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Abstract: As an alternative wood source for biochar and a cost-effective renewable energy source,
sustainable biomass production based on fast-growing willows irrigated with treated wastewater has
been explored. Salix alba L. and Salix viminalis L. were selected for assessment of their potentially
high woody biomass productivity and phytoremediation efficiency when irrigated with greywater
treated by floating treatment wetlands. Both Salix species produced significantly (p < 0.05) high
woody biomass in the second harvest, with a significantly higher fresh woody biomass weight with
higher water content (53%) for S. viminalis compared to S. alba. The dry biomass weight of S. alba
was greater than of S. viminalis at the first harvest. The element accumulations in substrates changed
significantly after irrigation, with greywater compared to the raw substrate following this order:
Mg > Fe > Al > Cr > Mn > Cd > Cu > B. Element concentrations accumulated in twigs of S. alba
following this order: Ca > Mg > Na > Mn > Zn > Fe > Al > Cd > Cu > Cr > Ni > B, but for S. viminalis
the order was Ca > Mg > Mn > Zn > Na > Fe > Al > Cd > Cu > Ni > Cr > B. The accumulations of Al,
B, Ca, Fe, Mg, Mn, and Ni were significantly greater in S. alba leaves compared to their twigs, which
showed significantly high accumulations of Na and Zn. The accumulations of Al, B, Ca, Fe, Mg, Mn,
and Na were significantly greater in S. viminalis leaves compared to their twigs.

Keywords: biomass productivity; contaminated substrate; mineral contamination; phytoremediation;
floating constructed wetland; sustainable resource utilization; renewable energy; willow harvesting;

water resources management

1. Introduction

Governments have the responsibility to address adverse anthropogenic activities
against the environment [1]. Environmental degradation could be mitigated by following
the international standards and guidance for safe daily practices associated with industrial
manufacturing, agriculture, as well as disposal of municipal and industrial waste. Further-
more, some sustainable solutions offer a road map for moving towards the restoration of
ecosystems [2]. Tree plantations and agroforestry systems such as those cultivated with
willow have gained interest for their public health, economic, and environmental benefits
occurring over a range of spatial and temporal scales [3]. Willows are traditionally used for
public health gains, such as in folk medicine, and as an essential source in phytochemistry,
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pharmacology, and other medicinal uses [4]. In terms of economic benefits, they are used
as biofuel (renewable energy), for the production of timber, and in the furniture industry.
Willows are also utilized in horticulture and architecture [3]. More recently, willows have
been applied for substantial environment enhancement thought climate change mitiga-
tion and adaptation measures [5], soil erosion control, nutrient recycling, and soil fertility
improvement. They also provide genetic resources for crops, enhance habitat, increase
biodiversity, produce oxygen [6], and enhance carbon sequestration [6]. Willows are also
used for flood mitigation as well as soil and water phytoremediation [2]. Willows are of the
genus Salix spp. from the traditional family of Salicaceae, which include about 56 genera
and 1220 species [7]. Willows comprise around 330-500 species and more than 200 hy-
brid species of deciduous trees and shrubs that grow in temperate, sub-tropic, and tropic
regions [4,8].

In the last decade, communities have increasingly selected sustainable biofuels such as
bioethanol and biogas instead of fossil-based fuel [9]. Willows can grow under variable cli-
mates and on challenging soils unsuitable for edible crops, which makes them economically
attractive [10]. The sequestration of carbon supports global greenhouse gas mitigation [5].
According to the Food and Agriculture Organization (FAO) [10], tree plantations are vital
in sequestering both organic and inorganic carbon [6]. Moreover, phytoremediation by
willows offers a sustainable technique to clean-up contaminated water, groundwater, soil,
sediment, and sludge [2]. Climate change associated with elevated carbon emissions com-
monly leads to water scarcity and the deterioration of freshwater quality [11]. This has led
specialists to investigate an alternative and sustainable source for agricultural irrigation
water [12], amounting to about 75% of the total world water demand [13].

Sewage can act as a fertilizer containing nutrients, which are necessary for plant
growth [14,15]. Greywater commonly comprises a major proportion (50-80%) of domestic
wastewater [16]. It predominantly originates from household washing activities. Therefore,
greywater has good public acceptance in terms of reuse because of the absence of fecal
waste and, thereby, low content of pathogens [17]. However, it is recommended that
greywater should be treated, for example, by wetlands with or without the presence of
special substrates such as ochre and wood chips to remove specific pollutants before reuse
to meet environmental and public health criteria [15,18]. Floating Treatment Wetlands
(FTWs) have been applied in many countries around the world for the purification of
different types of wastewaters [19]. The pollutant removal mechanisms and the structure
of FTWs are like those of free-water surface constructed wetlands [20], but the floating
macrophytes grow in a hydroponic manner on buoyant structures such as mats, and the
root network suspends into the water column where the pollutants are trapped, filtered, and
degraded biologically and biochemically [21]. Microorganisms associated with rhizomes
and roots are responsible for the degradation of organic matter to inorganic nutrients to be
absorbed by plants [22].

Within this context, the targets of wastewater treatment and biomass production
would be simultaneously achieved when recycling wastewater for the irrigation of willows
within a closed-loop concept [23]. Sas et al. [24] have investigated the impact of recycled
wastewater on willow biomass production. Willows can be used in the phytoremediation
processes of both wastewater and soil [25]. However, some irrigation water may infiltrate
into adjacent soil, surface water, and groundwater [26]. Therefore, Gregersen and Brix [27]
have developed a constructed wetland system vegetated with willows (S. viminalis) for
zero discharge of nutrients. This technology is known as an evapotranspiration willow
system to purify domestic wastewater, evaporate water, and recycle nutrients into willow
biomass. Vyslouzilova et al. [28] have considered a pot-scale study for seven Salix species.
Clones were planted at three different pollutant levels of soil to assess the cadmium and
zinc accumulation and phytoextraction potential of the willow biomass.

Almost all the referenced published scientific research studies have recommended the
further investigation of irrigation wastewater effects on willow biomass production, chemi-
cal element accumulation, pollutant loading, and nutrient recovery [23,25,29]. Therefore,
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this study addresses this apparent need by considering two species of Salix for investigation;
namely, white willow (S. alba) and common osier (S. viminalis). The willows were irrigated
with synthetic greywater treated by floating treatment wetlands to address the following
objectives: (a) to assess the developing biomass growth of both species; (b) to evaluate the
accumulation of elements in willow-planted substrate; (c) to compare the accumulation
of elements in the biomass of both species; and (d) to study the impact of cement—ochre
pellets within the treatment system.

2. Materials and Methods
2.1. Willow, Substrate, and Material Selection

Two species of willows (Salix spp.) were selected for irrigation with treated synthetic
greywater, white willow (S. alba) and common osier (S. viminalis), which were grown under
the same real environmental conditions. Both species were purchased from Yorkshire
Willow Online Shop as cuttings with lengths of 20-25 cm, as well as diameters of 3-5 mm
for S. alba and 6-8 mm for S. viminalis (Figure 1a). The synthetic greywater (SGW) effluents
were recycled for irrigation, with two replicates (labelled as a and b) for each willow species.

Compost substrate and bark of the “Verve Brand” were purchased from a local B&Q
plc warehouse in Salford, Greater Manchester, UK. Multipurpose peat-based compost
substrate (product code: 03717644) was selected as a planting media, while small, chipped
bark (product code: 5397007188110) of mixed wood was applied on the top surface of the
compost substrate to maintain moisture and insulate the substrate within the pots.

The analysis of dry raw compost substrate before planting was about 89% organic
matter, 368 mg/kg total phosphorus, 999 mg/kg total nitrogen, 2776 mg/kg potassium,
and 26.59 mg/kg zinc. In terms of physical properties, the compost substrate had a low
bulk density and a high organic content proportion, providing a substrate with a high
total porosity, stable substrate structure, good hydraulic conductivity, as well as a high
water-retention time. A good compost water-holding potential and water-retention capacity
are linked to high substrate porosity [30].

Willow planting was carried out in two stages. The initial phase commenced on
25 February 2015, involving the cultivation of willow cuttings in compost substrate within
small plastic pots (60 mm diameter) for a duration ranging from three to six weeks
(Figure 1a). Subsequently, the plants were exposed directly to natural weather condi-
tions on the top of a flat, open roof. The irrigation regime utilizing treated SGW was
initiated on 1 April 2015.

Three healthy willow cuttings were each transplanted into a single large plastic pot
(300 mm diameter) with a 10 L volume. These pots, sourced from Scot plants Direct—
Hedgehogs Nursery Ltd. (Crompton Road, Glenrothes, Scotland, UK), were filled with
multipurpose compost substrate topped with small, chipped bark from mixed wood to
enhance moisture and insulate the substrate (Figure 1b—d). The willow growth of both
species was monitored and compared to each other until the autumn season. Leaves
of S. alba and S. viminalis were randomly collected for element analyses (Figure 1lef).
Furthermore, biomass was harvested to assess fresh and dry weights as well as for chemical
analyses of element accumulations (Figure 1g).

2.2. Greywater and Floating Wetland Systems

The SGW was formulated in the laboratory using analytical-grade chemicals pur-
chased from Fisher Scientific Co., Ltd., Bishop Meadow Road, Loughborough, UK. Sup-
plementary material Table S1 shows two different chemical recipes that mimic low and
high concentrations of synthetic greywater labelled as LC-SGW and HC-SGW (Table 1),
respectively. Stock solutions of both greywaters were kept within a refrigerator at 5 °C.
For experimental purposes, the stock solution was diluted with tap water at a ratio of 1 to
10 [31].
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Figure 1. Photos (taken by Suhail N. Abed) of the Salix spp. experimental planting irrigated with
greywater effluents of floating treatment wetland systems: (a) Salix spp. cutting cultivations; (b) S.
alba growth; (c) S. viminalis growth; (d) leaves fell during the autumn season; (e) S. alba leaves; (f) S.
viminalis leaves; and (g) Salix spp. after biomass harvesting.

Bare-rooted Phragmites australis (Cav.) Trin. ex Steud. (Common reed) was selected as
the macrophyte for the experimental floating treatment wetland systems [32]. Furthermore,
mine acid drainage sludge (ochre) was provided by the Deerplay Coal Mine authority,
North Rochdale, UK, to create cement—ochre pellets after mixing with ordinary Portland
cement at specific proportional ratios. The purpose of creating cement—ochre pellets was to
mitigate the soluble mineral concentration, reduce the risk of losing ochre at high flows,
and improve the treatment performance [33]. The treatment system used was of mesocosm
scale and consisted of 72 buckets of 14 L each. The buckets were filled with only 10 L of
SGW to prevent flooding during heavy precipitation events. All the systems were exposed
to similar weather conditions while located on the flat roof of the Newton Building, The
University of Salford, Salford, UK.
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Table 1. Overview of the experimental set-up of floating wetland systems designed for irrigation of
S. alba and S. viminalis with treated synthetic greywater.

HRT

SGW Vegetation Cement-Ochre

Treatment W Plant Receiving the
System 2-Day 7-Day HC LC With  Without  With  Without Effluent

T1 ¢ ¢ ¢ ¢ SA1 and SV1
T2 ¢ ¢ ¢ ¢ SA2 and SV2
T3 ¢ ¢ ¢ ¢ SA3 and SV3
T4 ¢ ¢ ¢ ¢ SA4 and SV4
T5 ¢ ¢ ¢ ¢ SA5 and SV5
T6 ¢ ¢ ¢ ¢ SA6 and SV6
17 ¢ ¢ ¢ ¢ SA7 and SV7
T8 ¢ ¢ ¢ ¢ SA8 and SV8
T9 ¢ ¢ ¢ ¢ SA9 and SV9
T10 ¢ ¢ ¢ ¢ SA10 and SV10
T11 ¢ ¢ ¢ ¢ SA11 and SV11
T12 ¢ ¢ ¢ ¢ SA12 and SV12
T13 ¢ ¢ ¢ ¢ SA13 and SV13
T14 ¢ ¢ ¢ ¢ SA14 and SV14
T15 ¢ ¢ ¢ ¢ SA15 and SV15
T16 ¢ ¢ ¢ ¢ SA16 and SV16
C1 ¢ ¢ ¢ ¢ SA/C1and SV/C1
C2 ¢ ¢ ¢ ¢ SA/C2 and SV/C2
c3 ¢ ¢ ¢ ¢ SA/C3 and SV/C3
C4 ¢ ¢ ¢ ¢ SA/C4 and SV/C4

Note: 4, selection mark; T1-T16, treatment systems with four replicates; C1-C4, control treatment systems with
two replicates; HRT, hydraulic retention time; SGW, synthetic greywater; HC, high pollutant concentration of
SGW; LC, low pollutant concentration of SGW; TW, tap water; SA1-SA16, S. alba with two replicates receiving
effluents of T1-T16, respectively; SV1-SV16, S. viminalis with two replicates receiving effluents of T1-T16,
correspondingly; SA/C1-SA/C4, S. alba with two replicates receiving effluents of C1-C4 in this order; and
SV/C1-SV/C4, S. viminalis with two replicates receiving effluents of C1-C4, correspondingly.

The experimental set-up aimed to assess the influence of four design and operational
parameters: (a) two greywater pollution strengths (LC-SGW and HC-SGW); (b) two
hydraulic retention times (HRTs: 2 days and 7 days); (c) presence or absence of P. australis;
and (d) presence or absence of cement-ochre pellets (Table 1).

A total of 72 mesocosms comprised of treatment systems T1 to T16 with four replicates
and controls C1 to C4 with two replicates. The distribution of these systems was as follows:
(a) 2-day HRT (T1-T8, C1, and C2) and 7-day HRT (T9-T16, C3, and C4); (b) greywater
pollution strength HC-SGW (T1-T4 and T9-T12) and LC-SGW (T5-T8 and T13-T16);
(c) presence of P. australis (T1, T2, T5, T6, T9, T10, T13, T14, C1, and C3); and (d) presence of
cement—ochre pellets (T2, T4, T6, T8, T10, T12, T14, and T16). A combination of P. australis
and cement—ochre pellets was tested for the systems T2, T6, T10, and T13, while mesocosms
of only SGW were associated withT3, T7, T11, and T15 as shown in Table 1. Upon com-
pletion of the specified hydraulic retention times (HRTs), SGW effluents were replaced by
freshly created SGW influents. Subsequently, the effluents from the treatment systems were
recycled for the irrigation of willow plants following the experimental design (Figure 2).
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Figure 2. Schematic drawing of the experimental design and the flow directions within the system.

2.3. Water Quality, Substrate, and Willow Biomass Analysis

Water quality tests for SGW were launched on 1 September 2014 and ended on
1 November 2016. Moreover, the authors monitored the development of biofilms attached
to the roots and rhizomes of P. australis as well as to the vessel interior walls between
September and October 2014 only.

Water testing was performed according to the American standard methods for the
examination of water and wastewater [34]. All sampling kits were cleaned and washed
using non-ionic detergents, then rinsed with tap water, soaked overnight within a 10%
nitric acid solution, and later rinsed again with deionized water just before use.

A spectrophotometer DR 2800 (Hach Lange) was utilized to assess total suspended
solids (TSSs), color, orthophosphate-phosphorus (PO4—P), nitrate—nitrogen (NO3—N),
ammonia-nitrogen (NHs—N), and chemical oxygen demand (COD). A mono-metric mea-
surement device (OxiTop IS 12-6 System) was used to calculate the five-day biochemical
oxygen demand (BODs). A digital electrochemistry HQ30d Flexi Meter (Hach Lange)
was used for determining the dissolved oxygen (DO). The conductivity meter (METTLER
TOLEDO FIVE GOTM) was applied for electric conductivity (EC) measurements. A turbid-
ity meter of type TurbiCheck (Lovibond Water Testing) was operated for the determination
of turbidity. A SensION+ benchtop multi-parameter meter (Hach Lange) was used to
measure hydrogen ions (pH) and the redox potential (Eh). Following the “SW-846: TEST
Method 6010D” of the USEPA [35], the metal concentrations in water samples were ob-
tained by using inductively coupled plasma-optical emission spectrometry (ICP-OES)
analysis with a Varian 720-ES provided by Agilent Technologies UK Ltd. Samples for
mineral water analysis were prepared according to the USEPA [36] in triplicate water
samples of 10 mL each, which were acidified and filtered through a 0.45 pm cellulose filter
paper before analysis.

According to Method 200.7 of the USEPA [36], compost substrate and willow tissues
were analyzed for accumulated elements using ICP-OES. Substrate samples were taken as
20 samples (10 from each replicate pot) by a substrate sampler kit, reaching to a depth of
up to 20 cm from the top surface [37], while willow tissues (leaves and twigs) comprised
48 randomly selected samples (24 from each replicate) from each planting set (separately
for both species).

Following the USEPA’s Method 3050B [38], both substrate and willow tissue samples
were prepared for mineral analysis through overnight drying in an oven at 105 °C. This
step was essential to facilitate enzymatic reactions and ensure the stabilization of sample
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weights [39]. Subsequently, oven-dried and well-grinded samples were acidified by 10 mL
of aqua regia mixture containing one part nitric acid (HNO3) with three parts of hydrochlo-
ric acid (HCl). This acidification process occurred within a high-pressure-resistance Teflon
tube and was followed by digestion using a CEM Mars Xpress microwave. Afterwards,
the samples were analyzed by using ICP-OES for the following element concentrations
(mg/kg): aluminum (Al), boron (B), calcium (Ca), cadmium (Cd), chromium (Cr), copper
(Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), sodium (Na), nickel
(Ni), and zinc (Zn). Three standard calibration solutions were regularly run between the
samples to address instrumental drifts. Moreover, blank samples were analyzed at the
beginning of each test to identify potential contamination linked to reagents or equipment
during the test procedure. The periodical testing of blank samples ensured that the values
remained within the detection limits.

2.4. Data Assessment and Statistical Analysis

The collected data underwent a thorough examination of significant differences with
a confidence level of 95% using the IBM Statistical Package for the Social Sciences soft-
ware program version 23. To assess data distribution normality, the Shapiro-Wilk test
was applied. The parametric T-test was used for normally distributed independent sam-
ples. In cases where the data did not follow a normal distribution, the non-parametric
Mann-Whitney U test was performed. These statistical methods were chosen to ensure
a comprehensive analysis of the data, considering both normal and non-normal distribu-
tion scenarios.

3. Results and Discussion
3.1. Greywater Effluent Quality

Greywater effluent was recycled for the irrigation of two species of S. alba and
S. viminalis, as described in Section 2, following the experimental design set-up in Ta-
ble 1. Table 2 shows the overall effluent water quality for several parameters including
the physiochemical and the chemical element concentrations. Notably, the majority of
treatment effluents exhibited pH values exceeding 6.5. It was observed that the effluent pH
values of treatment systems incorporating the ochre pellets surpassed the recommended
pH limit of 8.5 for wastewater intended for agricultural irrigation [14]. However, research
suggests allowing a pH of up to 9.5 for wastewater to be recycled for irrigation [40]. This
indicates that while the effluent pH values from systems containing ochre pellets may
exceed conventional limits, they are within the broader acceptable range established by the
relevant research standards.

The concentrations of total suspended solids (TSSs) in effluents were found to comply
with the recommended values, falling within the range of 100-350 mg/L [15]. The observed
TSS concentrations of all the treated LC-SGW were lower than 100 mg/L. Elevated TSS
values in this case can be attributed to substrate composition distortion, reduction in
substrate porosity, and substrate clogging [30]. Furthermore, electric conductivity (EC)
serves as an indicator of water salinity, and it is advisable for EC to remain below the
maximum limit of 3000 uS/cm as stated by both the FAO [14] and the WHO [15], since
high salinity and EC in agricultural soil and water negatively effect soil structure, water
and air exchange in the soil, as well as crop biomass productivity [25].

The five-day biochemical oxygen demand (BODs) of the treated greywater was much
lower than the stated limits, ranging between 110 and 400 mg/L [15]. In fact, greywater
is usually characterized by a low content of organic matter compared to black wastewa-
ter [16]. As the substrate becomes increasingly clogged, the availability of oxygen within
the root zone diminishes, creating conditions conducive to anaerobic microbial activity.
Under anaerobic conditions, denitrification processes are more likely to occur, leading
to the conversion of nitrate into nitrogen gases such as nitrous oxide and nitrogen. This
denitrification process can result in the loss of nitrogen from the root zone, impacting
nutrient availability for plants and potentially influencing overall ecosystem dynamics [41].
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Table 2. Willow irrigation water quality: synthetic greywater (SGW) effluents from floating treatment wetland (FTW) systems.
Influent 2-Day HRT (HC-SGW Effluent) Influent 2-Day HRT (LC-SGW Effluent)
Parameter Unit n
HC-SGW T1 T2 T3 T4 LC-SGW T5 Té 7 T8
pH - 81 8.4 +1.61 7.4 +1.09 8.8 +1.69 78 +1.37 87+173 6.9 +0.48 7.0 4071 105+ 1.12 7.5 4070 10.6 =+ 0.9
Esfe%’;ial mv 81 —36.6 4 74.22 8.1+ 52.68 —54.8 + 83.66 —3.0 4+ 62.95 —49.9 + 83.61 34142123 275 +32.18 —137.4 + 5491 42 43040 —1435 + 51.01
Turbidity NTU 81 188.9 + 47.22 175.9 + 59.61 223.8 4 97.40 192.1 + 50.87 191.3 + 84.41 229+7.14 282 4+ 37.09 39.2 4+ 45.10 202 + 14.20 35.6 + 18.11
Total
suspended mg/L 81 317.0 + 58.35 302.9 + 75.19 4225 +152.77 321.8 + 56.68 337.4 + 109.45 39.9 + 15.94 41.7 + 4357 62.0 + 49.93 30.0 + 12.12 66.2 + 36.63
solids
féﬁﬁgﬁvity uS/cm 81 988.5 + 196.09 987.4 + 107.25 11745 + 282.81 965.2 + 106.68 1178.4 + 264.41 164.6 + 63.24 145.9 + 30.41 3715 + 260.12 138.5 & 23.26 344.5 + 287.03
?;;Sg‘z;’ed mg/L 81 105 4+ 1.39 9.0+ 1.03 9.0+124 102 £ 0.73 10.0 & 0.52 104 +1.24 9.3 +1.08 8.8 +0.87 105 4 0.82 10.1 £ 0.73
Color Pa/Co 81 1587.8 4 379.89 1525.6 & 411.54 2150.8 -+ 864.04 1527.6 + 326.28 1935.6 & 702.18 2145 + 64.07 183.7 4 74.89 308.2 + 134.65 164.5 & 40.93 331.7 + 119.34
Temperature °C 81 16.9 & 5.40 17.1+4.92 17.4 + 4.87 17.1 £ 4.75 172 +£4.73 17.7 £ 4.58 17.0 = 4.84 16.6 = 4.55 16.0 & 4.59 163 £ 4.24
Biochemical
oxygen mg/L 81 34.7 +12.99 17.7 + 6.40 11.1 + 5.89 147 +7.78 11.7 £7.71 17.6 = 8.00 9.9 +549 544436 5.6 4 3.60 444513
demand
Chemical
oxygen mg/L 81 129.2 + 34.68 96.3 4 32.01 109.2 + 24.38 106.6 + 22.68 100.3 + 21.08 289 + 14.47 32441455 29.6 + 16.67 26.8 + 6.18 24.0 +4.99
demand
Ammonia—
nitrogen mg/L 81 044019 04 +021 044013 0440.16 0.4 +0.09 024022 0.140.07 0240.14 0.09 4 0.05 0.1 4 0.04
anitrfgt; mg/L 81 8.9 +6.38 14.1 + 6.40 14.3 +£5.02 9.4+ 4.67 12.9 +7.03 134121 17 +1.13 044033 124071 0.6 + 0.54
gﬁ;ﬁ;’ﬁ?ﬁghm‘ mg/L 81 59.1 4+ 14.16 52.0 + 14.87 211+ 581 462 +10.74 19.5 + 4.98 8.4+ 436 7.6 +3.90 32+116 7.0 +3.89 39+125
Element
Aluminum
(Al) mg/L 45 2.13 4 0.869 1.54 + 1.479 2,02 + 1.624 241+ 1.016 2.98 +2.087 0.52 + 0.528 0.08 + 0.054 1.07 + 0.874 0.34 + 0.180 0.76 + 0.347
Boron (B) mg/L 33 0.57 + 0.068 0.53 + 0.086 0.41 + 0.079 0.54 + 0.060 0.50 + 0.078 0.14 + 0.067 0.11 + 0.010 0.09 + 0.011 0.11 + 0.009 0.10 & 0.024
Calcium (Ca) mg/L 55 36.08 + 8.750 42,50 + 4.561 81.39 + 23.641 43.02 + 2.411 104.13 + 32.868 10.54 + 0.853 1151 4 0.926 4513 + 11.676 11.25 +0.773 70.99 + 33.166
Cadmium (Cd) mg/L 42 7.36 + 2.981 4.90 + 2.730 4.10 + 1.839 7.69 + 1.064 7.14 + 2.429 0.09 + 0.056 0.04 + 0.020 0.03 + 0.019 0.05 + 0.031 0.04 % 0.030
(CC};r)"mmm mg/L 54 3.20 +0.918 2.48 + 2.060 2.74 +2.021 3.76 + 1.203 3.99 + 1.806 0.04 + 0.063 0.03 + 0.036 0.03 + 0.033 0.04 + 0.049 0.05 + 0.039
Copper (Cu) mg/L 63 1.44 + 0435 0.95 + 0.561 0.90 + 0.375 145 +0.113 1.55 =+ 0.308 0.16 + 0.058 0.04 + 0.029 0.04 + 0.035 0.06 + 0.049 0.05 + 0.043
Iron (Fe) mg/L 48 6.41 + 2.476 431 +2928 4.71 +2.744 6.35 + 2.423 7.11 +2.934 0.21 + 0.102 0.15 + 0.118 0.21 + 0.202 0.21 + 0.157 0.48 + 0.447
Potassium (K) mg/L 12 60.16 + 1.684 52.79 + 1.322 54.03 4 11.214 55.68 + 4.486 60.47 & 15.561 4.04 £ 0.448 3.40 + 0.675 10.78 & 10.185 3.87 £ 0.364 12.77 4 15.139
?ﬁgg)nesmm mg/L 48 17.16 + 2.119 17.32 + 1.296 11.01 + 2,533 17.76 + 1.392 13.33 + 4.526 1.45 + 0.191 1.36 + 0.157 0.63 £ 0.310 1.35 4+ 0.133 0.70 + 0.336
?ﬁ;‘)ganese mg/L 63 0.98 + 0.257 0.48 + 0.320 0.51 + 0.255 1.19 + 0.063 0.89 + 0.396 0.17 + 0.084 0.01 + 0.012 0.04 + 0.031 0.08 + 0.056 0.08 + 0.069
Sodium (Na) mg/L 12 62.68 & 14.538 58.54 % 11.080 56.95 4 9.494 58.19 & 10.620 58.54 + 11.630 1432 £ 1.662 14.74 +1.282 15.90 & 1.869 13.82 £ 1.175 15.35 & 3.197
Nickel (Ni) mg/L 51 0.05 + 0.065 0.02 +0.019 0.02 + 0.019 0.03 + 0.018 0.03 +0.033 0.04 + 0.065 0.004 + 0.006 0.01 + 0.010 0.01 + 0.007 0.01 +0.012
Zinc (Zn) mg/L 39 4.25 + 1.500 2.86 + 1.680 258 +1.114 430 + 0.524 452 +0.961 0.21 +0.159 0.06 + 0.066 0.04 + 0.054 0.09 + 0.083 0.07 + 0.084

Note: Values are mean + SD, where SD is the corresponding standard deviation; NTU, nephelometric turbidity unit; HRT, hydraulic retention time; T1, treatment system with only P. australis; T2, treatment system with P. australis and ochre pellets;
T3, treatment system without P. australis or ochre pellets; T4, treatment system with only ochre pellets; LC, low pollutant concentrations; T5, treatment system with only P. australis; T6, treatment system with P. australis and ochre pellets; T7,

treatment system without P. australis and ochre pellets; and T8, treatment system with only ochre pellets.
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Table 2. Cont.
Influent 7-day HRT (HC-SGW effluent) Influent 7-day HRT (LC-SGW effluent)
Parameter Unit n
HC-SGW T9 T10 Ti1 T12 LC-SGW T13 T14 T15 T16
pH - 81 844161 734+0.82 9.8+134 77 +£121 9.8+ 154 6.9 +£0.48 6.9 + 0.61 103 +1.33 754072 10.5 + 1.05
ggf;’;ial mv 81 —36.6 £ 7422 12.2 4 40.30 —100.1 + 66.45 —44 +59.67 —955 4+ 88.21 34.1 +£21.23 31.0 £28.12 —130.8 + 63.74 1.8 & 33.00 ~131.3 £ 72.36
Turbidity NTU 81 188.9 & 47.22 154.8 4 86.08 178.8 4 98.79 185.7 & 49.24 245.8 4 96.29 229 +7.14 18.9 + 11.05 25.1 + 16.21 165 +7.27 40.9 + 25.03
Total
suspended mg/L 81 317.0 + 58.35 267.8 + 110.05 342.9 + 125.33 302.6 + 61.44 4234+ 114.04 39.9 +15.94 27.7 + 1648 375+ 15.62 25.0 + 10.96 55.2 + 24.85
solids
f;ﬁﬁgtivity uS/cm 81 988.5 + 196.09 1137.4 & 471.09 1191.1 & 343.72 1003.0 = 306.88 1107.1 & 299.47 164.6 & 63.24 1614 4 42,91 306.8 + 118.32 144.0 &+ 32.28 290.2 + 135.74
oD;;ig(:elXed mg/L 81 105 +1.39 8.8 4+ 0.89 83 +1.03 10.5 + 091 9.8+1.19 104 +1.24 93+1.24 8.7 +0.94 11.0 + 1.11 10.1+0.84
Color Pa/Co 81 1587.8 + 379.89 1448.1 + 647.98 1593.5 + 761.50 1644.8 + 489.96 2040.5 + 757.57 214.5 + 64.07 159.1 + 56.83 250.6 + 120.15 152.6 + 41.05 283.8 + 115.21
Temperature °C 81 16.9 =+ 5.40 16.8 + 4.03 18.0 £ 4.14 16.6 & 3.87 17.7 £ 420 17.7 + 4.58 159 + 4.18 173 £ 431 153 +4.23 17.0 £ 4.15
Biochemical
oxygen mg/L 81 34.7 £ 12.99 23.1+935 1214732 16.6 & 7.07 8.3 1+423 17.6 & 8.00 13.4 £+ 5.63 5.5 + 6.00 6.7 £ 4585 544395
demand
Chemical
oxygen mg/L 81 129.2 + 34.68 94.0 + 31.13 90.7 + 29.89 100.8 & 27.65 103.1 % 16.10 289 + 1447 31.3 +11.95 29.2 +10.71 17.2 + 6.95 19.9 +7.28
demand
Ammonia—
nitrogen mg/L 81 0.4 +0.19 0.5 +023 03+0.14 03 +0.13 03+0.11 02+022 0.1+ 0.07 0.1 +0.07 0.140.04 0.1+0.15
ﬁtr?g:; mg/L 81 89+ 6.38 10.7 £7.92 16.3 4 4.89 8.5+ 8.42 15.0 & 8.59 134+1.21 134+0.77 0.7 +£0.77 1.0 & 0.64 0.3+0.28
gﬁ;};‘;ﬁi‘r’zsh""te’ mg/L 81 59.1 + 14.16 48.0 + 13.76 16.3 + 3.00 43.0 +13.78 17.3 £ 5.63 8.4+ 436 11.9 + 636 3.0+£177 8.5 -+ 4.03 3.7 +£1.29
Element
Aluminum
(AD mg/L 45 2.13 4 0.869 2.33 £ 1.321 1.56 + 0.880 298 +1.218 3.61 +2.306 0.52 + 0.528 0.12 + 0.094 0.37 +0.232 0.36 + 0.189 0.73 + 0.420
Boron (B) mg/L 33 0.57 + 0.068 0.55 + 0.211 0.44 £ 0.202 0.54 + 0.160 0.39 + 0.078 0.14 % 0.067 0.13 = 0.069 0.08 £ 0.005 0.12 £ 0.064 0.08 & 0.006
Calcium (Ca) mg/L 55 36.08 =+ 8.750 4249 + 4.386 77.22 + 42.765 37.39 + 4.030 145.67 + 92.506 10.54 + 0.853 11.44 + 0.944 60.11 + 13.881 10.74 + 0.739 65.46 + 37.361
Cadmium (Cd) mg/L ) 7.36 + 2.981 5.82 +2.238 461 +2.126 6.40 + 1.984 6.87 + 2.628 0.09 + 0.056 0.08 + 0.097 0.02 + 0.021 0.09 + 0.083 0.05 + 0.046
(C(:};r)omlum mg/L 54 3.20 + 0.918 322+ 1736 2.86 + 1.328 476 £1.215 47542021 0.04 + 0.063 0.05 + 0.069 0.04 + 0.031 0.07 + 0.074 0.06 + 0.054
Copper (Cu) mg/L 63 1.44 4 0.435 1.15 4 0.385 0.98 £ 0.308 1.30 & 0.301 147 4 0.247 0.16 % 0.058 0.07 £ 0.081 0.04 + 0.032 0.10 & 0.091 0.06 & 0.057
Iron (Fe) mg/L 48 6.41 +2.476 5.45 + 1.657 503 + 1475 7.02 + 1.801 8.69 & 2.012 0.21 +0.102 0.14 + 0.080 0.39 +0.218 0.20 + 0.100 0.93 + 0.759
Potassium (K) mg/L 12 60.16 + 1.684 44.90 + 2.827 56.58 + 19.919 45.77 + 5.160 59.62 + 20.132 4.04 +0.448 299 +0216 17.59 + 16.141 3.62 + 0438 20.16 + 19.003
?ﬁg‘emm mg/L 48 17.16 & 2.119 17.77 &£ 3.477 12.84 4 6.124 16.24 +1.971 12.97 &+ 3.785 145 +0.191 1.55 +0.195 0.84 4 0.224 1.38 £ 0.161 0.78 + 0.330
?f/[ar‘\‘)ga“ese mg/L 63 0.98 + 0.257 0.35 + 0.249 0.46 + 0212 1.01 + 0.223 0.86 + 0.457 0.17 + 0.084 0.05 & 0.077 0.04 & 0.033 0.06 & 0.074 0.10 & 0.094
Sodium (Na) mg/L 12 62.68 + 14.538 55.09 + 11.391 55.85 =+ 12.850 5522 4 11.852 55.59 + 12.232 14.32 + 1.662 13.91 + 1.648 15.42 + 3.280 13.15 + 1.199 15.69 + 5.272
Nickel (Ni) mg/L 51 0.05 + 0.065 0.10 + 0.091 0.05 + 0.077 0.09 + 0.081 0.04 + 0.033 0.04 + 0.065 0.05 + 0.081 0.00 + 0.012 0.05 + 0.080 0.01 + 0.010
Zinc (Zn) mg/L 39 4.25 £ 1.500 3.12 £ 0.872 2.78 + 0.859 3.90 + 0.972 432 +£0.787 0.21 + 0.159 0.11 + 0.094 0.06 + 0.050 0.13 + 0.068 0.11 + 0.089

Note: Values are mean+ SD, where SD is the corresponding standard deviation; NTU, nephelometric turbidity unit; HRT, hydraulic retention time; HC, high pollutant concentrations; T9, treatment system with only P. australis; T10, treatment
system with P. australis and ochre pellets; T11, treatment system without P. australis or ochre pellets; T12, treatment system with ochre pellets only; LC, low pollutant concentrations; T13, treatment system with only P. australis; T14, treatment system
with P. australis and ochre pellets; T15, treatment system without P. australis or ochre pellets; and T16, treatment system with only ochre pellets.
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Table 2. Cont.

2-day HRT (TW effluent)

7-day HRT (TW effluent)

Parameter Unit n

c1 2 c3 c4
pH - 81 6.7 +0.39 744 0.60 6.6+ 0.39 7.1+052
Redox mV 81 422 +16.50 9.6 + 28.10 441 +17.06 25.1 4 24.68
potential
Turbidity NTU 81 9.3 +6.61 424437 12.7 + 12,56 37 +£347
Total
suspended mg/L 81 143 +8.16 394293 17.8 + 13.69 434579
solids
Electric uS/cm 81 84.4 +12.15 81.5 4+ 9.94 92.9 -+ 27.28 87.1 4+ 20.83
conductivity
OD;;chXed mg/L 81 9.0 +0.87 10.4 +0.70 8.9+ 1.09 10.8 + 1.07
Color Pa/Co 81 443 +30.56 8.6 +7.66 56.1 + 31.45 12.7 £ 9.73
Temperature °C 81 165 + 3.76 16.8 &+ 4.04 15.1 & 4.20 155 + 4.17
Biochemical
oxygen mg/L 81 7.3+ 345 544403 9.1+505 6.7 £ 4.65
demand
Chemical
oxygen mg/L 81 15.9 + 7.74 6.3+2.84 17.6 + 6.74 7.0+ 248
demand
Ammonia— mg/L 81 0.1+0.12 0.1 +£0.14 0.1+ 0.04 0.1+ 0.05
nitrogen
Nitrate- mg/L 81 1.1+075 0.8 +0.53 0.9 + 042 0.8 & 0.54
nitrogen
Orthophosphate- /7. 81 28+ 182 244063 344147 24+086
phosphorus
Element
EAAlemum mg/L 45 0.01 + 0.006 0.01 + 0.007 0.08 + 0.092 0.09 + 0.101
Boron (B) mg/L 33 0.02 % 0.018 0.03 = 0.009 0.05 % 0.061 0.05 £ 0.059
Calcium (Ca) mg/L 55 9.96 + 0.549 9.78 + 0.552 9.67 + 0.591 951 4+ 0.476
Cadmium (Cd) mg/L ) 0.01 + 0.006 0.00 + 0.006 0.04 + 0.071 0.05 + 0.071
(Cc}f)ommm mg/L 54 0.00 + 0.005 0.00 + 0.005 0.03 + 0.063 0.03 + 0.063
Copper (Cu) mg/L 63 0.01 % 0.006 0.01 + 0.008 0.04 £+ 0.073 0.05 + 0.078
Tron (Fe) mg/L 48 0.02 + 0.007 0.02 + 0.009 0.05 + 0.069 0.05 + 0.066
Potassium (K) mg/L 12 0.35 + 0.049 0.69 + 0.261 0.50 + 0.492 0.52 + 0.127
?f/lag)“es‘“m mg/L 48 1.10 + 0.123 1.10 + 0.138 1.20 +0.119 1.16 £ 0.120
?f/[a;‘)ga“ese mg/L 63 0.01 + 0.010 0.00 + 0.009 0.04 + 0.070 0.04 + 0.069
Sodium (Na) mg/L 12 6.62 & 0.721 6.69 & 0.869 6.80 & 0.085 6.35 + 0.105
Nickel (Ni) mg/L 51 0.01 + 0.023 0.01 + 0.023 0.04 + 0.075 0.04 + 0.075
Zinc (Zn) mg/L 39 0.03 % 0.009 0.02 + 0.010 0.04 %+ 0.070 0.04 + 0.061

Note: Values are means =+ SD, where SD is the corresponding standard deviation. SD, standard deviation; NTU, nephelometric turbidity unit; HRT, hydraulic retention time; TW, tap water; C1 and C3, treatment system with TW and floating P.
australis; C2 and C4, treatment system with only TW.
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The greywater effluents of all the treatment systems showed cadmium (Cd) con-
centrations usually higher than the stated thresholds of 0.01 to 0.05 mg/L [14,42]. The
corresponding values were 0.02-0.09 mg/L for LC-SGW and 4.10-7.69 mg/L for HC-SGW
(Table 2). Elevated Cd concentrations in irrigation water could lead to accumulations in
willow tissue over time [15], as they are more efficient than other plants in the storage of
Cd [28,43,44].

In addition, greywater effluents of the systems treating LC-SGW had low concentra-
tions of chromium (Cr), potassium (K), magnesium (Mg), and sodium (Na) compared to the
respective threshold limits for irrigation water: 0.1-1.0 mg/L, 0.0-2.0 mg/L, 0.0-5.0 mg/L,
and 0.0-40.0 mg/L, respectively [14,42]. In contrast, the corresponding concentrations of
the HC-SGW effluents were higher (Table 2). The test results show that the concentra-
tions of copper (Cu), manganese (Mn), nickel (Ni), and zinc (Zn) for all the greywater
effluents were lower than the values recommended by the FAO [14] and the USEPA [42]:
0.2-5.0 mg/L, 0.2-10.0 mg/L, 0.2-2.0 mg/L, and 5.0-10.0 mg/L, respectively. Also, the
PO4—P concentration within wastewater to be used for irrigation is often limited between
2mg/L [14] and 5 mg/L [42].

Certain greywater chemicals, such as micronutrients (Al, Ca, Fe, Mg, and Zn) and
macronutrients (N and P), may serve as alternatives to industrial fertilizer [3]. However,
some greywaters exhibit high concentrations of total phosphorus and total suspended
solids, which could limit their water reuse potential. Furthermore, the structure of organic-
based compost substrate might be negatively affected by irrigation water with high concen-
trations of Ca, Mg, and Na, which subsequently increase the sodium adsorption ratio [12].

3.2. Weather Conditions and Willow Growth

The experimental work for both willow species was undertaken in authentic environ-
mental conditions. In general, the weather in Greater Manchester is generally characterized
by mostly cloudy, rainy, windy, and cold conditions in the winter, while it is partly cloudy
and has moderate in temperature during summer. Therefore, the minimum, maximum,
and average temperatures, as well as the relative humidity, were determined to assess the
effect of weather conditions on willow growth.

The data were measured in situ and compared to those obtained from the UK weather
service, the Met Office (https://www.metoffice.gov.uk/). In March 2015, the temperature
was around 3-10 °C, with a noticeable increase observed between May and September
2015. During the summer season, the highest temperature (24 °C) was recorded in June
2015, while the lowest (16 °C) was in July 2015. The relative humidity measurements were
around 48.3% and 79.3%, with an approximate average of 65 & 7.0% (Figure 3).
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Figure 3. Recorded temperature and relative humidity during the willow growth period.
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Since, Salix spp. is renowned as a fast-growing and easy-to-propagate plant, it has
gained importance in short-rotation coppice plantations as a sustainable resource of renew-
able bioenergy [9]. In the present investigation, the growth rates and biomass productivity
of S. alba and S. viminalis were measured on two occasions: November 2015 and November
2016. According to the experimental set-up design, the variable parameters were Salix spp.
species and the characteristics of greywater effluent, which depend on the treatment system
design (Table 1). In 2015, both species exhibited approximately equal rates of growth after
planting, especially at the juvenile stage in April and May. Afterwards, S. alba showed
significant growth in terms of the number of leaves compared to S. viminalis. Subsequently,
with growth almost all leaves were dropped for both Salix species between September and
October. By the end of autumn 2015, biomass productivity was assessed by measuring the
average length and average diameter during harvest when the plants were almost dormant
to determine the total fresh and dry weights of twigs for both Salix species. Salix spp.
had high foliage and also produced a high woody biomass. Biomass production is often
correlated with leaf water relations and photosynthesis; however, inconsistent findings
have been reported about the relationships between leaves and productivity [45].

The measurements revealed that the average twig length per pot for all S. alba
was 158 £ 22.7 cm (mean =+ standard deviation), and the average twig diameter was
9 £ 0.9 mm. The highest average twig length and diameter observed for S. alba (SA11)
were 197 cm and 11 mm, respectively, while the lowest average height was 122 ¢cm for
SA/C4, and the lowest average diameter was 8 mm for SA /C1. Regarding the growth of
S. viminalis, the average measured twig length per pot was 129 4 19.3 cm, which was statis-
tically significantly (p < 0.05) smaller than the average twig length of S. alba. (Figure 4a).
The measurements for the Salix spp. species grown from cuttings during the first year can
be used to predict the growth rates for subsequent seasons in terms of numbers of stems
or twigs, their dimeters, long-term biomass production, and final yields. However, the
goodness of prediction may vary from species to species [46,47].

The average fresh and dry weights of the harvested biomass per each pot in 2015
for S. alba were 546 £ 119.7 g and 300 + 74.3 g, respectively, with an average water
content of about 45 £ 2.8% (ranging from 41 to 51%). The overall fresh and dry biomass
weights produced by all S. alba which were harvested in 2015 were 10.9 kg and 6.0 kg,
respectively. The average total fresh and dry weights of the harvested biomass per pot
planted with S. viminalis were 592 4 144.9 g and 281 =+ 71.6 g, respectively, with average
water content of about 53 £ 2.7% (ranging between 46% and 56%). The overall fresh
and dry biomass weights produced by all harvested S. viminalis were 11.8 kg and 5.6 kg,
respectively, (Figure 4b).

For the harvested biomass in 2016, the measurements show that the average twig
length and diameter per pot of S. alba were 255 + 13.8 cm and 4 =+ 0.3 mm, correspondingly
(Figure 4c). The average twig diameters in 2016 recorded a significant reduction compared
to their measurements in 2015 (Figure 4a,c).

From the measurements of S. viminalis grown in 2016, the statistical assessment
presents significant average twig lengths per pot (314 £ 21.3 cm) and corresponding
average twig diameters (7 £ 0.8 mm) in comparison to measurements of (a) comparable
S. alba in 2016 (excluding SV2 and SV4) (Figure 4c) and (b) corresponding S. viminalis in
2015 (Figure 4a,c). The above findings agree with previous studies on S. schwerinii, which
have reported that willow diameters decreased by 11% after the first year of applying
wastewater for irrigation and then increased to 90% after the second year [46].

Regarding biomass production in 2016, the average harvested fresh and dry weights
per pot of S. alba were 1201 £ 241.9 g (ranged between 781 and 1777 g) and 643 + 1499 g
(ranged between 389 and 999 g) in this order, with average water content proportions of
47 £ 2.7% (ranged between 42 and 52%). The overall weights of fresh and dry biomass
produced by all S. alba were around 24 kg and 13 kg, respectively, which were significantly
greater than the biomass weights obtained in 2015 (Figure 4b,d).
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Figure 4. Comparison of harvested biomass between S. alba and S. viminalis in terms of (a) average
lengths and average diameters in 2016; and (d) total fresh and dry weights in 2016. Sample number: 6.
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In terms of the harvested S. viminalis biomass in 2016, the average fresh and dry
weights per pot were 1338 & 300.3 g (ranging between 816 and 1866 g) and 629 1524 g
(344-911 g), respectively, with an average water content of 53 & 2.7% (ranging between
47 and 58%), as shown in Figure 4d. The overall weights of fresh and dry biomass produced
by all S. viminalis were around 27 kg and 13 kg, correspondingly, which were significantly
greater than the biomass weights obtained in 2015 (Figure 4b,d). As indicated in the
literature for a field case study [46], applying wastewater for the irrigation of S. schwerinii
improved the biomass productivity by 69% during the first season of growth and between
432% and 446% during successive seasons. The likelihood of real willow plantations
achieving the environmental, economic, and industrial objectives depend on biomass
production, which is aimed at covering the expenditures for land, irrigation water, materials,
labor, as well as operational and maintenance costs [3]. The environmental and economic
benefits of cultivating high-biomass-yielding trees for short-rotation forestry should be
considered in practice [45]. Growth monitoring and biomass production assessment of
both species of Salix spp. grown in pots can be used to consistently predict long—term
biomass production on a field scale [47].

3.3. Element Accumulations in Substrate Used to Grow Willows

Both species of Salix were irrigated with two types of greywater, each varying in
contamination strength and treatment experimental set-up designs of floating wetland
systems (Table 1 and Table S1). Therefore, an investigation into the compost substrate
constituents with a specific focus on element concentrations was conducted. The objective
was to assess and compare the phytoremediation efficiencies of S. alba and S. viminalis
under the influence of different greywater compositions and experimental conditions.

The chemical analysis of the irrigated substrates of both Salix spp. revealed significant
changes (p < 0.05) in element content compared to the raw substrate. The detected accumulated
element concentrations indicated the following order: Mg > Fe > Al > Cr > Mn > Cd > Cu > B,
as shown in Table 3. These results align with previous observations indicating Fe > Al [47].
Element accumulations and take-ups by Salix spp. can affect substrate pH and organic
content [44]. The transport of elements from substrate to plant tissues may contribute to a
decrease in the pH value [48]. Moreover, the wide variety of chemical reactions and the
high cation-exchange capacity of organic-based compost substrate can lead to significant
fluctuations in the concentrations of element accumulations within a substrate [49]. The
mobility and solubility of Al at different pH levels could be limited to organic compost
and agricultural substrates with high clay proportions. However, the authors have not
found any reported toxicity cases linked to human health or the environment due to the
accumulation of Al in substrates and plant tissues. For high concentrations of Ca ions in
a substrate, the mobility of Al is constrained within plants due to a negative correlation
between Al ion exchange and substrate pH [30,50]. Furthermore, traces of B were detected
in a few substrate samples (Table 3 and Figure 5b).

Cd, Cr, and Cu accumulated in the substrates of S. alba irrigated with HC-SGW. The
accumulations were significantly (p < 0.05) higher compared (a) to the elements accumu-
lated in the substrates linked to S. viminalis; and (b) to those accumulated in the substrates
irrigated with LC-SGW (Figure 5c—e). The fixation of metals such as Cd in agricultural
substrates can occur through various mechanisms. This may include the application of
phosphoric fertilizers, recycling contaminated irrigation water, and exposing substrates to
contamination via deposition from the air [51]. Finally, the patterns of accumulated Fe and
Mn in the substrates of both species of Salix fluctuated and had no clear trend (Figure 5f).



Environments 2024, 11, 44 15 of 25

Table 3. Element concentrations (mg/kg) accumulated in substrate planted with (a) S. alba and (b) S. viminalis.

Element
(a) S. alba : : : :
Aluminum (Al) Boron (B) Cadmium (Cd) Chromium (Cr) Copper (Cu) Iron (Fe) Magnesium (Mg)  Manganese (Mn)
SA1 7378 £324.9 27 £0.01 1821 £ 507.3 4727 + 316.9 653 £ 61.8 18,250 + 453.1 26,259 £ 2657.6 1617 £ 174.0
SA2 5819 £ 270.4 20 £ 0.004 1610 £ 227.9 3962 £+ 325.9 380 £ 89.7 17,309 + 754.9 23,409 £ 2807.0 834 £ 126.0
SA3 6648 £ 234.5 35 £ 0.005 1902 £ 492.8 4338 +192.7 697 £ 65.5 16,116 + 429.9 22,332 4+ 1988.1 1685 + 185.9
SA4 9251 + 460.2 89 £ 0.01 2883 £+ 785.5 5616 £+ 195.9 935 £ 47.5 21,458 £ 889.9 28,063 £ 2443.3 1914 + 276.5
SA5 6777 £+ 206.0 ND 182 £ 6.9 1944 + 202.0 164 + 20.7 15,240 + 440.0 21,653 £ 2042.0 765 £ 156.8
SA6 7236 £ 285.1 ND 203 +49.3 2298 + 227.6 150 + 63.6 13,653 + 471.3 22,493 4+ 3010.9 1000 + 132.4
SA7 8516 £+ 317.8 ND 158 £ 0.1 467 £ 29.1 281 £20.1 16,809 + 533.0 22,560 £ 2172.0 968 £ 148.5
SA8 6966 £ 236.0 ND ND 1691 £ 161.2 103 + 26.6 14,293 + 462.8 24,950 £ 3553.4 982 £ 135.3
SA9 7838 £ 373.3 127 + 0.005 2108 £+ 503.3 4054 + 211.0 664 + 47.5 16,460 + 614.8 25,243 + 2155.8 1505 + 213.8
SA10 7997 £272.0 21 £ 0.007 2164 £ 555.6 3948 £+ 178.6 655 £ 32.7 19,510 + 532.5 25,083 £ 2382.9 1249 + 1329
SA11 11,342 £+ 336.1 68 +39.9 1913 £ 506.3 4717 £ 219.6 734 £32.0 21,645 £ 1199.2 28,468 £ 2686.5 1538 + 223.3
SA12 7788 £ 370.1 115 + 83.1 994 + 213.1 3100 + 352.5 341 £89.1 14,907 + 558.2 26,879 £ 3322.5 939 + 166.8
SA13 7602 £ 330.8 ND 31+£0.01 2900 £ 253.1 149 £ 98.9 13,940 + 464.4 23,845 £ 2951.4 1012 + 148.9
SA14 7463 £ 316.6 ND ND 2529 £ 296.3 109 + 10.3 13,617 + 489.9 23,470 £ 2838.1 939 £ 160.7
SA15 10,142 £+ 465.1 ND 118 +£94.2 1026 £ 96.7 154 £ 69.1 21,652 £ 889.5 25,270 £ 2305.4 1363 + 113.9
SA16 7862 £ 314.2 ND ND 2547 + 244.4 141 +70.2 15,111 + 531.4 25,076 £+ 3318.7 1438 + 150.4
SA/C1 9829 £ 257.7 ND ND 3132 +241.7 120 + 43.6 20,753 £1217.2 24,349 £ 2968.9 1245 + 148.7
SA/C2 7885 £ 366.9 ND ND 1579 £ 153.5 147 + 62.3 19,726 + 684.5 24,234 £+ 3015.4 1221 +£121.4
SA/C3 1890 £+ 152.3 ND ND 291 £27.1 88 +£93.4 3491 £ 568.6 7472 £974.1 222 £44.0
SA/C4 7785 £194.7 73 £ 0.02 ND 3173 £ 261.4 146 £79.9 12,655 + 343.6 20,502 £+ 2611.8 900 £ 109.3

Note: All values in mg/kg of dry weight as mean + standard deviation; SA1-SA /C4, S. alba with two replicates; and ND, not detected. Sample number: 20.

Element

(b) S. viminalis

Aluminum (Al) Boron (B) Cadmium (Cd) Chromium (Cr) Copper (Cu) Iron (Fe) Magnesium (Mg)  Manganese (Mn)
SV1 7389 + 256.4 87 £ 0.02 398 +162.9 1990 £ 177.9 239 +85.4 16,249 + 434.4 27,645 + 3648.9 1161 £ 201.7
Sv2 6328 +192.1 133 £ 0.03 143 £ 0.6 2074 +193.0 122 £22.4 13,107 £ 396.2 23,695 + 2436.6 690 + 145.8
SV3 5474 + 144.5 ND 461 +£182.2 2382 £ 303.7 226 + 64.8 10,759 + 359.5 24,008 + 2403.0 750 £ 106.4
Sv4 5232 £ 248.0 ND 635 +219.5 2138 +199.8 254 +75.8 14,609 £+ 575.9 28,209 + 2910.0 1208 + 147.5
SV5 7704 £ 284.8 ND 225 +10.8 2213 4+ 237.7 177 + 83.3 15,700 £ 428.4 27,961 + 2848.8 1062 £ 158.1
SV6 7579 + 328.1 ND 297 £10.2 1202 4+ 123.9 237 +62.9 14,428 + 474.9 27,418 £ 3219.3 1246 4+ 157.2
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SV7 6527 + 220.8 47 +0.01 144 + 13.1 977 £ 81.6 143 + 62.8 10,521 4 424.2 26,408 + 2661.1 911 + 105.8
SV8 7597 4+ 294.6 ND 245 + 130.1 2507 + 257.1 155 4+ 28.9 13,829 4 522.0 31,301 £ 3800.2 1412 +£174.2
SV9 13,879 4+ 460.8 95 4+ 0.02 742 + 178.6 988 + 23.0 397 £71.7 23,077 £+ 660.2 50,172 + 6692.2 2080 + 198.9
SV10 19,158 4+ 770.1 15 £ 0.01 766 + 149.2 2587 + 199.3 548 4+ 54.9 28,066 + 972.3 66,288 + 8833.8 2635 + 384.3
SV11 10,139 £ 276.6 19 £ 0.03 1529 + 193.1 4008 + 324.4 510 £+ 38.8 17,827 4+ 449.6 28,431 + 3207.8 1499 + 196.7
SV12 8542 + 177.1 125 4+ 0.03 1205 4 149.1 2399 + 105.9 386 + 60.9 14,229 4+ 374.1 23,843 + 2335.1 1585 + 162.0
SV13 7548 4+ 227.7 ND 26 = 0.01 1277 +£120.2 341 +£23.3 12,807 4 482.0 32,584 + 4269.5 1492 + 1514
SVi4 15,106 4 492.7 ND 175 + 0.04 2270 +242.3 222 £545 23,510 £ 902.6 56,967 + 7906.6 1967 + 283.7
SV15 8236 4+ 237.7 ND ND 55 4+ 0.01 197 + 39.4 15,117 4+ 396.2 24,577 + 2608.7 1292 + 116.0
SVie 8971 + 377.0 99 +0.03 204 £ 2.5 2876 + 256.0 139 +19.5 21,450 + 756.6 25,250 + 2973.6 1245 + 193.4
Sv/C1 7990 4+ 323.0 ND ND 2385 + 176.2 167 4+ 40.8 15,673 4= 425.7 27,558 + 3094.3 1650 + 182.1
SV/C2 6138 + 154.3 ND 274 + 0.1 3483 + 267.9 185 4+ 61.8 12,285 4+ 411.0 25,887 + 3431.2 1267 +£179.8
SV/C3 7497 4+ 257.8 ND ND 1067 £ 102.4 185 4+ 39.1 13,923 4 425.9 26,654 + 3998.5 1315 £+ 167.5
SV/C4 9317 £+ 364.0 152 £+ 0.04 ND 1243 +£119.2 187 +£22.2 16,764 4+ 622.9 25,150 + 2485.4 1320 + 168.6

Note: All values in mg/kg of dry weight as mean =+ standard deviation; SV1-SV/C4, S. viminalis with two replicates; and ND, not detected. Sample number: 20.
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Figure 5. Comparison between the concentrations of accumulated elements in substrates linked to S.
alba and S. viminalis in terms of (a) aluminum (Al); (b) boron (B); (c¢) cadmium (Cd); (d) chromium (Cr);
(e) copper (Cu); (f) iron (Fe); (g) manganese (Mn); and (h) magnesium (Mg). Sample number: 20.
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Concentrations of Mn were significantly (p < 0.05) higher in the substrates used for
S. alba which were irrigated with HC-SGW effluent of 2-day HRT. Almost all substrates
planted with S. viminalis, excluding SV1-5V4, showed significant accumulations of Mn
compared to the corresponding substrates linked to S. alba receiving the same effluent
quality (Figure 5g). Metal bioavailability is influenced by the oxygen and pH conditions in
substrates. These boundary conditions play a crucial role in respiration and photosynthesis
processes. The involvement of microorganisms is vital in the oxidation of metals and the
formation of metal hydroxides in substrates. Hydroxides are more stable than free metal
ions and cations, contributing to the overall metal bioavailability in a system [51,52].

Significantly (p < 0.05) higher concentrations of Mg were detected in substrates planted
with S. viminalis irrigated with effluents subjected to a long HRT, which were greater than
the concentrations in the corresponding substrates for S. alba but were not significant
(p > 0.05) (Table 3, Figure 5h). Low plant growth rates are linked to the high Mg contents
within the substrate since they correlated positively with Fe. However, Mg is essential for
plant photosynthesis [49,52].

The reuse of wastewater for agricultural irrigation poses a risk of element accumu-
lations and subsequent leaching in acid substrates [41]. To safeguard human health and
the environment, it is recommended to monitor substrate pollutants, considering chemical
composition, substrate salinity, and contamination mobility [12,49]. Long-term irrigation
with treated wastewater can lead to elevated accumulations of elements such as Cd, Cu, Zn,
Ni, and Cr in agricultural substrates above regulatory thresholds [51,52]. The root systems
of Salix spp. are typically associated with fungus colonies that protect roots and reduce the
risk of mineral contamination. Mycorrhizal fungus efficiently stores metals, immobilizing
metal ions below ground and decreasing metal translocations from roots to other plant
tissues [43,48]. This symbiotic relationship plays a crucial role in mitigating the potential
negative impacts of element accumulation in the substrate.

3.4. Element Accumulation in Willow Biomass

Both species of Salix were considered for element accumulations in their biomass. Both
twigs (woody biomass) and leaves (foliage biomass) were subjected to chemical analysis
to assess phytoremediation efficiency. The accumulated mineral contents in S. alba and
S. viminalis were compared, and the results are presented in Table S3.

The statistical analysis of element concentrations accumulated within twigs of S. alba
revealed sequences of metal contents following this order: Ca > Mg > Na > Mn > Zn > Fe >
Al > Cd > Cu > Cr > Ni > B. For S. viminalis, the order was as follows: Ca > Mg > Mn > Zn >
Na > Fe > Al > Cd > Cu > Ni > Cr > B,(Table S3; Figure 6a,b).
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Figure 6. Comparisons between element contents accumulated in biomass of S. alba and S. viminalis in terms of (a) twigs (aluminum, boron, cadmium, chromium,
coppet, iron, manganese, sodium, nickel, and zinc); (b) twigs (calcium and magnesium); (c) leaves (aluminum, boron, cadmium, chromium, copper, iron, manganese,
sodium, nickel, and zinc); and (d) leaves (calcium and magnesium). Sample number: 48.



Environments 2024, 11, 44

21 of 25

Certain elements are classified either as macronutrients (N, K, P, S, Mg, and Ca) or
micronutrients (Fe, Mn, B, Zn, Cu, Cl, Mo, and Na). These elements are crucial for pro-
moting healthy plant growth in moderate quantities. However, elevated concentrations
of these elements can be toxic to some plants [53]. In the case of Salix spp., the required
corresponding proportional macronutrients were 100, 65, 13, 9, 8.5, and 7 parts of weight,
respectively, and 0.7, 0.4, 0.2, 0.06, 0.03, 0.007, 0.003, and 0.003 parts for micronutrients
in this order. However, the exact nutritional needs for willows under various boundary
conditions are not well known as they are a function of the substrate nutrient level, microor-
ganism community, harvest regime, maturity of plants, and irrigation water quality [54].
Furthermore, the greatest total accumulations of elements were observed in twigs for al-
most all S. alba samples compared to the total accumulations in twigs linked to S. viminalis.
(Table 1, Figure 6a,b).

In addition, the statistical analysis elucidated that the concentrations of Al, B, Ca, Cd,
Mg, and Ni accumulated and were significantly (p < 0.05) higher in the woody biomass of
S. viminalis twigs compared to those from S. alba, which were associated with significantly
high accumulations of Cu, Na, and Zn concentrations in their twig biomass. However,
Cr and Fe concentrations were not significantly different (p > 0.05) in terms of biomass
accumulations for both Salix spp. Furthermore, the concentrations of Mn were significantly
higher in terms of accumulation within twigs obtained from S. viminalis which were
irrigated with greywater effluents from systems associated with long (7-day) HRT. The Mn
concentrations were significantly higher in terms of accumulation within S. alba, which
received greywater effluent from systems of short HRT.

The cultivation and subsequent harvesting of Salix spp. provide a mechanism for
removing unwanted elements from the land. Moreover, the extraction of metals from
plant tissues could be explored for reuse purposes, potentially offering an economical and
environmentally sustainable approach in certain case studies [43].

The leaves of both species of Salix were also investigated for element concentrations.
The rank orders of element accumulation occurrences were as follows: Ca > Mg > Mn > Na >
Fe>Zn> Al>Cd > Ni> B > Cu > Cr for S. alba, and Ca > Mg > Mn > Na > Fe > Zn > Cd >
Al > B> Ni> Cu > Cr for S. viminalis (Table S3). The leaves of both species had Ca as the
highest accumulated element and Cr as the lowest accumulated one. This is positive but
not so important, as the dry weight of leaves is small in comparison to twigs and stems.

The overall accumulations of elements were significantly (p < 0.05) higher in the leaves
of almost all S. alba, particularly in those irrigated with greywater effluents of short HRT
compared to S. viminalis (Figure 6¢,d).

Elements such as Cu, Na, Ni, and Zn within the leaves fluctuated without a clear
trend for both of the willow species. However, the leaves of S. alba showed significantly
(p < 0.05) higher concentrations of elements linked to effluent treatment parameters, such
as Al (for effluents of long HRT), Ca and Mn (for effluents of short HRT), Cd (for effluents of
HC-SGW), and Fe (for almost all effluents). Accumulations of B and Mg were higher in the
leaves of S. viminalis associated with effluents of long HRT compared to S. alba. In contrast,
Cr accumulation showed no significant differences when comparing accumulations in
leaves of both species with each other (Figure 6¢,d).

Salix spp. demonstrated resilience and survival despite the accumulation of elements
in their tissues. The metals absorbed by willows tend to accumulate in the aerial tissues,
with the highest accumulations associated with woody tissues. However, there is a con-
siderable variety of metal distributions in newly grown willows, where metals are more
evenly distributed between foliage and woody biomass [43].

The findings show that the accumulations of Al, B, Ca, Fe, Mg, Mn, and Ni were
significantly (p < 0.05) greater in the leaves compared to the twigs of S. alba. Moreover,
woody biomass accumulations compared to those in twigs showed significantly higher
concentrations of Na and Zn. However, the highest accumulations of Cd, Cr, and Cu
fluctuated between leaves and twigs without a specific trend. The accumulations of Al, B,
Ca, Fe, Mg, Mn, and Na were significantly greater in S. viminalis leaves compared to twigs.
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Cd, Cr, Cu, Ni, and Zn showed variations in their highest accumulations between leaves
and twigs (Figure 6).

Elements can be stored in various parts of willow biomass, including in below-ground
(roots) and above-ground woody plant parts (stems, twig branches and shoots), and foliage
(leaves). It is more common to observe higher accumulations of elements in plant roots and
stems than in other willow parts [54]. However, the challenge lies in the enhanced spatial
distribution of accumulated metals, particularly through leaf fall in autumn [43].

The substrate to plant transfer factor provides an indication of metal accumulation
rates into plant biomass tissues. For certain metals, such as Cd, Cu, and Ni, the transfer
factor is higher for edible leafy vegetable crops compared to woody biomass crops [43,48].
Phytoextraction and phytostabilization are the two crucial phytoremediation processes. In
phytoextraction, contaminants are adsorbed and extracted from the substrate by plants
and accumulate in their tissues. This process allows for the removal of contaminants
from both the substrate and plants, either through harvest or dead leaves. The methods of
element adsorption and intracellular translocation can vary among different plants. Toxicity
tolerance is affected by several parameters including water pH, microorganism populations,
as well as plant species and their enzymes [28]. These factors collectively contribute to the
effectiveness of phytoremediation in mitigating environmental contamination.

4. Conclusions and Recommendations

This study focused on investigating the woody biomass productivity of S. alba and
S. viminalis, as well as the remediation potential of substrates irrigated with synthetic
greywater (with two pollutant strengths) treated by floating wetland systems. The irrigation
greywater quality complied with international standards and thresholds for the safe reuse of
wastewater for irrigation, in particular for low-contamination-strength synthetic greywater.
However, high-contamination-strength synthetic greywater comprised some elements with
concentrations above the regulatory thresholds. High total suspended solids, salinity, and
electric conductivity in agricultural substrates and water had adverse effects on substrate
structure, water and air exchange into the substrate, and crop biomass productivity. As
a result, the use of high-contamination-strength synthetic greywater in practice should
be avoided to ensure optimal agricultural conditions. The growth rates and biomass
productivity of both species of Salix spp. were assessed by measuring their twig numbers,
lengths, and diameters, as well as their fresh and dry woody biomasses. During the
juvenile stage, both species exhibited approximately equal rates of growth after planting.
At the first harvest, S. alba produced a high woody biomass weight with twig lengths
and diameters greater than those of S. viminalis for. For the second growth season, S. alba
had a high number of slim and long twigs compared to the smaller number of long twigs
for S. viminalis, which was linked to a significantly high fresh biomass weight with a
high average biomass water content compared to S. alba. However, the dry biomass
weight of S. alba was higher. Nevertheless, the utilization of both species for biomass
production is recommended, taking into consideration their distinct characteristics and
potential applications.

The element contents in the compost substrates underwent significant changes after
irrigation with greywater effluents. The substrates of both Salix spp. recorded the highest
accumulations of Mg, Fe, and Al. Fluctuations in the highest accumulations of Cu, Cd, and
Mg in the substrates of S. alba were observed, which were particularly linked to irrigation
with high-contamination-strength greywater. Consequently, the dilution of such waters
should be considered.

The overall highest accumulations of elements were observed in the twigs of almost all
S. alba compared to S. viminalis. Significantly high concentrations of Al, B, Ca, Cd, Mg, and
Ni were linked to the woody biomass of S. viminalis twigs compared to S. alba. The highest
Ca and Mg accumulations were detected in the twigs of both Salix spp. The twigs of S. alba
were highly efficient in Na accumulation compared to S. viminalis, which showed a high
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ability to accumulate Mn, Zn, and Ni. It follows that these willow species are recommended
for bioremediation purposes.

The accumulations of elements in the foliage (leaves) of both species showed the
highest concentrations for Ca, and the lowest ones for Cr. The leaves of S. viminalis
accumulated Cd and B better than Al and Ni. However, the opposite was the case for
the leaves of S. alba. The overall accumulations of elements were significantly high in the
leaves of almost all S. alba compared to S. viminalis, particularly for those irrigated with
greywater effluents of short HRT. The leaves of S. alba were efficient in the accumulation
of Al, B, Ca, Fe, Mg, Mn, and Ni compared to their twigs, which showed significantly
high accumulations of Na and Zn. Furthermore, the leaves of S. viminalis were effective
in accumulating Al, B, Ca, Fe, Mg, Mn, and Na in comparison to its twigs. The elements
Cd, Cr, Cu, Ni, and Zn showed variations in their highest accumulations between leaves
and twigs.

A plant’s ability to accumulate and store certain elements in its biomass can contribute
to the remediation of contaminated soils. This highlights the potential for phytoremedi-
ation strategies involving Salix spp. to not only mitigate environmental contamination
but also to recover valuable resources from the harvested biomass. The dynamic metal
distributions within the plants’ different tissues suggest an adaptive response of Salix spp.
to element uptake and storage, contributing to their overall resilience in the face of varying
environmental conditions and contamination levels.

The natural shedding of leaves can lead to the redistribution of accumulated elements
in the environment, posing a challenge for managing and controlling the impact of metal
accumulation in the broader ecosystem. This aspect underscores the complexity of phytore-
mediation processes and the need for careful consideration of their long-term effects.

Therefore, regular harvesting of short-rotation coppices during the growing season is
recommended to maximize removals of nutrients and metals, promoting the use of willows,
for example, for biochar production or as a solid fuel for energy creation.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/environments11030044/s1. Table S1 shows chemical formulas of synthetic greywaters (SGWs)
for low (LC) and high (HC) pollutant concentrations. Table S2 indicates physiochemical characteristics
of synthetic greywater. Table S3 summarizes detected element concentrations (mg/kg) accumulated
in Salix spp. biomass for S. alba leaves, S. alba twigs, S. viminalis leaves, and S. viminalis twigs.
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