters are the
temperature, pH and dissolved oxygen (Kadlec
and Wallace, 2008).

The mean temperature values (Tables 2 and 3)
of'the treated water during the study duration were
lower (25 °C) compared with the corresponding
values of the untreated water (27 °C). In addition,
all mean records were slightly higher (25.7 °C) in
gravel filter (R1) than the coal filter (25 °C) (R2).
Figure 2a clearly showed that there was a fluctua-
tion in the treated water temperature depending
on the weather temperature fluctuation during the
study period, as the treated water temperature in-
creased in some weeks compared to the raw water
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Table 2. Characteristics of the raw greywater

Parameter (unit) Average Standard deviation Minimum Maximum
Temp. (°C) 27.5 2.0 243 30.9
pH 9.6 0.8 8.4 11.3
EC (mS/cm) 2.9 1.7 1.1 6.2
TU (NTU) 284.1 138.5 105.0 648.0
TDS (mg/L) 2070.7 828.4 766.0 3212.0
TSS (mg/L) 558.5 434.2 140.0 1420.0
DO (mg/L) 5.0 0.8 31 6.0
BOD, (mg/L) 288.0 48.9 200.0 400.0
COD (mg/L) 1313.4 270.0 876.0 1646.0
NO, (mg/L) 46.2 7.6 36.6 63.1
NH, (mg/L) 1238.0 202.3 866.0 1652.0
PO, (mg/L) 12.5 3.0 8.1 20.0
TH (mg/L) 1011.26 310.81 600.0 1700.00
Ca*? (mg/L) 250.6 73.7 160.3 416.8
Mg*? (mg/L) 184.8 60.8 87.4 329.3

Note: Number of readings —15..

temperature due to the high weather temperature
in those weeks. The low temperature of treated
water could explain by system configuration as
the water level was below the top layer, which
reduce the penetrated sunlight and consequently
decreases the water temperature (Borne et al.,
2014). Maximum and minimum temperature val-
ues of the treated water were more than the range
that could slowing down the nitrification process.
Also, all the values were out the limits that could
impact adversely on the removal mechanism of
COD and BOD, (Vymazal, 2007).

The pH level affects the growth of bacte-
ria, which is highly enhance the biological acti-
vates in wetland. Bacterial growth and activities
achieved when the level of pH in water within the
range from 4 to 9.5. When pH value is higher than
7.2, nitrification process occurs very well. How-
ever, nitrogen removal was increased at pH value
between 6.5 and 9 (Qian et al., 2019; Zaboon et
al., 2022(. The minimum and maximum values of
pH of the treated water were less (8.1-9.9) than
the raw water (8.4—11.3) (Tables 2 and 3). This
was due to the impact of B. monnieri L. roots on
the filters R1 and R2, as many authors confirmed
the ability of B. monnieri L. in reducing the pH
level of water (Lastiri-Hernandez et al., 2023).
All outflow pH records were within the allowable
limits for nitrification occurrence, and more than
the required limits for increasing the denitrifica-
tion. The mean pH values of the R1 and R2 were
not significantly different (»p > 0.05), (»p = 0.131,
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Mann-Whitney U test). This result indicated that
the impact of coal on pH level was not valuable.
This was clearly noticed in the longitudinal pro-
file of pH levels within the treatment duration
(Fig. 2b). The figure 2b also showed that the pH
values of the treated water increased in some
weeks during December because of the change in
temperature that affects the plant activity, which
in turn affects the pH values as mentioned above.

The outflow electrical conductivity values
(0.1-4.6 mS/cm) were less than the inflow (1.1-
6.2 mS/cm) values (Tables 2 and 3). This reduc-
tion in salinity level was due to the presence of
plant in both treatment systems. Same results
were concluded and explained by Lastiri-Hernan-
dez et al. (2023) confirming the great ability of
B. monnieri L. to reduce the water salinity while
absorbing Na' cations by their roots. This because
Na* absorbing makes the process of Ca*/Na* ex-
change reaction to be slow and the low flow rate
enhanced the efficiency of desodification through
sodium translocation to the harvestable parts of
the plants (Lastiri-Hernandez et al., 2023). Yaseen
and Scholz (2017) also concluded a reduction in
water salinity by aquatic plants in wetland due to
the passing of some salts from wastewater within
the semipermeable membrane. Most of the out-
flow EC records were acceptable (less than 4 mS/
cm) for plant survival and organism growth (Za-
boon et al., 2022). No dissimilarity was founded
between R1 and R2 in terms of EC records (p
= 0.901, Mann-Whitney U test), indicating that
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Table 3. Treated greywater characteristics

Parameter Filter Average Standard deviation Minimum Maximum
R1 25.7 2.6 22.6 30.9
Temp. (°C)
R2 25.0 3.2 20.8 30.8
R1 9.1 0.4 8.3 9.9
pH
R2 9.0 0.3 8.1 9.3
R1 1.7 1.2 0.40 4.1
EC (mS/cm)
R2 1.7 1.4 0.1 4.6
R1 1105.3 426.8 423.0 1642.0
TDS (mg/L)
R2 930.9 384.3 341.0 1456.0
R1 71.8 14.2 33.0 93.0
TSS (mg/L)
R2 69.2 9.1 53.0 86.0
R1 53.1 13.6 21.2 771
TU (NTU)
R2 50.6 15.7 20.1 88.5
R1 6.9 0.9 5.3 8.4
DO(mg/L)
R2 7.9 0.9 6.1 9.2
R1 124.0 51.7 20.0 260.0
BOD, (mg/L)
R2 97.3 443 20.0 220.0
R1 204.5 54.1 99.0 268.0
COD (mg/L)
R2 183.8 67.0 68.0 310.0
R1 34.6 8.0 24.5 51.4
NO, (mg/L)
R2 34.9 7.9 24.4 51.0
R1 8.1 0.9 6.8 10.1
NH, (mg/L)
R2 6.1 1.3 4.1 8.4
R1 5.5 0.8 4.4 6.9
PO, (mg/L)
R2 55 1.7 2.7 8.1
R1 699.6 286.9 380.0 1320.0
TH (mg/L)
R2 615.3 276.2 340.0 1220.0
R1 166.9 54.6 104.2 272.5
Ca*2 (mg/L)
R2 146.1 58.9 88.2 256.5
R1 128.1 54.2 67.0 235.1
Mg*2 (mg/L)
R2 112.7 50.5 61.2 216.6

Note: R1 — treated water from plant + gravel filter; R2 — treated water from plants + biochar + gravel filter; number

of readings —15.

there is no a valuable impact for coal on the EC
level. This was clearly noticed in the longitudinal
profile of EC levels within the treatment duration
as shown in Figure 2¢, which also showed a no-
ticeable fluctuation in the electrical conductivity
values, as the treated greywater values increased
in some weeks and decreased in others. This is
because of plants in the treatment basins on the
conductivity values, as explained above.

All the values of TU, TDS and TSS for both
treatments filters were highly less than those
for the raw water (Table 2 and 3). These results
clearly shown in the longitudinal profile of the
raw and treated water (Figs. 2d, e, and f). Also,
it is noticed from these figures that the values of

turbidity, dissolved and suspended solids fluctu-
ated depending on their fluctuation in the raw
greywater. No increase was recorded in the val-
ues of the treated water during the study period,
both basins were highly efficient in reducing the
turbidity values, dissolved and suspended solids,
with some differences, as the lowest values were
recorded in the biochar filter. The reduction of
TSS values explained by the TSS trapping and
the high porosity of media used in both treatment
filters (Zidan et al., 2015; Hdidou et al., 2021).
The averages TU, TDS, and TSS records of
the outflow water for R2 (gravel-biochar bed)
were slightly lower than the corresponding values
of R1 (gravel bed). Same results were concluded
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and explained by Dalahmeh et al. (2016) and
Mwenge and Seodigeng (2019). No dissimilar-
ity (p > 0.05) was founded between the two fil-
ters in terms of TU, TDS, and TSS (p = 0.654,
Mann-Whitney U test), (p = 0.137, T- test), (p =
0.575, Mann-Whitney U test), respectively. These
results indicated that bio-char doesn’t affect these
parameters significantly. All TSS outflow values
ranged between sound to acceptable (Zamora et
al., 2019). Whereas, the TDS records extended
from poor to unacceptable water quality.
Dissolved oxygen level in water is a sign to
the aerobic or anaerobic environment in treatment
system. Aerobic conditions are essential for plant
growth, ammonia and BOD, removal. Anaerobic
conditions are suitable for nitrate removal (Wang
et al., 2016). The minimum and maximum val-
ues of DO varied between 5.3 and 9.2 mg/L, in-
dicating the occurrence of high nitrification and
limited denitrification. The DO records of the
outflow water were significantly higher in com-
parison with the inflow water (Tables 2 and 3).
This because the depth of the designed wetland
was within the shallow depth range, which is let-
ting the oxygen in the system to be affected by the
atmospheric diffusion and consequently enhanc-
es the concentration of DO in the treated water
(Wang et al., 2016). Throughout the study period,
higher oxygen values were recorded in the bio-
char filter, this was clearly noticed from the lon-
gitudinal profile of DO values presented in Figure
2g. The presence of aquatic plants also increased
the concentration of DO in the system. The DO
records were significantly higher (p < 0.05) in
R2 compared with R1 (p = 0.005, T-test). This
reflecting the impact of bio-char that reduces the
bio-requirement for oxygen and ammonia. As a
result of the activity of microorganisms and their
ability to remove pollutants, they consume dis-
solved oxygen, but are compensated through the
process of photosynthesis by plants, which were
highly active in the R2 (Paul and Hall, 2021).
The outflow COD and BOD;, records were
less than the values of raw water (Tables 2 and
3), which attributed to the organic matters break-
down in both filters. The mean COD and BOD,
records of the treated water were less in coal filter
than the control filter, although the dissimilarity
was not significant (p > 0.05) in terms of COD
(p =0.141, Mann-Whitney U test) and BOD;, (p
= 0.154, T-test). This means that the COD and
BOD, reduction rate in wetland is slightly more
by biochar than the gravel only. This small impact
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of biochar attributed to the bacterial growth and
biological activities on the coarse coal surfaces
(Paul and Hall, 2021), in addition to the presence
of more reactive sites with a strong presence of
bones, which consequently simply absorbed the
organic pollutants by the electrostatic attraction
and intermolecular hydrogen bonding onto the
biochar due to the m bones (Gupta et al., 2016).
Figures 2h and i describe the organic pollutants
variation of treated and untreated water during
the study period. The fluctuation of the COD and
BOD values was dependent on the fluctuation of
their values in the raw greywater, and throughout
the period, the biochar filter recorded the lowest
values compared to the control filter.

Nitrogen reduction in wetland is mainly de-
pends on the ammonia concentration because it is
the key form of nitrogen in the system. The outflow
ammonia values were noticeably less than the in-
flow values. This attributed to the presence of aer-
obic environment in both filters (high DO level).
This high oxygen level occurred due to the depth
of the studied wetlands, as mentioned above. The
mean ammonia outflow values were significantly
(p = 0.00, T-test) less in R2 than R1. This because
the pores on biochar in R2 provide suitable condi-
tions for microbial growth (for example ammonia-
oxidizing bacteria), which consequently enhance
nitrification process (Verhamme et al., 2011).
Same outcomes were demonstrated by Zhou et
al. (2018) using vertical wetland with biochar for
wastewater treating. Same results were concluded
and explained by Gold et al. (2017), Mwenge and
Seodigeng (2019) and Xing et al. (2021).

The average outflow records of NO, were
somewhat less than the inflow water (Tables 2
and 3). In addition, the mean NO, records of the
treated water for R1 and R2 doesn’t showed any
significant dissimilarity (p = 0.924, T-test). This
results attributed to the absence of anaerobic
condition in both treatment filters. The average
PO, concentrations were lower in treated water
compared with the inflow water (Tables 2 and 3).
The PO, reduction in wetland is assimilated by
plants or occurred by precipitation, sedimentation
and adsorption (Kozak et al., 2014; Shukla et al.,
2021). The expected mechanisms for PO, remov-
al in this research are assimilation, sedimentation,
and adsorption. Statistical analysis showed that
there is no significant dissimilarity (p = 0.917,
Mann-Whitney U test) between R1 and R2. The
variation of NH,, NO,, and PO, concentrations
in the raw and treated water during the operation
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period was presented in Figures. 2j, k, and 1, re-
spectively. Also, at the beginning of the study, it
was noticed that the orthophosphate values of the
treated greywater decreased by a small amount,
but after a period from the start of the experiment,

the values began to decrease significantly. Treat-
ment at the same level with little fluctuation de-
pending on fluctuation values in raw greywater.
Maximum and minimum calcium concentra-
tions were decreased in treated water and ranged
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Figure 2. Outflow water characteristics along the study period: RW — raw wastewater; R1 — treated
water from plant + gravel filter; R2 — treated water from plants + biochar + gravel filter
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between 272.5 mg/L and 104.2 mg/L for R1, and
between 256.5 mg/L and 88.2 mg/L for R2 com-
pared with the raw water values, which ranged from
416.8 mg/Lto 160.3 mg/L. Also, the maximum and
minimum magnesium values were decreased in
treated water and ranged from 235.1mg/L to 67.0
mg/L for R1, and from 216.6 mg/L to 61.2 mg/L
for R2 compared with the raw water (87.4-329.3
mg/L) (Tables 2 and 3). No significant difference
(»> 0.00) were founded between R1 and R2 in
terms of the mean Ca and Mg concentrations. This
because these two elements are absorbed by plant
in the form Ca?* and Mg** ions, as essential ele-
ments for plants survival (Kozak et al., 2014). Fig-
ures. 2m and n showed the longitudinal variation
of Ca* and Mg?" during the experimental period.
The biochar filter had lower calcium and magne-
sium values than the control filter.

The values of TH for both treatments filters
were highly lower than the corresponding values
of the untreated water (Tables 2 and 3). In addi-
tion, the TH values of the treated water of R2 were
significantly lower than those of R1 (p = 0.018,
Mann-Whitney U test). This confirm the impact
of biochar in TH reduction rate. Same results were
concluded and explained by Chaukura et al. (2020).

Performance of processing systems
based on removal efficiency

Removal rates of TSS, TDS, TU and EC

The removal rate of TSS is presented in
Figure 3a. The mean reduction efficiency was
slightly higher in R1 (79.40%) comparing with
R2 (77.11%) without any differences between the
two filters (p = 0.82, Mann-Whitney U test). This
means that the TSS reduction in both R1 and R2
was attributed to the mechanical filtration, and the
growth of the plant roots (Tsang, 2015; Gupta et
al. 2016). The removal of TDS, TU, and EC was
lower in R1 comparing with R2 (Fig.3a). Statisti-
cal analysis showed a significant difference be-
tween the two filters in terms of the mean removal
of TDS only (p = 0.00, Mann-Whitney U test).

Removal rates of COD and BOD,

The COD reduction was due to the organic
matter decomposition in wetland systems. Or-
ganic pollutants degradation occurred in HFCWs
under aerobic or anaerobic conditions due to the
bacterial accumulation on the plant roots and the
media layer represented by biochar (Oliveira et
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al., 2021). The ratio of BOD, to COD is consid-
ered as a sign for the biodegradability of organic
matter in wetlands. In this study, the ratio was
(0.219) within the range of lowest biodegradabil-
ity (Zhang et al., 2020).

The treatment system was highly efficient in
removing COD. The average reduction efficiency
of COD was slightly more in R2 (86.05%) than
R1(84.33%) (Fig. 3b). However, no dissimilarity
founded between the gravel bed and biochar- grav-
el beds (p = 0.288, T-test) in terms of the COD re-
moval rates. These results confirmed that the COD
reduction was due to the presence of B. monnieri
L. in the system. Organic matter degradation by
plants in wetlands attributed to the roots perfusion
and the oxygen presented from the vegetarian pa-
renchymal system, which consequently promote
the microbial activities for organic matters con-
sumption (Zammora et al., 2019). Same results
were discussed by Gupta et al. (2016), Mwenge
and Seodigeng (2019), and Xing et al. (2021).

The mean biological oxygen demand (BOD,)
removal (Fig.3b) in filter R2 (65.97%) was higher
than filter R1 (56.49%). This confirms the effect
of biochar in increasing microbes and organic
substances that promote bio-cracking process
(Paul and Hall, 2021). Significantly, no dissimi-
larity between the R1 and R2 regarding BOD;
reduction efficiency (p = 0.13, T-test). These data
confirmed that there is a very small effect for the
biochar in the filter R2 for BODS5 reduction, and
the main factor was the plants. These plants are
the predominate source of oxygen transfer in wet-
land, and convey the oxygen from the leaves to
the roots. These plants do not remove the BOD;
directly, they work as a host for a variety of at-
tached growth organisms, which are primarily re-
sponsible for the organics decomposition.

Removal rates of nitrate and orthophosphate

In wetlands, the predominate mechanism for
nitrogen removal occurs are absorption by plants
and microbes, and nitrification/denitrification
processes (Vymazal, 2007; Chyan et al., 2013).
Within the aerobic environment, the oxidation
of ammonia (NH,) to nitrite (NO,) is occurred,
which is then converted to nitrate (NO,) by nitri-
fication. Later, NO, under anaerobic conditions is
converted to N, by denitrification process.

The mean removal efficiency of NH, (Fig.
3c) was very high for both treatment filters (R1,
99.33%; R2, 99.43%) without any significant
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differences between them (p > 0.05). this was due
to the nitrification process, and plants and micro-
bial absorption. The mean NO, removal efficiency
was very low due to the low denitrification level
in both treatment systems (Fig. 3c). Also, no sig-
nificant differences (p = 0.543, Mann-Whitney U
test) were noticed between both of R1 (25.85%)
and R2 (25.22%) indicating that both filters were
similar in terms of microbes grown on the roots
of plants and the media. This confirmed by Zhang
et al. (2016). Low NO, reduction in both filters
attributed to the limited hypoxic conditions in the
treatment systems that is also confirmed by the
DO level in both treatment systems.

The reduction of PO, was slightly high-
er (Fig. 3¢) in R1 (52.10%), followed by R2
(50.58%). Statistically, both filters do not show
any significant differences between the filters (p
= 0.95, Mann-Whitney U test). Generally, PO,
reduction in wetlands achieved by the media
(adsorption), plants and microbes (biotic up-
take), and sedimentations. Also, it is mentioned
that the level of water temperature improved
the PO, assimilation by the plants and microbes
(Kadlec and Wallace, 2008). Therefore, it seems
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that all the above treatment mechanisms were
responsible for PO, reduction. Several authors
confirmed that the anaerobic environment is the
predominated conditions in HFCW, and there-
fore it is not efficient for organic matters and
nutrients reduction (Hdidou et al., 2021). How-
ever, this study proved that the batch mode of
wastewater filling and draining, the system and
water depths, as well as the type and size of me-
dia could alert wetland performance by enhanc-
ing the DO level, and consequently achieving
high level of NH, reduction comparing with low
NO, removal. Andreo-Martinez et al. (2017) also
proved a high improvement in HFCW efficiency
by increasing the concentration of dissolved ox-
ygen in the filter.

Removal rates of calcium and magnesium

The average calcium removal rates of treat-
ed water in filter R2 (42.45%) were higher than
filter R1 (33.18%). Also, the average magne-
sium removal rates of treated water in the fil-
ter R2 (40.11%) were higher than the filter R1
(31.64%). Significant differences were founded
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Figure 3. Mean removal efficiency of treatment filters: R1 — treated water by plant
+ gravel filter; R2 — treated water by plants + biochar + gravel filter
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Figure 4. Fecal (FC) and total (TC) coliform
bacteria concentrations. (R1, treated water
by plant + gravel filter; R2, treated water
by plants + biochar + gravel filter)

in terms of calcium (p = 0.039, T-test) and mag-
nesium removal rates (p = 0.024, T-test) between
both treatment filters confirming the impact of
biochar as a beneficial adsorbent material (Fig.
3d). Chaukura et al. (2020) confirmed the same
results; they mentioned that biochar was very ef-
ficient for enhancing the adsorption of calcium
and magnesium.

Bacterial and plant surveillance

The outcomes displayed that the average fe-
cal and total coliform concentrations for the raw
water were 20x10 CFU/mL, and 6x10° CFU/
mL, in that order. After three months of treat-
ment period (during Winter season), the con-
centrations of fecal coliform per 10 mL of the
sample were reduced to 5x10° CFU/mL and
2x10° CFU/mL in R1 and R2, respectively.
The values were lower in R2 compared with
R1 (Fig. 4). This confirming the impact of bio-
char in the second filter, which enhanced the
fecal coliform removal from the greywater. In
terms of total coliform, the concentrations re-
mained 6 x 10°° CFU/mL for both filters (Fig. 4).
In wetlands, aquatic plants are the main factor
that crucially affect fecal bacteria by enhancing
the level of DO (preferable conditions for liv-
ing microbes). Furthermore, the aquatic plants
have antimicrobial properties by certain secre-
tions (Vymazal, 2005). Bacterial concentrations
in treatment systems are affected by the media
through the mechanical filtration process (Wand
et al.,, 2007). The regular monitoring of plants
survival showed that the plants grew very well
during the experiment period in both treatment
systems. The green color of the plant was con-
tinued within the three months of operation.
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CONCLUSIONS

The designed HFCW was successfully operat-
ed in Basra city. The conclusions are summarized
as follow. Greywater characteristics enhanced for
both treatment systems. High COD removal was
achieved by gravel bed (86.05%) more than the
gravel-biochar bed (84.33%). The COD reduc-
tion was mainly due to the presence of B. mon-
nieri L. in the system. The mean BOD, removal
in biochar-gravel filter 65.97% was higher than
gravel bed 56.49% High NH, reduction rate in
biochar-gravel filter 99.4% and gravel bed 99.3%.
The NO, removal was very low in both treatment
systems. The reduction of PO, was slightly high-
er in gravel bed (52.10%) followed by biochar-
gravel bed (50.58%). The removal of Ca, Mg™,
TDS, TU, and EC was higher in biochar-gravel
bed comparing with gravel bed only. The concen-
trations of fecal coliform were reduced to 5x107
CFU/mL in gravel bed and 2x10 in biochar-grav-
el filter. The plants monitoring showed that the
plant grew very well and remaining green during
the experiment period.
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