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with pelletized mine water sludge for synthetic greywater treatment
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Abstract
Purpose Buckets containing floating reed (Phragmites australis) simulated floating treatment wetlands (FTWs) and were used to
improve the remediation performance of synthetic greywater (SGW). The aim of the study was to investigate the behaviour of
FTWs for treatment of key contaminants within artificial greywater.
Methods Pelletized ochre based on acid mine water sludge was introduced to selected FTWs, because of its capability in
sequestration phosphorus and other trace elements. The impact of the following four operational variables were tested in
the experimental set–ups of the FTWs (four replicates each): pollutant strength (high– (HC) and low– (LC) concentra-
tions), treatment time (2– or 7–days of hydraulic retention time (HRT)), presence or absence of macrophytes
(P. australis) and cement–ochre pellets.
Results The results showed that 5 − day biochemical oxygen demand (BOD) and chemical oxygen demands (COD)
were significantly (p < 0.05) reduced in all wetlands. Nitrate–nitrogen (NO3–N) concentrations were significantly
(p < 0.05) higher, and those measurements for PO4–P were significantly (p < 0.05) lower than the corresponding ones
determined for the influent. The existence of ochre pellets with P. australis significantly (p < 0.05) decreased B, Cd,
Cr, Cu, Mg, Ni and Zn concentrations, but increased Al, Ca, Fe and K concentrations in the effluent, with the
exception of sodium (Na).
Conclusions The FTW performances can be improved by utilising ochre–cement pellets to increase the pH of greywater. The
presence of P. australis acts as a buffer to neutralise the pH of SGW. Rhizomes and biofilms mitigate increases in turbidity, TSS
and colour values.
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Background

Urbanisation and industrial development coupled with in-
creasing world population have led to intensive demands on
water resources. Consequently, increased volumes of waste-
water have provided the motivation to explore economical
methods of collection, treatment and disposal, benefiting pub-
lic health and the environment [1].

Household wastewater includes two types of discharge;
black and grey wastewaters. Blackwater is defined as the
derived effluent from toilets, bidets and urinals. Greywater
refers to untreated domestic sewage generated from bath-
rooms, washing basins, laundry equipment, dishwashers
and kitchen sinks, workplace buildings, schools, etc.
[2–4]. Occasionally, effluents generated from kitchen sinks
and dishwashers are excluded from greywater [5, 6]. Reuse
of domestic wastewater became common, for non–
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drinking purposes [7]. Since greywater is defined as all
domestic wastewater without toilet discharge, it represents
the major fraction of the total household wastewater, which
has a low level of pathogens and organic matter [4]. The
most common practice of greywater reuse is for agricultur-
al irrigation and toilet flushing [8], reducing the overall
domestic water consumption [9]. However, recycling of
wastewater for industrial, recreational, environmental and
urban reuse options have become common practise [10].
The characterisation of grey wastewater based on an indi-
vidual sample might be very misleading since the contam-
inant concentrations vary over the day and on different
days of the week [4]. So, researchers have tried to address
this challenge by mimicking greywater characteristics arti-
ficially [11]. Synthetic greywater constituents are either
containing ingredients of domestic products and/or analyt-
ical grade chemicals to resemble the composition of vari-
ous types of real greywater [12].

Pathogens and nutrients in greywater are significantly less
common than in black wastewater. Moreover, there is com-
monly a high variation in trace element concentrations [4].
However, the organic and nutrient proportions in real
greywater are usually too low for high-rate biological process-
es to take place effectively [6, 7, 13].

Among different treatment technologies, constructed wet-
lands have been a widely accepted option for treatment and
recycling of greywater [7, 14] due to their ability to meet the
requirements of public health, aesthetics, sustainability, tech-
nical design and affordability [8]. However, removal of phos-
phorus is only modest in constructed wetlands [15].
Significant land requirements make wetlands expensive in
some locations [16]. To enhance phosphorus (P) removal, it
is common practice to add aluminium or iron salts to a tertiary
treatment process. This practise results in heavy floc blanket
settling [17]. On the other hand, substances containing calci-
um such as lime are utilised to achieve good phosphorus re-
movals served with a high level of pH, as this technique is
more economic, especially for large volumes of discharge
[18]. To reduce consumptions of commercial chemicals for
phosphorus removal in wastewater treatment, it was suggested
to use raw minerals and industrial by–products such as fly ash
[19], slag [20], concrete waste [21], animal waste [22] and
ochre sludge [23–25].

Phytoremediation is a vital natural process of pollutant re-
movals from aquatic ecosystem. Saeed et al. [26] undertook an
experiment where a constructed floating mat vegetated with
P. australis (commonly available, cheap, deep–rooting and
fast−growing) andCanna indica showed a decrease in nitrogen
due to nitrification–denitrification processes, while the phos-
phorus removal was influenced by filtration and sedimentation
actions. Protozoa predation and oxidation processes in this sys-
tem affected positively the removal rates of Escherichia coli.
This system showed greater removal of nutrients and E. coli

during the dry period [26]. Furthermore, the efficacy of FTWs
can be enhanced by inoculation with bacteria for wastewater
applications of, for example, municipal [27] as well as domestic
and industrial origins [28].

The common criteria to select wetlandmacrophytes depend
on their availability and abundance in the corresponding re-
gion of study. Sooknah and Wilkie [29] selected three floating
aquatic macrophytes, namely Eichhornia crassipes,
Hydrocotyle umbellata, and Pistia stratiotes to evaluate the
quality improvement of wastewater from anaerobically
digested flushed dairy manure in terms of nutrients, COD,
solids and salinity. Other free–floating aquatic macrophytes
such as Ipomoea aquatica, Paspalum repens, Azolla
microphylla, Salvinia minima Baker and Lemna minor have
been examined for their effectiveness in treating organic mat-
ter and nutrients in wastewater from a dairy farm, a dairy
processing plant, a banana paper plant and a landfill [30].
Floating treatment wetlands planted with emergent macro-
phytes such as Carex acutiformis, Carex virgata, Cyperus
us tu la tus , Juncus edgar iae and Schoenoplectus
tabernaemontani have been investigated for their ability to
tolerate high fluctuations in water depths that are typical of
storm water ponds [16, 31]. Borne et al. [32] reported a sig-
nificantly improved runoff water quality for floating treatment
wetlands vegetated with Carex virgata for remediation of
suspended solids, particulate zinc as well as particulate and
dissolved copper compared to parallel storm water treatment
ponds monitored in a field trial study. In addition, the floating
treatment wetland has shown an increase in adsorption pro-
cesses for insoluble copper sulphides and direct copper uptake
by plants at presence of high humic content, low dissolved
oxygen and natural water pH. Ladislas et al. [33] assessed the
adsorption mechanisms of Juncus effusus and Carex riparia
roots for remediation of cadmium, nickel and zinc from urban
water runoff, which demonstrated a high capacity to adsorb
dissolved metals and filter particulates. An alternative method
for the selection of vegetation species is to select according to
their efficiency of nutrient removal [34–36].

Floating treatment wetlands are simple in design and re-
quire no additional land resulting in savings compared to con-
ventional constructed wetlands [16]. The immersed rhizomes
and roots of macrophytes provide a large surface area to de-
velop a biofilm, which plays a key role in the removal of
suspended contaminants from the water column [37–40].
Moreover, roots of some plants supply dissolved oxygen into
the waterbody benefiting the growth of aerobic microorgan-
isms, which break organic substances down [41, 42].

This study evaluated the purification of artificially prepared
greywater by floating reed beds [43, 44] in combination with
cement–ochre pellets for removal of phosphate and other trace
elements. The corresponding objectives were: a) to assess the
effluent quality as a function of hydraulic retention time
(HRT), pollutant concentration strength, existence of
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P. australis, and contribution of cement–ochre solids in treat-
ment processes; b) to evaluate and analyse cement–ochre pel-
lets for accumulative trace elements during the treatment pe-
riod; and c) to evaluate and analyse biomass tissues of
P. australis for accumulative trace elements and their distribu-
tion in individual plant parts.

Methods

Artificial greywater

Domestic greywater was made synthetically by applying
adopted analytical–grade substances [45], which were sup-
plied by Fisher Scientific Co. Ltd. (Bishop Meadow Road,
Loughborough, UK). Stock solutions were the basis for syn-
thetic greywater (SGW) with low concentrations (LC) and
high concentrations (HC). Chemicals subject to a recipe
(Online Resource 1) were subsequently added to tap water
and mixed by a magnetic stirrer for one hour at 1200 rpm.
The stock solutions were thinned with drinking water at a ratio
of 1 to 100, and stored at 4 °C, and mixed again for 30 min
before being used in further experiments [45].

Cement–ochre pellets

Ochre was obtained from the mine sludge handling and treat-
ment works at the Deerplay coal mine (53°44′06^N 2°11′
49^W), which is located just north of Rochdale (OL13
8RD), UK. Drying beds were used to remove surplus water,
and the concentrated ochre was stockpiled on–site. The mois-
ture content of the ochre was 87%. Portland cement (three
parts) was added to the raw ochre sludge (seven parts) to
produce pellets [24, 25, 46].

Experimental set–up design

The intent of the tested microcosm FTW cell system was to
mimic constructed retention systems with floating reed beds
under authentic weather conditions on top of a building at The
University of Salford (53°29′09.3BN and 2°16’24.8^W). The
test was performed between 1st September 2014 and 1st
November 2016. The assessment commenced on 1st
November 2014. The biofilm growth was unhindered for
two months; September and October 2014. About 14–litre
plastic buckets (purchased from B&Q, Manchester, UK) were
filled with 10 l of SGW.

Washed bare–rooted Phragmites australis (Cav.) Trin. ex
Steud. (common reed) plants were supplied by VESI
Environmental Ltd. (Little Island, Co. Cork, Ireland). The
corresponding roots and rhizomes (about 1 l) were submerged
to a depth of about 30 cm.

The authors assessed the ability of microcosm FTW cell
systems, when cement–ochre pellets and P. australis were
present, to treat greywater. The ability of macrophytes to treat
synthetic greywater (SGW) at two different pollutant loadings
subject to short (2 days) and long (7 days) HRTs was assessed.
The selected retention times are considered typical of floating
treatment wetlands [35, 46, 47].

The set−up design shows 72 FTW microcosms
(Fig. 1b). The first group was characterised by 2 days of
HRT for eight sets of microcosms (T1, T2, T3, T4, T5,
T6, T7 and T8). The second group of microcosms (T9,
T10, T11, T12, T13, T14, T15 and T16) was subjected to
7 days of HRT. Each set had four replicates marked by the
microcosm number directly followed by a letter (either a,
b, c or d) to identify replicates. Ten litres of synthetic
greywater with high contamination contents (HC–SGW)
were treated in microcosms T1, T2, T3 and T4 for a HRT
of 2 days and in microcosms T9, T10, T11, and T12 for
7–day HRT. Greywater with low contamination content
(LC–SGW) was treated in microcosms T5, T6, T7 and
T8 for 2–day HRT, and in microosms T13, T14, T15
and T16 for 7–day HRT. Microcosms T1, T2, T5, T6,
T9, T10, T13 and T14 were vegetated with P. australis.
Cement–ochre pellets (300 g) were designed to treat 10 l
of SGW each in microcosms T2, T4, T6, T8, T10, T12,
T14 and T16 (Fig. 1). Therefore, floating P. australis
combined with cement–ochre pellets were applied in
FTW microcosms T2, T6, T10 and T14 as part of the
experimental investigation, while microcosms T3, T7,
T11 and T15 were left with only synthetic greywater
(i.e. without vegetation and without cement–ochre pel-
lets). The experimental set–up design included four sets
of microcosms with two replicates that served as controls
(C), which were fed by ten litres of de–chlorinated tap
water. All control sets were labelled with the capital letter
C followed by the number of the corresponding micro-
cosm, which was either 1, 2, 3 or 4, and a small letter
(a or b) allowing for the identification of replicates. The
vegetated control microcosm C1 and the non–vegetated
control microcosm C2 were linked to 2 days of HRT,
while vegetated C3 and non–vegetated C4 benefitted from
7 days of HRT. The simulated greywater in the FTW
microcosms (T) was exchanged completely (without
disturbing the biofilm) with fresh SGW after the specific
time of retention.

Water quality assessment

Water quality examinations were performed according to
APHA [48]. The spectrophotometer DR 2800 Hach Lange
(www.hach.com) was used for the assessment of parameters
such as chemical oxygen demand (COD), ammonia–nitrogen
(NH4–N), nitrate–nitrogen (NO3–N), ortho–phosphate–
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phosphorus (PO4–P), total suspended solids (TSS) and colour.
The 5–day biochemical oxygen demand (BOD) was deter-
mined with the OxiTop IS 12–6 system according to
Wissenschaftlich–Technische Werkstätten (WTW), Weilheim,
Germany. Turbidity was determined with a Turbicheck
Turbidity Meter (Lovibond Water Testing, Tintometer
Group). Electric conductivity (EC) was measured by the con-
ductivity meter METTLER TOLEDO FIVE GOTM (Keison
Products, Chelmsford, Essex, England, UK). Hydrogen ion
(pH) and redox potential (Eh) were determined with a
sensION+ benchtop multi–parameter meter (Hach Lange,
Düsseldorf, Germany). Dissolved oxygen (DO) was recorded
by a HQ30d Flexi Meter (Hach Lange, Düsseldorf, Germany).

Trace element analysis

Minerals and trace elements of inflow and outflow greywater
were analysed following the SW–846 Test Method 6010D
[49] by applying Inductively Coupled Plasma–Optical
Emission Spectrometry (ICP–OES) using Varian 720–ES
(Agilent Technologies UK Ltd., Wharfedale Road,
Wokingham, Berkshire, UK).

The USEPA Method 200.7 was used to analyse the raw
ochre sludge and the cement–ochre pellets [50]. Trace ele-
ments were also analysed for P. australis tissues such as roots,
rhizomes, stems and leaves. Solid samples were acid−digested
following the USEPA Method 3050B [51].

Statistical evaluation

Microsoft Excel and the Statistical Package for the Social
Sciences (IBM–SPSS) Statistics Version 23 (www.ibm.
com) were used to analyse data at a 95% confidence
level. The independent sample T–test was used to eval-
uate sample averages from two independent groups, if
their distribution was found to be normal using the nor-
mality test of Shapiro–Wilks. The non–parametric test
(Mann–Whitney test) was used to match two independent
samples when their distributions were not normal.
Furthermore, the non–parametric Kruskal–Wallis tech-
nique was applied for data that were non–normal distrib-
uted. An assessment of the consistency of variances was
performed by applying Levene’s test for both parametric
and non–parametric techniques. Correlations were
assessed with Spearman’s test.

Fig. 1 a photo of part of the experimental set-up at the start of the experiment; and (b) sketch illustrating the operational variables in the experimental set–
up design of the simulated floating treatment wetlands
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Results and discussion

Temperature, pH, redox potential and electronic
conductivity comparisons

The influent water quality was illustrated in Online Resource 2,
while Online Resource 3 shows the effluents characteristics of
both greywater types. The mean values of inflow temperature
were between 16.9 °C and 17.7 °C for HC–SGW and LC–
SGW. The average pH value was 8.4 ± 1.61 for influent HC–
SGW. In comparison, the mean pH was almost neutral (6.9 ±
0.48) for the influent LC–SGW. It was clearly noted that the pH
correlated negatively and significantly (r = − 0.967; p < 0.001)
with Eh in all treatment systems, which is common in aqueous
ecosystems [52]. The cement–ochre pellets utilised in the cur-
rent investigation had pH entries between 9.63 and 12.53 and
redox potentials between −248.5 and − 98.8 mV. The mean
electric conductivity for those pellets ranged between 1580
and 2300 μS/cm. Therefore, ochre pellets placed in the treat-
ment systems always significantly increased pH and EC of the
outflows. This can be explained by, for example, a positive
significant correlation (r = 0.717, p = 0.030) between pH
and Ca. However, the existence of P. australis in the puri-
fication of SGW significantly (p < 0.05) decreased the pH
value of the outflow compared to the inflow pH. The drop
in pH can be explained by the production of carbon dioxide
during rhizome breathing and/or organic acids [14], which
are by–products of biodegradation of organic substances in
water by microorganisms [52, 53].

In this study, the statistical analysis showed that it is a
challenge for P. australis to cope with the effect of ochre
pellets in terms of pH and EC. An increase in HRT when
treating SGW in wetland systems using a combination of
P. australis and ochre pellets raised the pH values signif-
icantly, because of the presence of ochre pellets when
comparing T2 and T6 with T10 and T14, respectively
(Online Resource 4). This can be explained by the fact
that ochre is a mineral-based sludge [25]; its presence in
wastewater causes a dynamic chemical exchange of vari-
ous ions, subsequently increasing the EC and pH [17, 54].

Turbidity, total suspended solids and colour
evaluations

Outflows of all systems were agitated before sampling to
evaluate real removal mechanisms (without the impact of
sedimentation) by P. australis, ochre or their combination.
Because of the relatively high level of pH associated with
using ochre pellets in contact with water in systems T4, T8,
T12 and T16, it could be that the precipitation of dissolved
solids in SGW and ochre pigments resulted in a significant
increase (p < 0.05) in turbidity, TSS and colour within the
outflow compared to the inflow [54, 55]. The statistical

analysis showed pH correlated positively and significantly
with turbidity (r = 0.700, p = 0.036), TSS (r = 0.950,
p < 0.001) and colour (r = 0.783, p = 0.013). In comparison,
the existence of P. australis in floating systems treating
SGW (T1, T5, T9 and T13) resulted in a significant drop
in turbidity, TSS and colour (Table 1).

Biofilms that developed on the root and rhizome sys-
tems of P. australis and on the vessel walls led to im-
proved biological decomposition enhancing the removal
of TSS, turbidity and colour [14, 56]. The correlations
between turbidity and TSS, turbidity and colour, and
TSS and colour were positive and significant; r = 0.783
(p = 0.013), r = 0.767 (p = 0.016), and r = 0.767 (p =
0.016), respectively. However, on some occasions, the
sloughing–off the heavy biofilms from rhizome surfaces
in systems of floating macrophytes may have caused an
increase in TSS concentrations [42]; e.g., comparison of
the outflows of T2 to T4. Furthermore, the only signifi-
cant effect of elevating HRT of the purification of SGW
was a decrease in TSS and colour in systems with a com-
bination of ochre pellets and P. australis (T10 and T14)
compared with systems a HRT of 2 days (T2 and T6,
correspondingly) (Online Resource 4).

Dissolved oxygen, biochemical and chemical oxygen
demand comparisons

In this investigation, dissolved oxygen (DO), 5–day biochem-
ical oxygen demand (BOD) and chemical oxygen demand
(COD) decreased significantly at the presence of P. australis
in treatment systems of both types of SGW (T1, T5, T9 and
T13) compared with the outflows of systems T3, T7, T11 and
T15, respectively (Online Resource 3). In terms of DO, these
findings confirmed the other published findings by previous
researchers [53]. However, it has been reported that the pres-
ence of macrophytes has only a minor impact on effluent DO
values but a significant impact on BOD removal in experi-
mental wetlands [57]. Furthermore, the BOD removals
(Fig. 2a) in vegetated wetlands were reported to be higher than
those removals in non − vegetated wetlands [37], while COD
removals (Fig. 2b) have been successfully reduced in vegetat-
ed horizontal flow wetlands compared to those removals in
non − vegetated wetlands [10].

Compared to the inflow, the DO, BOD and COD concen-
trations were found to be significantly low in all systems
treating HC–SGW for all HRT and systems applying a com-
bination of ochre and plants (T2 with a HRTof two days) and
T10 (7–day HRT)), as evident from Online Resource 4,
Fig. 3a, b. The treatment of LC–SGW in systems applying a
combination of pellets with Phragmites showed significant
decreases in DO and BOD concentrations (Fig. 3). Similar
effects on DO, BOD and COD were noted when ochre pellets
were present in combination with P. australis in systems T6
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Fig. 2 Overall performance of the floating treatment wetlands with
different operational parameters for the treatment of both concentrations
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remove (a) biochemical oxygen demand, b chemical oxygen demand, c
ammonia–nitrogen, d nitrate–nitrogen, and (e) ortho–phosphate–
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and T14, if they were compared to those outflow values of
systems T5 (2–day; only P. australis) and T10 (7–day;
P. australis), respectively (Fig. 3).

In addition, the occurrence of pellets alone in treatment of
SGW (T4, T8, T12 and T16) also resulted in significant de-
creases in DO, BOD and COD when comparing the inflow
equivalents (fills) with the outflow equivalents (draws) of the
batch flow systems T3, T7, T11 and T15, respectively (Fig. 4).
The significant reduction in DO and COD associated with the
existence of ochre pellets was essentially due to the oxidation
mechanisms from Fe, Al and Ca sources in greywater [46, 55].

The DO, BOD and COD in this study were not affected by
the increase in HRT in system T14 (7–day; combination of
ochre pellets and P. australis) compared with those values in

the effluent of system T6 (2–day; combination of ochre pellets
with P. australis), as shown in Figs. 3 and 4. A surge in HRT
results in an elevation in DO [47]. Furthermore, more HRT for
floating reed systems reduces their BOD removal [57].

Significant (p < 0.05) negative correlations were noted be-
tween pH and BOD (r = −0.983, p < 0.001). The strong nega-
tive correlation between pH and BOD may occur through
elimination of organic substances in settlement and biological
degradation processes [58], which consumes carbon and nu-
trient compounds leading to a surge in pH due to the release of
carbon dioxide during cell growth [59].

However, there were considerable correlations between
DO and COD, which were negative and significant (r =
−0.700, p = 0.036) in the treatment of LC–SGW and positive
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Fig. 2 continued.
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and significant (r = 0.667, p = 0.050) for HC–SGW.
Significant (p < 0.05) and negative correlations between DO
and COD and/or BOD were recorded for systems with no
limited oxygen supply, where aerobic biodegradation was a
function of the amount of organic substances during the chem-
ical oxidation process. For greywater, industrial wastewater
and storm water, DO usually correlates negatively with
COD. This is due to the lack of provision of dissolved organic
matter. Aerobic biodegradation is not restricted by DO provi-
sion [41, 57]. Concerning significantly (p < 0.05) positive cor-
relations between DO and COD, the adequate availability of

oxygen to aerobic heterotrophic bacteria will considerably
elevate aerobic biochemical oxidation [41].

Nutrient assessments

The considerable significant (p < 0.05) decreases of PO4–P
values in treatment systems containing only SGW (T3, T7,
T11 and T15) compared to values of inflow were mainly
due to either sedimentation and/or microorganism mecha-
nisms (Fig. 2c–e). However, there was a nutrient imbalance
for LC–SGW, which was not sufficient for the organisms’
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Fig. 3 Effect of cement–ochre pellets and treatment hydraulic retention
time (HRT) on the variations of a) 5 − day biochemical oxygen demand
(BOD) concentrations in high contamination (HC) synthetic greywater, b

chemical oxygen demand (COD) concentrations in HC synthetic
greywater, c BOD concentrations in low contamination (LC) synthetic
greywater, and d) COD concentrations in LC synthetic greywater
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survival and consequently limited PO4–P removal [13, 14].
Therefore, the outflow from treated SGW systems was agitat-
ed in this study before sampling to encourage solids to sus-
pend or dissolve [16, 38].

The comparative statistical analysis (Online Resource 4)
of inflow with outflow of system T2 treating HC–SGW by
both ochre pellets and P. australis for 2–day HRT (Fig.
2d, e) showed that NO3–N was significantly (p < 0.05) el-
evated and PO4–P was significantly (p < 0.05) reduced
than those corresponding values of the influent. These ob-
servations were similar when comparing inflow with out-
flow HC–SGW from systems T1 (2–day; only P. australis)
and T4 (2–day; only cement−ochre pellets). Therefore, the
significant (p < 0.05) decrease of PO4–P concentration was
linked to the effect of the existence of cement−ochre

pellets together with P. australis in system T2 compared
to system T1.

For systems applying both cement–ochre pellets and
P. australis treating LC–SGW (T6 (2–day) and T14 (7–day
HRT)), values of NO3–N and PO4–P were significantly
(p < 0.05) reduced compared to those of the influent.
Nevertheless, no significant (p > 0.05) alterations in concen-
trations of NH4–N were noted for those systems in compari-
son to the NH4–N values linked to the inflow (Fig. 2c, 5b and
6b). Considering that for systems treating SGW with only
floating P. australis, volatilisation and plant uptake are prima-
ry elimination processes for NH4–N in floating treatment wet-
lands, the reduction of NO3–N and organic–N could cause
ammonia generation, which may be less than the substantial
increases of NH4–N [53].
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The precipitation of PO4–P is a significant (p < 0.05)
phosphorus removal mechanism in wetland systems [60].
The uptake by plants is another likely process of PO4–P
reduction. Nevertheless, this is a seasonal phenomenon,
which reverses when the plants are perishing in autumn
[59]. Plants take–up phosphorus and nitrogen as essential
nutrients [10]. However, the amount of phosphorus stored
within plants is significantly (p < 0.05) less compared to
that for nitrogen [61].

A significant contribution to PO4–P removal into FTWs is
the existence of cement−ochre pellets in the treatment process,
which is linked to either adsorption processes and/or precipi-
tation mechanisms. This is because of to the relatively high

amount of Ca that converts dissolved PO4–P to insoluble
forms, if the pH is rather high [23, 55], as shown in Figs. 5
and 6. Although calcium phosphate precipitation is commonly
the predominant removal mechanism, it has been reported that
it could be less dominant for ochre−based sludge [46].
However, PO4–P concentrations correlated significantly neg-
atively with pH values (r = −0.767, p = 0.016) and Ca concen-
trations (r = −0.783, p = 0.013) in the outflow of treatment
systems. Furthermore, the outflow of the treatment systems
combining ochre pellets and P. australis showed that TSS
correlated significantly negatively (r = −0.717. p = 0.030)
with PO4–P and significantly positively (r = 0.717, p =
0.030) with NO3–N.
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Fig. 4 Effect of Phragmites australis and treatment hydraulic retention
time (HRT) on the variation of; a 5 − day biochemical oxygen demand
(BOD) concentrations in high contamination (HC) synthetic greywater; b

chemical oxygen demand (COD) concentrations in HC synthetic
greywater; c BOD concentrations in low contamination (LC) synthetic
greywater; and d) COD concentrations in LC synthetic greywater
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After 7 days of treating HC–SGW in systems T10 (ochre
pellets with P. australis) and T12 (only ochre pellets), NH4–N
and PO4–P values decreased significantly (p < 0.05).
However, NO3–N increased significantly (p < 0.05) in com-
parison to those parameters of the influent (Online Resource
4). Furthermore, the outflow of system T1 (only P. australis)
showed the same patterns concerning NH4–N and PO4–P.
Also, for a HRT of 7 days concerning the purification of
HC–SGW, the existence of both cement−ochre pellets and
floating P. australis in system T10 significantly (p < 0.05)
increased NH4–N and PO4–P concentrations compared with
the outflow of system T9 (only P. australis).

Regarding the increases in NO3–N concentrations, it was
claimed that greywater is usually deficient in biodegradable

organic matter including nutrients [57]. This has commonly a
negative effect on the treatment performance [1, 13]. It fol-
lows that nitrification is a less relevant process in FTWs, be-
cause of few nitrifying organisms being present in the facul-
tative neighbourhood and easy nitrogen removal by wetland
vegetation [59]. Therefore, the existence of both cement
−ochre pellets and floating P. australis for the purification of
LC–SGW significantly (p < 0.05) decreased NO3–N and
PO4–P within the outflow from systems T6 (2–day) and T14
(7–day) with no significant (p > 0.05) impact on NH4–N
values, if compared to those values of outflow from systems
with only P. australis; T5 (2–day) and T13 (7–day), respec-
tively (Fig. 5). In addition, an elevated HRT for the cleaning of
HC–SGW (Figs. 5 and 6) in systems applying both pellets and
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Fig. 4 continued.
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plants significantly (p < 0.05) reduced NH4–N and PO4–P
values and significantly (p < 0.05) surged the NO3–N concen-
tration in comparison to the system of 2–day HRT. Moreover,
a higher HRT for the purification of LC–SGW (Figs. 5 and 6)
in system T14 significantly (p < 0.05) decreased NH4–N and
significantly (p < 0.05) increased NO3–N. Removal of NO3–
N in systems treating LC–SGW with a combination of ochre
pellets and P. australis were significantly greater than those
reductions in treatment of HC–SGW.

In this evaluation, cement–ochre pellets can continue re-
moving phosphorus in wetlands up to 7 days. In comparison,
non − pelletized ochre sludge reaches an equilibrium in a
phosphate−based solution after a HRT of roughly one hour
[46]. Oxides and hydroxides of Fe and Al that are released
from cement−ochre pellets and Ca compounds adsorb phos-
phorus according to Heal et al. [54]. Phosphorus can decrease
quickly, if the water column is not stirred. It follows that an

elevation of the HRT may not lead to a reduction in PO4–P at
the company of cement−ochre pellets (Online Resource 4).

Assessment of trace elements in greywater

In the system treating HC–SGW by an arrangement of
both cement−ochre pellets and P. australis for a HRT of
two days (T2), the outflow exhibited significant (p < 0.05)
reductions in B, Cd, Cr, Cu, Fe, Mg, Mn, Ni and Zn in
comparison to those corresponding concentrations of the
inflow (Online Resource 3, Fig. 7a, b). However, a sig-
nificant (p < 0.05) elevation in concentrations of Ca was
observed in comparison to the inflow HC–SGW. Similar
significant (p < 0.05) changes were observed for the efflu-
ent of system T1 (HC–SGW; 2–day; only P. australis)
with the exception that Al and K showed significant (p
< 0.05) decreases. System T4 (HC–SGW; 2–day; only
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ochre pellets) showed significant (p < 0.5) rises in Ca and
Cu, and decreases in B, Mg, Mn and Ni.

For FTWs, trace elements might be removed by processes
such as settlement, sedimentation, biological sorption, precip-
itation, cation exchange, photo−degradation, biological deg-
radation, microbial processes and uptake by plants. However,
the actual reactions cannot easily be determined [32, 62].

Concerning this investigation, a comparative analysis
between outflows of systems T1 and T2 showed that the
existence of both pellets and plants in system T2 signifi-
cantly (p < 0.05) reduced B and Mg, and increased Al, Ca
and Fe in the outflows. Those significant increases were
linked to high Al, Ca and Fe concentrations within the
pellets, which were discharged back into the treated
greywater [54]. On the other hand, a comparison between
outflows of systems T2 and T4 revealed that P. australis,
when used in combination with pellets in system T2, sig-
nificantly (p < 0.05) decreased the concentrations of all
considered elements (Online Resource 4).

Concerning the treatment of HC–SGW for a HRT of
7 days when combining ochre pellets and floating

P. australis, the outflow of system T10 concerning Al, B,
Cd, Cu, Fe, Mg, Mn and Zn reduced significantly
(p < 0.05) with a significant rise in Ca concentration com-
pared to those corresponding concentrations of the influent
(Fig. 7a). Furthermore, for a HRT of 7 days, the pellets and
floating plants in system T10 (HC–SGW) significantly
(p < 0.05) affected the removal of Al, B, Cd, Cr, Cu, Mg,
Ni and Zn compared with those concentrations in the out-
flow from system T9. While floating P. australis in com-
bination with ochre pellets in system T10 contributed sig-
nificantly (p < 0.05) to the decrease of Al, Ca, Cd, Cr, Cu,
Fe, K, Mg, Mn and Zn values compared with the outflows
of system T12. However, system T9 (7–day; HC–SGW;
only P. australis) showed significant (p < 0.05) reductions
of Cu, K, Mn, Ni and Zn compared to the inflow (Fig.
7a, b). System T12 (7–day; HC–SGW; only ochre pellets)
removed B and Mg significantly (p < 0.05) in comparison
to their inflow concentrations. In Online Resource 4, the
role of plants in obtaining nutrients straight from the
greywater was evidenced [16]. In parallel, dissolved ele-
ments in greywater such as Al, Ca and Fe might be
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adsorbed chemically to replace vacant places, which were
occupied by the over−saturated elements in ochre pellets
and then remobilised to the water [24, 63].

For the treatment of LC–SGW, if pellets and plants are used
in system T6 subjected to a HRTof 2 days, the B, Cd, Cu, Mg,
Mn, Ni and Zn concentrations were significantly (p < 0.05)
decreased in comparison to those in the influent. However,
there were significant (p < 0.05) increases in Al, Ca, Fe and
K in the outflow of system T6 in comparison with those in the
influent. Similar significant changes as in system T6 were
observed in outflows of systems T5 (2–day; LC–SGW; only
floating P. australis) and T8 (2–day; LC–SGW; only ochre
pellets), with the exception for significant decreases in Al,
Fe and K for system T6, compared to those values of the
inflow (Fig. 7c, d). So, combined ochre pellets and floating
plants in system T6 had a significant (p < 0.05) impact on the
decrease in the B, Cd and Zn values, and the increase in Al,
Ca, K, Mn and Ni concentrations compared to the outflow
ones of system T5. Furthermore, the presence of floating
P. australis contributed significantly to the reduction of B,
Ca, Cd, Cr, Cu, Fe, Mn, Ni and Zn compared with the outflow
from system T8 (Fig. 7c).

The purification of LC–SGWafter 7 days of HRT, combin-
ing ochre pellets and floating P. australis in system T14 sig-
nificantly (p < 0.05) reduced concentrations of B, Cd, Cu, Mg,
Mn, Ni and Zn and significantly (p < 0.05) increased Ca, Fe
and K in comparison to those corresponding values of the
influent. The same significant performance as for the outflow
of T14 was noted for the outflow of system T13 (7–day; LC–
SGW; only floating P. australis), but Al, Fe and K were lower,
and Mg and Ni were higher than those of the influent.
Furthermore, significant (p < 0.05) changes in the outflow of
system T16 (7–day; LC–SGW; only ochre pellets) were not-
ed. These were like those changes in the outflow of
system T14, except that a significant elevation in Al was re-
corded for the effluent of the former system (T16) compared
with the inflow (Fig. 7d). Therefore, the existence of both
ochre and plants in system T14 had a significant (p < 0.05)
impact on the decrease in B,Mg and Zn, and on the increase in
Al, Ca, Fe and K compared with those concentrations of the
outflow of system T13. The existence of plants in T14 signif-
icantly (p < 0.05) affected the decrease in Al and Zn compared
to the outflow of system T16 (Online Resource 4).

Concerning the purification of LC–SGW when com-
bining pellets and floating P. australis in system T14, an
increasing HRT significantly decreased Al, B and Ni,
while it increased Ca, Fe and Mg significantly (p < 0.05)
in comparison with the effluent of system T6 (2–day; LC–
SGW; pellets with floating P. australis). All wetlands
were impacted on by natural forces allowing dust and
leaves to enter the systems by coincidence. Therefore,
certain elements increased in the effluent of the wetlands
without the existence of ochre as well [16, 32].

Comparison of elements accumulated in pellets

After the end of the purification experiment, the accumula-
tions of all elements in ochre pellets were significantly
(p < 0.05) elevated except for Ca and Ni. Ca values were sig-
nificantly (p < 0.05) reduced in pellets. The accumulated Ni
concentrations did not increase significantly (p > 0.05) in pel-
lets before (Online Resource 5) and after treatment in almost
all treatment systems. Additionally, in systems T6 (ochre pel-
lets and P. australis) and T8 (only ochre pellets) purifying
LC–SGW for HRT of 2 days, the accumulated B, Cd, Cr
and Cu also did not increase significantly (Table 1).

Concerning the treatment of HC–SGW for a HRT of
2 days, the existence of P. australis in combination with
ochre pellets in system T2 significantly (p < 0.05) in-
creased the Al, B, Ca, Cr, Cu, Fe and Zn concentrations,
which accumulated in pellets in comparison to those in
system T4 (2–day; HC–SGW; only ochre pellets).
However, that effect was different for system T10 (HC–
SGW; ochre pellets with floating P. australis) with a
HRT of 7 days, where concentrations of Al, Ca and Cd
were significantly (p < 0.05) reduced compared to ele-
ments, which accumulated in the pellets of system T12
(7–day; HC–SGW; only ochre pellets) as shown in
Table 2. A noticeable relationship between the presence
of P. australis and an increase in the accumulation rate
of elements in ochre pellets within the same treatment
system was noted (Online Resource 6a and b). This
could be linked to the respiration of rhizomes and the
production of carbon dioxide and acidic exudates,
coupled with the production of organic acids during the
biodegradation of organic substances by microorganisms
[53, 58]. Those acidic by–products cause a significant
(p < 0.05) lowering of the water pH, converting insoluble
metals to their dissolved forms, which could be adsorbed
by ochre pellets faster than they could be taken up by
P. australis due to chemical reactions (Online Resource
6a and b).

For the treatment of LC–SGW with a HRT of 2 days for
system T6 (both pellets and plants), the existence of floating
P. australis significantly (p < 0.05) affected the reduction in
Ca and increase in Mn that enriched in pellets in comparison
to those values in the pellets of system T8 (2–day; LC–SGW;
only ochre pellets), as shown in Online Resource 6c and d.
Regarding the purification of LC–SGW with systems of a
HRT of 7 days, the presence of P. australis significantly
(p < 0.05) affected the decrease in Ca and the increase in Cd
and Cr in the ochre pellets of system T14 (combined pellets
and plants) in comparison to the concentrations in the ochre
pellets−based system T16 (2–day; LC–SGW; only ochre pel-
lets), as shown in Tables 3 and 4. It is expected that significant
(p < 0.05) decreases in the Ca content of ochre pellets is the
main reason for significant increases in both pH value and Ca
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concentrations in the outflow SGW of systems containing
ochre pellets [23, 46].

In addition, elevated HRT of the purification of HC–SGW
in system T10 led to a decrease in the accumulated content
(Online Resource 7) of Ca and Cr in the ochre pellets of
system T10 in comparison to those accumulated amounts in
the pellets of system T2. Concerning the purification of LC–
SGW, an elevated HRT significantly (p < 0.05) affected the
increase in accumulated Cd and Cr in the ochre pellets of
system T14 in comparison with those accumulated in the pel-
lets of systemT6 (Tables 3, 4, and Online Resource 6a–d). It is
possible that ochre pellets could be fully saturated with some
elements such as Cr (in system T10), which subsequently may
re − dissolve [24].

When combining pellets and plants, the concentrations
of B, Cd and Mg (Cr and Cu in system T2 of 2–day HRT),
which accumulated within the ochre pellets of systems
treating HC–SGW (T2: 2–day and T10: 7–day), were
higher than those values in ochre pellets of systems T6
(2–day) and T14 (7–day), respectively, which were treating
LC–SGW. However, the content of Al and Fe (T6: 2–day
HRT), and Al and Ca (T14: 7–day HRT), which accumu-
lated in the ochre pellets were higher for the cleaning of
LC–SGW compared with the corresponding values in the
systems T2 (2–day) and T10 (7–day), respectively, which
were treating HC–SGW (Online Resource 6e and f).

When observing the concentrations of adsorbed elements,
there was a significant (p < 0.05) correlation with the respec-
tive primary element amounts of greywater. High removals of
low greywater element amounts suggest a high presence of
vacant locations within ochre pellets to endure the adsorbed
and absorbed elements [64].

Assessment of trace elements accumulated in tissues
of Phragmites australis

The averages of trace element concentrations accumulated
in the tissues of P. australis associated with floating wet-
lands treating SGW (Table 3) were statistically compared
to those accumulated concentrations in P. australis that
floated in the control wetlands receiving clean tap water
(TW) to investigate the potentially significant perfor-
mance of each wetland (Table 4).

All considered elements had significantly (p < 0.05) elevat-
ed accumulations in P. australis within all purification units,
except for Na that was significantly (p < 0.05) lower compared
to those in the controls. However, regarding the treatment of
SGW in wetlands with a combination of ochre pellets and
P. australis at 2–day HRT, Mg accumulated in P. australis
tissues of wetlands T2 (HC–SGW) and B, Mg and Zn
accrued in wetland T6 (LC–SGW) were significantly (p
< 0.05) reduced compared to those values in P. australis
of wetland C1 (2–day; TW). For 7–day HRT, Cu, Mg, Mna
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and Zn concentrations accumulated in P. australis tissues
of wetland T14 (LC–SGW) were significantly lower com-
pared to those accumulated element concentrations in
P. australis of the control wetland C3 (7–day; TW), as
shown in Table 4, Online Resource 8a and b.

Elements such as Fe, Mn, Cu, Zn and Ni are
recognised as micro−nutrients, which are necessary for
physiological and biochemical processes of plant growth
[65]. However, accumulations of such metals above the
corresponding plant tolerance levels may cause toxicity.
Toxic elements accumulate in foliage part of plants and
are expelled through dead leaves [66].

The existence of both pellets and plants in wetlands
treating SGW significantly affected the reduction of the
concentrations of all considered trace elements, which ac-
cumulated in P. australis tissues with the exception of Ca
that increased significantly (p < 0.05), compared to the cor-
responding amounts accumulated in P. australis tissues in
systems purifying both types of SGW with only P. australis
at both HRT (Online Resource 8a and b). However, B and Cr
accumulated in P. australis of wetland T2 (2–day; HC–
SGW; combination of ochre pellets with P. australis), and
Na accrued in P. australis of wetland T14 (7–day; LC–
SGW; combination of ochre pellets with P. australis) were
significantly higher than those accumulated amounts in
P. australis of wetlands T1 (2–day; HC–SGW: only
P. australis) and T13 (7–day; LC–SGW; only P. australis),
respectively (Online Resource 9). This refers to the contri-
bution of ochre pellets in adsorption of trace elements.
However, an increase in Ca concentration was linked to
the presence of ochre pellets in the treatment systems [23].

Considering the effects of HRT (Online Resource 8), the
concentrations of almost all elements, which accumulated
in P. australis tissues, were significantly lower in systems
purifying both categories of SGW for 7–day HRT in com-
parison to those amounts accumulated in P. australis of
systems at HRT of 2 days. This was inverse to the behav-
iour exhibited in the control wetlands, when comparing the
trace element accumulations in P. australis of 7–day (C3)
with those of 2–day HRT (C1). However, remarkable in-
creases were observed with increasing HRT in Fe, Mg and
Ni accumulation in P. australis of wetland T10 (HC–SGW;
combination of ochre pellets with P. australis), and Al, Ca
and Na in wetland T14 (LC–SGW; combination of ochre
pellets with P. australis) in comparison to those concentra-
tions at 2 days of treatment within wetlands T2 (HC–SGW)
and T6 (LC–SGW).

The take–up of metals in the aquatic environment is
influenced by interactions of many factors such as diur-
nal and long−term changes in pH and the bioavailability
of metals [67]. Phytoremediation of metals is a function
of activities within the rhizosphere under acidification or
alkalinisation conditions, which are affected by many

physicochemical and biological properties of water and
plant species [68].

Accumulation rates in tissues ofP. australiswere higher for
all considered trace elements in systems purifying HC–SGW
in comparison to those values in systems treating LC–SGW,
except for the Ni accumulation rate, which was higher in wet-
land T5 treating LC–SGW (Online Resource 8c and d). In this
context, it has been reported that FTW are capable of coping
with contaminated wastewater with high pollutant variations
[35], especially at the existence of pellets, which have been
proven as a good adsorbent of trace elements [24, 63, 64].

This study shows that floating P. australis operated in hy-
droponic manner have significant (p < 0.05) tolerance for re-
mediation of the elevated concentrations of pollutants such as
heavy elements. However, they have a negative impact on the
development rates of floating treatment wetlands.

The distribution of trace elements within P. australis roots,
rhizomes, stems and leaves was investigated (Online Resource
10). The comparative study showed that trace elements accu-
mulated in roots and rhizomes were significantly (p < 0.05)
elevated than those concentrations in stems and leaves
(Online Resource 8) [69].

The accumulations of trace elements varied concerning
different plant parts. Concentrations within leaves were
commonly higher compared to those within stems. The
capacity to uptake elements and the intracellular transpor-
tation processes vary between different macrophytes [70].
An exception to this is Zn, which was present in elevated
concentrations in stems (Online Resource 10), because of
the presence of growth hormones [67].

In comparison with control wetlands, the accumulated ele-
ments in plant rhizomes grownwithin all treatment systemswere
significantly (p < 0.05) elevated in terms of Al, B, Ca, Cd, Cr,
Cu, Fe, Mg, Mn and Ni. However, the concentrations of Na and
Zn were lower than those concentrations of control wetlands
(Online Resource 8a and b). The concentrations of almost all
trace elements in stems and leaves were significantly (p < 0.05)
elevated in treatment systems in comparison to control wetlands.
However, accumulations of Cr, Mg, Na and Ni were lower in
stems of P. australis in almost all treatment wetlands.

Cr is usually weakly soluble and absorbed by plants. Zn,
Cu and Ni are elements that are smoothly absorbed and
transported to plant shoots. Finally, Cd has serious negative
effects on the plant food chain [71].

Element accumulation in floating P. australis of sys-
tems treating HC–SGW were significantly (p < 0.05)
greater than those values linked to the treatment of LC–
SGW, through different locations of the plants, as shown
by comparing Online Resource 8a and b with Online
Resource 8c and d, respectively.

The existence of pellets within the systems had a signifi-
cant (p < 0.05) effect on the decrease in the build−up of ele-
ments in rhizomes except for Ca, which had significantly (p <
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0.05) greater accumulations in P. australis rhizomes when
ochre−based pellets were available.

Elevated purification HRT using a combination of ochre
pellets and P. australis significantly (p < 0.05) rose the amount
of accumulated trace elements in rhizomes of P. australis in
comparison with corresponding values in systems that had
only a HRT of 2 days. In contrast, the accumulation in rhi-
zomes of systems comprising only floating macrophytes were
significantly (p < 0.05) elevated in systems of 2–day purifica-
tion time compared with systems of 7–day HRT, as shown by
comparing Online Resource 8a and c with Online Resource 8b
and d, respectively.

Although it has been reported that concentrations of metals
in below−ground plant tissues are higher than in plant parts
located aboveground, it is necessary to consider the biomass
of each plant part to evaluate the total accumulation amount
[71]. Translocation of accumulated metals in plant tissues
could be affected by the interference of several factors such
as water pH, microorganism activities as well as plant species
and their enzymes [66]. High concentrations of toxic elements
can be transferred to the stems and leaves of wetland macro-
phytes causing a reduction of above−ground biomass growth.
Effective phytoremediation correlates positively with plant
biomass [67].

Conclusions and recommendations

The performance of floating treatment wetlands can be
improved by utilising ochre–cement pellets to increase
the pH of greywater and subsequently increase the EC
through releasing Ca coupled with Al and Fe, supporting
coagulation and flocculation. However, the presence of
P. australis acts as a buffer to neutralise the pH of
SGWs by producing carbon dioxide through rhizome ac-
tion and organic acids, which are by–products of biodeg-
radation processes of organic substances. Furthermore,
rhizomes and biofilms attached to P. australis mitigate
increases in turbidity, TSS and colour values, which occur
by using ochre pellets.

Ochre pellets in combination with P. australis have
shown significant removals of NH4–N and PO4–P due to
nitrification and adsorption mechanisms, respectively, es-
pecially with increasing HRT. Due to the presence of
ochre pellets, concentrations of Al, Ca and Fe significant-
ly increased in the effluent of treated SGW. A significant
improvement in reductions of B, Ca, Cd, Cr, Cu, Fe, Mn,
Ni and Zn concentrations in the treatment of SGW was
recorded at the presence of P. australis in combination
with ochre pellets. However, concentrations of Al, B,
and Ni significantly dropped in treated SGW with an in-
crease of the HRT. However, a significant rise in concen-
trations of Ca, Fe and Mg was noted.

Floating treatment wetlands have shown significant
performance in removal of Al, Ca, Fe and Na from high
pollutant strength greywater. Significant removal of Cd,
Cu, Mg, Mn, Ni and Zn was recorded from greywater of
low pollutant strength.

The competition between ochre pellets and P. australis in
remediation of heavy metals and other elements from the
SGW has led to significant reductions in the concentrations
of accumulated elements in the tissues of P. australis, except
for Ca. Higher accumulations of elements (except for Ni) in
tissues of plants, which treated high pollutant strength SGW,
was noted. Furthermore, considerable concentrations of accu-
mulated elements have been found in P. australis tissues of
FTW purifying SGW for 2 days in contrast of control wet-
lands receiving tap water. Trace element accumulations in
rhizomes were significantly higher compared to those in stems
and leaves. Al, B, Ca, Cd, Cr, Cu, Fe and Zn have significantly
increased in ochre pellets at the presence of P. australis.

Further research on large–scale floating wetland systems is
recommended. Moreover, biochemical and ecological inves-
tigations would help to better understand the biological
processes.
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