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Abstract: The treatment of greywater (GW, wastewater share excluding toilet flush) through green
walls can be beneficial for urban areas, favouring the diffusion of urban vegetation and reducing
potable water consumption. Multiple challenges hinder the treatment performance of green walls,
including the composition of the filtering material, the number of levels—i.e., rows—and the age of
the system. This study investigated graphene as an additive (5%v) to a filtering medium made of
coconut fibre, perlite and biochar in an open-air green wall with pots arranged into three levels. The
performance of GW treatment was quantified by comparing the physicochemical features of inflow
and outflow samples collected weekly over two months. Samples were also collected at each level of
the green wall, and the performance of two analogous systems different by age for three months were
compared. The results showed that graphene did not significantly improve treatment performance,
except for the first level (e.g., 48% vs. 15% for COD, 72% vs. 51% for TSS, with and without graphene
respectively). Moreover, GW treatment mostly happened along the first two levels of the green wall,
with marginal depletion (e.g., 15% vs. 7% for NH,;*-N) after three months of operational time.

Keywords: green wall; greywater; biochar; graphene; nature-based solutions; wastewater treatment

1. Introduction

The interest in multipurpose ecosystem services is increasing with the intent of build-
ing more resilient cities and fulfilling the United Nations Sustainable Development Goal
11 of sustainable urban communities. Green walls are one of the existing Nature-based
Solutions and provide multiple benefits in urban areas [1]: thermal and air pollution con-
trol [2-4], and increases in quality of life and property values [5-7]. The use of green walls
for the treatment of greywater (GW; the portion of wastewater that excludes toilet flushing
and the kitchen sink) allows a reduction of potable water consumption, transforming
wastewater from a waste into a second-life resource for non-potable activities, such as toilet
flushing, cooling of buildings, gardening or landscape irrigation, or street washing [8-12].
Even though GW is less polluted than other types of wastewater, it may include organic
contaminants, surfactants, suspended solids and pathogens, low amounts of nutrients
(nitrogen and phosphorus), metals and micropollutants [12].

One of the major issues in the design of treatment green walls concerns the choice
of the growing medium. It must be light, suitable for plant growth and water drainage,
and at the same time, must guarantee sufficient contact time for GW treatment without
clogging. Different media have been tested and discussed in the recent literature, e.g., co-
conut fibre and perlite mixed in different proportions [13-15], sand [16,17], and expanded
clay [13,15,18]. A mixture of coconut fibre and perlite was identified by many researchers
as an efficient medium, due to its combination of light weight, hydraulic conductivity
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and hydraulic retention time appropriate for pollutants removal [13-15]. This study stems
from a previous one [18] exploring the use of additives to increase the treatment perfor-
mance of an optimized mixture of coconut fibre and perlite (4:1 in volume, defined as
“base medium”). Specifically, the effects of the addition of compost, biochar, polyacrylate,
and granular activated carbon in different percentages [19] were tested. Adding 20%v
biochar significantly improved the treatment performance of the base medium towards
GW, especially in nitrogen removal (47% for biochar vs. 35% for base medium), and also in
removing BODs, COD and E. coli (96%, 51% and 99%, respectively).

Graphene is a nanomaterial previously proposed [20,21] for wastewater treatment
because of its high surface area and chemical reactivity, able to favour contaminants’
adsorption and oxidation processes. To our knowledge, the addition of graphene to the
growing medium of a green wall has not yet been investigated. Furthermore, analyses
of the efficiency of each level of a green wall in GW treatment are scarce in the scientific
literature. An exception is the study by Prodanovic et al. [22], who found that the first level
(out of three) was the most effective considering only three sampling dates, and that further
experimental observations would be valuable to verify this finding.

The first aim of this study was to test the effect on the performance of GW treatment
due to the addition of graphene (5%v) to the growing medium of a modular green wall.
Specifically, graphene was added to a filtering medium composed of coconut fibre, perlite
and biochar. The possible release of contaminants from the green wall was verified feeding
one module with tap water (TW). Quality parameters (BODs5, COD, nitrogen compounds,
total phosphorus, pH, dissolved oxygen, electric conductivity, chlorides, sulphates, anionic
surfactants, E. coli and total suspended solids) were analysed weekly over two months in
the inflow and outflow of a green wall exposed to open air. The second aim of the study
was to investigate the influence of the geometric design of the green wall by quantifying the
contribution of each level—i.e., row—of pots to the overall treatment performance. Finally,
the effect of ageing on GW treatment efficiency was assessed by comparing a new module
with an already existing one (three months old).

2. Materials and Methods
2.1. System Design and Operation

The experimental design of this study aimed to explore three issues: (1) if green walls
with the same filtering medium and ages different by three months could have discrepant
performances towards GW treatment; (2) if the addition of a small amount of graphene
could improve the treatment performance of the green wall; (3) if some levels of the green
wall provide a higher contribution to the overall treatment. The adopted green wall was
based on the open-air system presented in previous studies [14,19] and was composed of
pots (6.5 L bulk soil volume, 0.18 x 0.18 x 0.22m) hungonal m? modular panel (Figure 1).
Each panel was fed with a total daily volume that can be approximately assumed as the
daily GW share of one person. Each pot was filled with a 0.2 m layer of filtering medium
in four configurations. Following the approach described in Boano et al. [14,19], four
configurations involving a mixture of 80%v base medium (coconut fibre and perlite in a
4:1 ratio) were set up (Table 1). Each configuration was made of nine pots arranged into
three columns and three rows (or levels). Two configurations deployed at a three-month
distance (BC_old in January 2019 and BC in April 2019) were supplemented with 20%v
biochar obtained from wood chips (AgriNewTech, Torino, Italy). Two other modules
(BC + GR) involved graphene supplement (5%v) to the BC configuration. The small amount
was chosen considering graphene’s high efficiency and considerable cost. One of the
graphene-supplemented configurations (BC + GR*) was fed with tap water (TW) and used
as control.

The green wall was designed as a vertical flow system with three independent replicates
(i.e., columns) for each configuration. Different plant species were selected based on aesthetic
and resistance criteria after a literature review and preliminary tests [4,5,14,17,23-26], and
placed in the same position for all columns (Carex morrowii, Hedera helix, Lonicera nitida
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from top to bottom) (Figure 1). After setup and before starting the experimental tests, all
the panels were preliminarily washed for 82 consecutive hours with TW through constant
flow drippers, using the same schedule adopted during the experiments (described below),
to remove the finest particles and reduce the risk of clogging. During the experimental
tests, each column was fed with 24 Lday‘1 of GW [19,27], while the control BC + GR*
configuration was fed with tap water (TW) with the same flow rate. A batch feeding
mode was adopted to allow the re-oxygenation of the system, with a volume fed to each
column of 1 L over 15 min followed by a resting period of 45 min. Water flowed by gravity
through a 4 mm hole in the bottom of each pot. The contribution of evapotranspiration
and precipitation in the Turin’s climate during spring was negligible compared to the high
hydraulic loading rate (precipitation below 600 mm from April to July 2019, with a peak
around 83 mm in one day, HLR 740.8 Lm~2 d~1).

Figure 1. One of the four tested modules of the green wall system.

Table 1. Details on the tested configurations (% by volume).

Configuration Input Tested Mixture (ID) Deployment Date
64% coconut fibre + 16% perlite+ 20% biochar
biochar greywater (BC_old) January 2019
greywater 64% coconut fibre + 16% perlite + 20% biochar (BC) April 2019
61% coconut fibre + 15% perlite + 19% BC + 5% .
greywater Graphene (BC + GR) April 2019

biochar + graphene

61% coconut fibre + 15% perlite + 19% BC + 5%

Graphene (BC + GR¥) April 2019

tap water
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Since real GW in university facilities is not fully representative of household GW, syn-
thetic GW according to previous studies [14,19,27] was prepared weekly in a 1.5 m? plastic
tank mixed hourly, using local commercial products (Table 2). The reagents employed in
the synthetic GW were purchased from Sigma-Aldrich (Burlington, MA, USA).

Table 2. Composition of the synthetic greywater (GW) used in this study.

Product Brand Amount (g) in 100 L
Bodycream Leocrema 1.50
Toothpaste Pasta del Capitano 3.25
Deodorant Sauber and Prep 1.00
Handsoap Dermomed 72.00

Laundry Soft 15.00

NaySOy analytical grade 3.50

NaHCO3 analytical grade 2.50
NayPOy analytical grade 3.90
Clay bentonitic 5.00
Boric acid analytical grade 0.14
Lactic acid analytical grade 2.80

2.2. Sampling and Analytical Procedures

Eight weekly sampling dates have been planned from May to July 2019, collecting
140 samples in total from the output of each column (third level) and from the input GW.
The output water from the first and second levels was also collected in three sampling
dates. The samples were analysed on-site for temperature, pH, electric conductivity (EC),
and dissolved oxygen (DO) using a WITW Multi 3320 portable 2-channel probe; sulphates,
chlorides, total Kjeldahl nitrogen (TKN), nitric nitrogen (NO;--N), ammonia nitrogen
(NH4*-N), total phosphorus (TP), chemical oxygen demand (COD) and methylene blue
active substances (MBAS)—i.e., anionic surfactants—were analysed through Nanocolor™
reagent kits, a VELP COD ECO 16 thermo-reactor (for COD, TKN and TP), and an AL450
Multidirect photometer; Total Suspended Solids (TSS) were measured via 0.45 um cellulose
membranes; BODs was measured through a VELP FOC 215 E incubator equipped with Oxy-
top systems. E. coli concentration was measured on five sampling dates, using Colitag™
water test reagents after 24 h, following APHA standard method 9221. When the measured
concentration value of any parameter was below the detection limit, the limit itself was
considered during the data processing to avoid overestimating removal efficiencies.

All experimental data have been processed calculating the removal efficiency (Equation (1)),
where C;;, g is the concentration in input GW and C,y; is the average of the concentrations
of the three replicates of each configuration:

Rem_eff = 7@”—52’ G_WC”” 1)
m_|

For each configuration, both concentration and removal time series are composed of
eight sampling dates (each coming from the average of three samples) for all parameters,
except MBAS (7 sampling dates) and E. coli (6 sampling dates).

Statistical tests were also performed to find temporal trends and significant differences
in removal efficiency. A Mann-Kendal trend test was performed to identify possible
monotonic temporal trends (p < 0.05). A one-tailed Student’s t-test was performed on the
differences between the reference configuration and the tested configuration. Specifically,
differences were calculated between measured values for the parameters measured on-site
(temperature, pH, EC, DO), and between removal efficiencies for the parameters quantified
off-site in the laboratory. The test evaluates the mean value of the difference between a
reference configuration and the other configurations. If the mean value of these differences
is significantly higher than zero, the tested configuration was considered to treat GW
significantly better than the reference one (p < 0.05). Following [28], p-values were also
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corrected with a false discovery rate approach, which confirmed the test significance when
the p-value remains below 0.05. More details on the statistical tests can be found in [19].

3. Results
3.1. Effect of System Age on Performance of Biochar Columns

The age of the system did not significantly affect the behaviour of on-site parameters
(Figure 2), according to the comparison between the newer (BC) and the older (BC_old)
biochar configurations. Both cases showed similar ranges for pH (BC: 7.40-7.63; BC_old:
7.32-7.81) and EC values (BC: 701 &+ 16; BC_old: 683 + 46). The BC_old configuration was
characterised by a wider range in output DO concentration (5.2-8.9 mg/L) compared to BC
(6.6-9.3mg/L).
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Figure 2. Values of the parameters measured on-site on input (TW and GW) and output samples
from all configurations ((a): pH, (b): Temperature, (c): EC, (d): DO). Median value (red line), 25th
and 75th percentiles (blue box), range (black whiskers) and outliers (red cross) are shown.

BC and BC_old showed very good removal performance for BODs (87.0 & 11.8% and
88.8 & 10.4%, respectively), and BC_old performed significantly better than BC (Table 3).
The impact of age was not significant for COD removal performance (BC: 70.6 %+ 5.8%;
BC_old: 71.1 &+ 6.1%; data not shown), with output concentrations often reaching the
detection limit for both configurations. TSS removal efficiency was excellent and statistically
similar for both configurations (BC: 94.0 & 6.1%; BC_old: 93.2 £ 6.8%). Among nitrogen
compounds (Figure 3), only NH4*-N removal was significantly affected by system age as
BC performed significantly better than BC_old, which released small amounts of NH;*-N
(BC_old: 0.15 £ 0.19 mg/L; GW: 0.06 & 0.03 mg/L). The BC_old configuration also showed
a higher variability in output concentrations for NH4*-N (0.15 £ 0.19 mg/L) as well as for
TKN (1.77 £+ 1.95 mg/L), while BC had a lower variability (NH;*-N: 0.04 £ 0.00 mg/L;
TKN: 0.64 £ 0.37 mg/L). The average removal performance of TKN was high for BC
(71.2 4= 14.6%) but scarce for BC_old (22.8 = 95.9%); however, this difference was largely
due to the variability in removal for BC_old and was not statically significant (Table 3). Low
removal performance was also found for NO;--N, as expected in a vertical flow system
(BC:12.3 £ 26.9%; BC_old: 11.3 & 27.1%).

The BC configuration performed significantly better (Table 4) for TP and SO42" re-
moval (15.2 & 11.6% and 23.7 £ 5.7%) compared to BC_old (6.6 &= 11.8% and 18.1 & 6.1%,
respectively). Both configurations had similarly good performance for CI~ removal (BC:



Water 2023, 15, 195

6 of 13

43.3 + 18.1%; BC_old: 50.1 & 11.1%), although CI™ was present in very low amounts. Age
did not significantly impact on system performance in MBAS removal (Table 4), and the
release of MBAS was predominant for both configurations.

Table 3. p-values of the t-Student test comparing removal efficiency of each configuration. Bold
numbers indicate that the tested configuration performed significantly better that the reference one.
Asterisks confirm the test significance after false discovery rate adjustment. NaN occurs when all
values were below the detection limit.

Does BC configuration perform significantly better than the others? (on removal efficiency)

BODs COD TSS TKN NO,;--N NH4*-N TP S04~ Cl— MBAS
BC_old 0.973 NaN 0.243 0.094 0.092 0.048 * 0.007 * 0.003 * 0.830 0.391
BC + GR 0.498 NaN 0.955 0.177 0.798 NaN 0.123 0.139 0.842 0.846

Does BC_old configuration perform significantly better than the others? (on removal efficiency)

BODs COD TSS TKN NO,--N NH4*-N TP S0,4%~ Cl~ MBAS
BC 0.027 NaN 0.757 0.906 0.908 0.952 0.993 0.997 0.170 0.609
BC + GR 0.241 NaN 0.975 0.917 0.987 0.952 0.509 0.864 0.238 0.818

Does BC + GR configuration perform significantly better than the others? (on removal efficiency)

BODs COD TSS TKN NO,--N NH4*-N TP S0,4%~ Cl— MBAS
BC 0.502 NaN 0.045 * 0.823 0.202 NaN 0.877 0.861 0.158 0.154
BC_old 0.759 NaN 0.025 * 0.083 0.013 * 0.048 * 0.491 0.136 0.762 0.182

Is the output concentration of BC + GR* significantly higher than input TW? (on concentrations)

BODs COD TSS TKN NO,--N NH;*-N TP SO,4%~ Cl— MBAS
0.110 NaN 0.069 0.929 0.066 0.361 0.099 0.096 0.092 0.000
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Figure 3. Values of the parameters measured off-site on input (TW and GW) and output samples
from all configurations ((a): BODs, (b): TSS, (c): TKN, (d): NO3--N). Median value (red line), 25th
and 75th percentiles (blue box), range (black whiskers) and outliers (red cross) are shown.

3.2. Effect of Graphene Addition
3.2.1. Release from Graphene Columns

The potential release of contaminants from the base medium has been evaluated in [14],
but one further analysis was performed in this study to verify the impact of graphene, which
could possibly adsorb any substance released by the base medium. Thus, the output of the
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BC + GR* control configuration was compared with input TW for the considered physical-
chemical parameters. pH (Figure 2a) increased from 7.16 & 0.23 (average + standard
deviation) in TW to 7.40 £ 0.10 in output TW, with a slight alkalinization. Input and output
water temperatures (Figure 2b; see TW and BC + GR*) were mainly influenced by the
outdoor air temperature. The temperature ranged between 12.5-24.8 °C for input TW and
11.8-24.0 °C for output TW; thus, no significant difference was found for this parameter
(Table 3). No significant variations were found comparing input and output samples for EC
(Figure 2c) and DO (Figure 2d), and no temporal trend was identified for both parameters
(Tables 3 and 4). The limited reduction in average DO concentration (input: 7.7 &= 1.4 mg/L;
output: 6.9 £ 0.9 mg/L) showed good oxygenation of the vertical unsaturated system.

Table 4. p-values of Mann-Kendall test on on-site parameters measurements and laboratory parameter
removal efficiency. Bold numbers indicate an increasing trend (p < 0.05) in the temporal series;
asterisks confirm the trend after false discovery rate adjustment. NaN occurs when all values in a
data set are below the detection limit.

Parameters
Mix pH T EC DO BODs COD TSS TKN NO,--N NH;*-N TP S042~ Cl~ MBAS
BC 0.711 0.108 1.000 0.108 0.452 1.000 0.266  0.454 1.000 1.000 0.711 0.711 0.019 0.368
BC_old 0.174 0.108 0.711  0.230 0.260 0.879  0.063  1.000 0.536 0.288 0.902 0.711 0.902 0.764
BC + GR 0.035 0.108 1.000  0.035 0.181 1.000 0.386  0.386 0.212 1.000 0.174 1.000 0.266 0.764
BC+GR* 0711 0.035 0.386 0.063 1.000 NaN 0707 0.063 0.454 1.000 0.592 0.174 0.711 1.000

Outflow samples from the control BC + GR* configuration did not significantly differ
in BODs (7.3 & 6.0 mg/L) compared to input TW (6.4 & 5.8 mg/L) (Figure 3a, Table 3). COD
values were also not appreciably affected by the filtering medium, since both input and
output concentrations were always below the detection limit (20 mg/L, data not shown).
TSS concentration in TW was very low (0.98 &+ 1.23 mg/L), and showed a small but not
significant increase along the columns (output 1.38 £ 1.65 mg/L) (Figure 3b, Table 3).
TKN (Figure 3c) showed a non-significant decrease from 6.43 £ 2.08 mg/L in input TW to
4.22 + 229 mg/L in BC + GR* output. NO;--N (Figure 3d) and NH4*-N (data not shown)
did not exhibit any significant difference (Table 3) between input (4.19 & 1.45 mg/L and
0.04 &+ 0.01 mg/L, respectively) and output (5.01 £ 0.35 mg/L and 0.05 £ 0.01 mg/L,
respectively), despite the very small increase in the concentrations of both compounds.

The filter medium in BC + GR* released non-significant amounts of TP (input
2.14 &+ 2.37 mg/L; output 2.15 £ 2.36 mg/L; Figure 4a), C1~ (input 3.46 £ 1.26 mg/L; out-
put 4.39 + 0.78 mg/L, Figure 4c), and SO4%~ (input 66.88 + 9.79 mg/L, output
74.29 + 12.18 mg/L, Figure 4b). On the other hand, a significant difference (Table 3)
was observed between MBAS input and output concentration (0.64 £ 0.35 mg/L and
603.13 £ 290.53 mg/L, respectively), in agreement with previous results achieved with the
base medium [14], suggesting that MBAS release was due to base medium regardless of
the presence of biochar and graphene (Figure 4d).

3.2.2. Effect of Graphene on GW-Fed Column Performance

The impact of graphene on green wall performance has been evaluated comparing the
output concentration and removal efficiency of the BC + GR configuration with the control
BC configuration installed at the same time.

The parameters measured on-site did not exhibit any temporal trend for both configu-
rations (Table 4). The slight increase in pH was similar for BC and BC + GR configurations
(input GW 7.30 & 0.08, BC 7.53 £ 0.08, BC + GR 7.60 &£ 0.14). EC was not influenced by
the addition of graphene, and no relevant difference was found between input GW values
(701 £ 18 uS/cm) and the two considered configurations (BC 701 £ 16 uS/cm and BC + GR
701 £ 25 uS/cm) (Figure 2c). For BC and BC + GR configurations, the DO content increased
(Figure 2d) from a low-oxygen condition in input (2.58 &= 3.14 mg/L) to aerobic conditions
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in output characterised by similar distributions for BC (7.7 & 0.9 mg/L) and BC + GR
(7.6 £1.3mg/L).
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Figure 4. Values of the parameters measured off-site on input (TW and GW) and output water from
all configurations ((a): TP, (b): 50427, (c): C1~, (d): MBAS). Median value (red line), 25th and 75th
percentiles (blue box), range (black whiskers) and outliers (red cross) are shown.

Both configurations exhibited high BODs5 removal performance (87.0 + 11.8% for BC
and 87.0 = 10.6% for BC + GR) that remained constant over time (Table 4). The BODs5 range
was 41.1-80.1 mg/L for input GW and decreased to 0-15.9 mg/L and 0-12.4 mg/L for BC
and BC + GR, respectively (Figure 3a). COD concentration was 70.9 £ 16.4 mg/L in GW
and output concentrations were always below the detection limit of 20.0 mg/L for both
BC and BC + GR, reaching a removal efficiency around 70.6% for both mixes. Instead, TSS
removal was significantly better for BC + GR than for BC (Table 3); however, TSS removal
performance was excellent for both configurations (around 94%), and concentrations de-
creased from 40.6 &+ 22.7 mg/L in GW to 1.45 & 1.14 mg/L in BC and 1.03 4+ 0.96 mg/L in
BC + GR (Figure 3b). Considering nitrogen compounds, neither temporal trends (Table 4)
nor significant differences (Table 3) were found for the removal performance of BC and
BC + GR configurations. TKN removal was high (71.2 £ 14.6% and 64.7 &+ 24.0%, re-
spectively), starting from a range of 1.00-7.70 mg/L in input GW and often decreasing
below the detection limit (0.5 mg/L) in both configurations. Removal of NO;--N and
NH,4*-N were respectively around 12% and 26% for both configurations. The moderate
removal performances were probably due to the low concentrations in input GW (NO;--N:
7.18 £ 6.00 mg/L, NH,*-N: 0.06 £ 0.03 mg/L) and, for NO;--N, to the aerobic conditions
that prevented denitrification.

The addition of graphene did not significantly influence the removal performance of
TP, SO4%~, CI~ and MBAS (Figure 4) compared to the BC configuration (Table 3). Con-
centrations in input GW were 8.56 + 1.44 mg/L for TP, 143.25 + 13.30 mg/L for SO42’,
12.96 £ 3.35 mg/L for C1~ and between 20.00-2010.00 mg/L for MBAS. Removal perfor-
mances were quite low for these parameters for both configurations (TP 15.2 + 11.6% |
6.8 £ 13.0%, SO42~ 23.7 4 5.7%120.6 + 8.07%, C1~ 43.3 & 18.1%144.8 + 18.9% for BC|
BC + GR respectively). An average release was observed for MBAS (—111 £ 258% for BC
and —22 =+ 77% for BC + GR). However, these values are influenced by the presence of a
few outliers because concentrations fluctuated considerably over the sampling dates, as
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reflected by the high standard deviation values of removal efficiency. No temporal trend
was found for any configuration regarding these parameters (Table 4).

E. coli concentration was adopted as biological indicator of output water quality. This
parameter was analysed in five sampling dates, showing excellent performance for all
configurations fed with GW. Even though the number of samples did not allow statistical
comparison of the removal performances, the average removal efficiency was higher
than 3 log units in all configurations, starting from an average E. coli concentration of
7 x 10* MPN/100 mL in GW.

3.3. Effect of Different Levels on Removal Efficiency

Figure 5 displays the average removal efficiency after each level (i.e., row) of treatment
for the two configurations with (BC + GR) and without graphene (BC) with the same age.
The two configurations showed similar behaviour along the flow direction: the first and
second levels together contributed to the most of removal, even though the first level of BC
showed worse performances compared to BC + GR. For some parameters (i.e., BODs and
TKN) there was even a release from the first level of BC. However, the performances of BC
and BC + GR became similar in the second level (except for TKN). This behaviour suggests
that the benefits of graphene were mostly visible for the first level, but the presence of the
second level compensated the lower performance of the first level of BC. In general, the third
level provided a marginal contribution to the removal efficiency for both configurations
since the increase in performance was not relevant compared to the second level (except for
TKN for BC). In the three sampling dates when intermediate levels were sampled, MBAS
were released in both configurations and three levels were not enough to remove all the
anionic surfactants.
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Figure 5. Removal efficiency for different treatment levels.

4. Discussion

The biochar configuration showed a limited decrease in treatment performance after
three months of operational time (BC_old) compared to a more recent configuration (BC).
Removal performances for NHy+-N, TP and SO42~ were lower for the older configuration
compared to the new one. However, the differences in removal performance were limited
for both TP and SO42~; a release of NH;*-N was observed from the older configuration,
even though the outflow concentration was small (0.15 & 0.19 mg/L). On the other hand,
the older configuration was more efficient in removing BODs compared to the new one.
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Additional studies over longer monitoring periods on older green walls are required in the
future to confirm these results on the performance of GW treatment [29].

The analysis of the configuration fed with tap water (BC + GR*) revealed that the
addition of graphene did not cause any significant release of contaminants. The only
relevant exception was the limited release of MBAS, which was, nevertheless, similar to the
release observed in tap water in a previous system without graphene [14], and was hence
not related to the additive itself. In general, the output values of the analysed parameters
are congruent with a previous study based on coconut fibre and perlite fed with TW [14].
This finding opens the path to the possibility of employing graphene as an additive for the
growing medium of a green wall and hence the prospect of evaluating if any advantage in
terms of removal efficiency arises from the addition of graphene.

Considering the configurations fed with GW, no significant difference was found regard-
less of the inclusion of graphene. Output pH was coherent with literature values [19,22,29-34]
and there was a slight increase compared to input values, possibly due to the mixture
of coconut coir and perlite. EC was also close to literature values [19,29,30,35] for both
mixes; DO concentrations demonstrated the good aeration of the system along the columns,
which was as expected considering the characteristics of vertical flow systems [14,19,23].
BODs removal performances were satisfactory for both configurations, coherent with lit-
erature values [32,33], even if slightly lower than other studies that report performances
over 95% [30,31,34-36]. COD removal was good (around 70%) but lower than many
studies that removed over 80% [22,29-32,34,36], while TSS removal over 90% was also
congruent with evidence in the literature [17,22,23,30,31,34]. The removal of nitrogen com-
pounds was higher than in previous studies [14,19,32,36] but lower than in some literature
cases [22,29,30,33,34], possibly due to the relatively low nitrogen concentrations of the
current study. Input values of TP were within the literature range [22,23,32] while removal
efficiency results were lower compared to literature evidence [19,22,32], even if TP removal
varies widely among studies [17,19,22]. TP removal was found to be lower for BC + GR
than for BC, but the difference was not statistically significant. MBAS showed very high
variability in input GW and output samples. However, since the 25th and 75th percentiles
are comparable for input and output samples of all configurations, average values were
likely influenced by a few possible outliers, suggesting that MBAS results are affected
by more uncertainty than other parameters. E. coli removal efficiency was excellent, as
expected from performances reported in previous green wall studies [14,19,22,35]. Overall,
no evidence was found in the present study that the addition of graphene significantly
improves the system’s performance compared to the other configurations. Apparently, the
benefits provided by the inclusion of graphene were marginal (and limited to the first level
of the system) compared to the already high treatment performance of the other materials
(e.g., coconut fibre, perlite and biochar) used as filter media. Considering the higher costs,
the use of graphene is not recommended in the practical application of green walls for
GW treatment, except for very compact systems with a single level of pots. However, it
should be stressed that graphene could still contribute to removing specific compounds
(e.g., organic micropollutants) that were not analysed in this work.

In terms of the removal efficiency of each level of treatment, the study by Pro-
danovic et al. [22] found that the first level was the most effective for GW treatment.
However, our analysis showed that the second level of treatment also contributed remark-
ably to removal efficiency. The difference probably derives from the different operational
conditions of the studies in terms of HLR and filter medium composition. For the present
study, even though the performance of each level could have been influenced by the plant
type, the experimental design was not aimed at specifically analysing this contribution,
since no variation of plant position among levels was performed. However, previous
studies [23,37] report a relatively limited impact of plant species on removal efficiency,
and the low contribution of the third level observed in the present study suggests that the
overall number and height of treatment levels play a pivotal role in treatment efficiency.
Further studies considering a higher number of samples are warranted to obtain more
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evidence on the role of each level in removal performances, thus helping the correct design
of green walls for GW treatment.

For all configurations, the characteristics of treated GW are in line with many country
regulations and guidelines (e.g., Germany, United Kingdom, and Canada) [1]. TP concen-
tration could represent a problem for some more restrictive regulations (e.g., Italy), and
in these cases, additional levels of treatment could be added to reach the requirements
for reuse in irrigation, street washing or household contexts (e.g., toilet flushing). Future
studies should provide more information about the resilience of the system toward GW
variations, in terms of flow rate and composition, in order to better understand the green
wall performance in realistic conditions with actual GW application and to allow a deeper
comparison with other decentralised treatment systems [38].

5. Conclusions

The mix of coconut fibre, perlite, biochar and graphene showed good performance for
most of the tested parameters. The removal of BOD5, COD, TSS and nitrogen compounds
was satisfactory, and E. coli removal efficiency was excellent. In terms of removal efficiency,
the operational time determined a slight decrease in treatment performance for some
parameters (TP, SO,4%~ and NH:-N).

The possible release of compounds from graphene was evaluated by testing a con-
figuration fed with tap water, and the analysis revealed that the addition of graphene
did not cause any significant release of contaminants compared to the original filtering
medium. However, the benefits provided by the addition of graphene were significant
only for the first level of the green wall. Instead, no evidence was found that graphene
significantly improved the whole system’s performance compared to the configuration
without graphene (i.e., coconut fibre, perlite and biochar), probably because of the already
high treatment performance of the other materials in the filter medium.
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