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ARTICLE INFO ABSTRACT

Keywords: Green walls offer a novel on-site approach for greywater treatment and reuse in densely build urban environ-
Emerging pollutants ments. However, they need to be engineered for effective removal of a wide range of emerging contaminants
Micropollutants

such as xenobiotic organic compounds (XOCs), which may be present in greywater due to extensive use of
personal care products and household chemicals. This study used laboratory column design and batch experi-
ments to investigate the performance of three lightweight green wall media (coco coir, zeolite, and perlite) and
their mixture in three different combinations for the removal of twelve XOCs, covering wide range of hydro-
philic, hydrophobic, and charged pollutants in greywater. The experiments were designed to assess the removal
of targeted XOCs under different operational condition (i.e., hydraulic loading, infiltration rate, drying) and
uncover the dominant mechanisms of their removal. Results showed excellent removal (>90%) of all XOCs in
coco coir and media mix columns at the start of the experiment (i.e., fresh media and initial 2 pore volume (PV)
of greywater dosing). The removal of highly hydrophobic and positively charged XOCs remained high (>90%)
under all operational conditions, while hydrophilic and negatively charged XOCs exhibited significant reduction
in removal after 25 PV and 50 PV, possibly due to their low adsorption affinity and electrostatic repulsion from
negatively charged media. The effect of infiltration rate on the removal of XOCs was not significant; however,
higher removal was achieved after 2-weeks of drying in coco coir and media mix columns. The dominant removal
mechanism for most XOCs was found to be adsorption, however, a few hydrophilic XOCs (i.e., acetaminophen
and atrazine) exhibited both adsorption and biodegradation removal processes. While findings showed promising
prospects of unvegetated media for removing XOCs from greywater, long term studies on vegetated green wall
systems are needed to understand any synergetic contribution of plants and media in removing these XOCs.

Trace organic chemicals
Nature-based solution (NBS)
Natural media

Vertical garden

1. Introduction organic micropollutants from anthropogenic source), which may be

derived from extensive use of household chemicals (e.g., dyes, de-

Rapid growth in urbanization is expected to increase global water
demand between 20-30% by 2050 (The United Nations World Water
Development Report, 2019). One of the potential ways to address
impending water shortages is to find sustainable approaches to manage
existing water resources, such as reuse of greywater. Greywater refers to
non-toilet household wastewater that can be classified into
high-pollutant (dark) greywater from dishwater, kitchen sinks, and
laundry facilities, and low-pollutant (light) greywater from showers and
basins. Contributing between 40-91% of household generated waste-
water in different countries, greywater can provide a reliable on-site
source of water for non-potable usage (Pradhan et al., 2019). Howev-
er, greywater is a source of many xenobiotic organic compounds (XOCs;
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tergents, personal care products etc.). Many of these XOCs are of serious
concern due to their suspected (or known) aquatic toxicity (Glover et al.,
2021), antimicrobial resistance (Alderton et al., 2021), and endocrine
disrupting properties (Olaniyan et al., 2016). Therefore, the removal of
XOCs may be necessary to produced suitable water quality for potential
reuse (e.g., garden irrigation, on-site crop production, toilet flushing
etc.).

Despite detection of many hazardous XOCs in household greywater
(Donner et al., 2010), the literature on suitable methods for XOCs
removal from greywater is scarce. Leal et al. (2010) reported higher
removal of XOCs from greywater using aerobic sequencing batch reactor
in comparison to an anaerobic reactor. However, many targeted XOCs (i.
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e., UV-filters, preservatives, and fragrances) were still detected in
treated greywater, leading to the use of ozonation and activated carbon
as a post treatment step (Hernandez-Leal et al., 2011). Although,
adsorption on activated carbon has exhibited good removal for wide
range of XOCs (Benstoem et al., 2017; Guillossou et al., 2019), its high
cost and environmental concerns regarding disposal implies the need to
find sustainable alternatives (Omorogie et al., 2016; Shukla et al., 2020).
Nature-based solutions, such as constructed wetlands, can provide cost
effective and eco-friendly alternatives for removing XOCs (Kaur et al.,
2020). However, they provide centralized approach for water treatment
and usually require large area for their placement, resulting in limited
potential for their adoption in densely built urban environments. A
vertical gardening approach, such as green walls, could be an excellent
fit for urban cities due to its lower area footprints and direct attachment
to building walls (Boano et al., 2020). However, the widespread adop-
tion of green walls as a decentralized approach for greywater treatment
is highly dependent on its potential to remove wide range of XOCs found
in greywater.

In green walls, XOCs can be removed through a synergetic contri-
bution of plants (i.e., phytoremediation) and growing media (i.e.,
adsorption and biodegradation) (Zraunig et al., 2019). However, the
major contribution is offered by media (Abd-ur-Rehman et al., 2022),
implying the need to find good media mixtures that can facilitate
healthy growth of plants and remove wider range of XOCs (i.e., hydro-
philic, hydrophobic, charged). The performance of single organic (i.e.,
wood fiber, coconut husk, coffee grinds, and date seeds) and inorganic
media types (i.e., zeolite, perlite, pumice, and mineral wool) was tested
in different literature batch studies (Abd-ur-Rehman et al., 2022;
Sithamparanathan et al., 2021). Findings showed better removal po-
tential of organic media compared to inorganic media. However, the
findings were restricted to specific classes of XOCs (i.e., pharmaceutical)
detected in wastewater (Sithamparanathan et al., 2021) or cover limited
range of XOCs (i.e., neutral/non-ionizable) that can be found in grey-
water (Abd-ur-Rehman et al., 2022). Moreover, their findings indicated
limited ability of a single media type to remove different categories of
XOCs (i.e., hydrophilic, hydrophobic, and charged) found in greywater.
Therefore, mixing different media types may provide a more effective
solution. However, each media type has different hydraulic conductivity
and unique adsorption kinetics for different pollutants (Abd-ur-Rehman
et al., 2022), resulting in an unknown removal potential of wider range
XOCs under the interaction of multiple media types in single mix.

To achieve long-term good removal of XOCs from greywater using
lightweight media types, it is important to understand the impact of
operational conditions in green wall systems. Although, several light-
weight media types (i.e., biochar, coco coir, coffee grinds, composted
fiber soil, date seeds, expanded clay, hemp fiber, lava, organic soil,
perlite, and pumice) and their mixtures have been tested under various
operating conditions (e.g., greywater dosing rates, pollutant inflow
concentrations, prolonged drying, etc.), the focus has been limited to
removal of nutrients (total nitrogen (TN) and total phosphorus (TP)),
biological oxygen demand (BOD), chemical oxygen demand (COD), total
suspended solids (TSS), total coliform, and E. coli. (Boano et al., 2022;
Costamagna et al., 2022; Dal Ferro et al., 2021; Estelrich et al., 2021;
Lakho et al., 2022, 2021; Martinuzzi et al., 2022; Pradhan et al., 2020;
Sami et al., 2023; Satheesh et al., 2021). Few studies on green walls have
reported the removal of methylene blue active substances (MBAS) as
representative for anionic surfactants in greywater (Costamagna et al.,
2023, 2022; Dal Ferro et al., 2021). However, these findings do not
adequately elucidate the potential of green walls for removing different
categories of XOCs. As each category experience different interaction
with media, a change in operational conditions may have significant
impacts on physicochemical and biological processes involved in the
removal of these compounds. One such operational condition is the rate
of hydraulic loading for which higher values could lead to biofilm
washing, whereas biofilm development under low hydraulic loading
could restrict intraparticle diffusion of pollutants by blocking the pore
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openings on media (Quispe et al., 2022). Many studies that have
explored the removal of XOCs found hydraulic residence time as an
important operational condition in achieving good removal (Fund-
neider et al., 2021; Quispe et al., 2022; Zraunig et al., 2019). Quispe
et al. (2022) reported a range of 30-240 h of hydraulic residence time in
existing literature on greywater treatment using a biochar-based column
filtration system. However, this is not an optimal condition for a green
wall system since it is typically designed with short retention time (i.e.,
< 24 h) to treat large volumes of daily generated greywater (Boano
et al., 2022; Costamagna et al., 2023, 2022; Lakho et al., 2022, 2021;
Prodanovic et al., 2020).

The understanding of the mechanisms governing XOCs removal is
critical for predicting long-term media performance. While it is expected
that XOCs removal is primarily controlled by adsorption on media,
regular dosing of greywater enriched with organic carbon and nutrients
can offer favourable conditions for microbial growth (Ma et al., 2020),
resulting in excretion of such enzymes that can target certain functional
groups of XOCs for their potential biodegradation. The simultaneous
contribution of both adsorption and biodegradation complicates the
identification of limiting factors for the removal of various XOCs. Few
studies found correlations between some functional groups of XOCs and
their biodegradation potential, however, the findings were specific to a
certain type of biological system (i.e., aquifer sediments (Patterson et al.,
2011), membrane bioreactor (Tadkaew et al., 2011), and river bed
filtration (Bertelkamp et al., 2014)) and cannot be directly translated to
biologically active media in green walls that may experience a different
microbial community due to the difference in organic matter and
available nutrients (Alidina et al., 2014; Hu et al., 2012). Other limita-
tions of existing studies were in the use of different media types (e.g.,
sand, river soil, agriculture soil etc.) and removal of limited XOCs from a
specific class (i.e., pharmaceuticals) (Baumgarten et al., 2011; Gruen-
heid et al., 2008; Scheytt et al., 2006), making it difficult to translate
their findings to lightweight media types for removing a wide range of
XOCs from greywater. In addition, the type of water matrix (i.e., lake
water, wastewater, and stormwater) in these studies offer different
background contaminants (i.e., organic matter, inorganic matter, nu-
trients, and suspended particles) as compared to greywater, resulting in
different competition for the adsorption sites.

Given the limited understanding of lightweight green wall media’s
role in removing wide range of XOCs from greywater under various
operational conditions, this study used laboratory column design and
batch experiments to answer the following research questions:

(i) What is the optimal green wall media mix that supports consis-
tent and efficient removal of hydrophilic, hydrophobic, and
charged XOCs from greywater?

(ii) How do typical green wall operational conditions (loading, dry-
ing, dosing rate) and system design (single and mix media) affect
XOCs removal processes?

(iii) What are the contributions of adsorption and biodegradation in
XOCs removal within selected green wall media?

The findings were used to provide design implications for green wall
system focusing on XOCs removal, facilitating its use as a decentralized
greywater treatment in urban landscapes.

2. Materials and methods
2.1. Selection of XOCs

Twelve XOCs were selected as representative pollutants (Table 1),
covering a diversity of neutral compounds from hydrophilic to hydro-
phobic, as well as charged compounds including both negative and
positive micropollutants. The selection process accounted for key
characteristics of XOCs, such their ability to partition into the organic
phase (measured by logK,, value), their variable charges, and the
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Table 1
Physicochemical properties of selected XOCs.

Common use  'logK,, “Dominant °H-bond
at functional Donor,
pH=7 groups Acceptor

Neutral hydrophilic
Caffeine (CAF) Stimulant 0.16 Amine, Amide, 0,3
Aromatic
Acetaminophen Pain relief 0.91 Amide, 2,2
(ACT) hydroxyl,
Aromatic
Tris(2-chloroethyl) Flame 1.51 Phosphate 0,1
phosphate (TCEP)  retardant ester,
Chloroalkane
Atrazine (ATZ) Herbicide 2.20 Amine, 2,5
Aromatic
Neutral hydrophobic
N,N-Diethyl-meta- Insect 2.50 Amide, 0,1
toluamide (DEET) repellent Aromatic
Diuron (DUR) Herbicide 2.67 Amine, 1,1
Carbonyl
Bisphenol-A (BPA) Plasticizer 3.64 Phenol, 2,2
Aromatic
Triclocarban (TRC) Antibacterial 4.90 Amide, 2,1
Aromatic
Negatively charged
Sulfamethoxazole Antibiotic 0.03 Sulfonamide, 2,4
(SMX) Amine,
Aromatic
Ibuprofen Anti- 1.17 Carboxylic 1,2
(IBF) inflammatory acid, Aromatic
Positively charged
Atenolol (ATN) Beta blocker —-2.14 Amine, Alcohol 3,4
Trimethoprim Antibiotic 0.92 Amine, 2,7
(TRP) Aromatic

! logK,w = Octanol-water partition coefficient at pH=7 to represent pollutant
hydrophobicity, value extracted from EPI Suite™-Estimation Program Interface
| US EPA.

2 Information collected from structural properties of XOCs at Chemicalize -
Instant Cheminformatics Solutions.

8 H-bond = number of hydrogen bond donner and acceptors available in XOCs
structure, data extracted from Chemicalize - Instant Cheminformatics Solutions.

presence of different functional groups (e.g., alcohols, amines, esters,
aromatic, etc.). These attributes contribute substantially to the reac-
tivity, solubility, and adsorption tendencies of XOCs, thereby influ-
encing their overall removal potential.

While the selection of XOCs was primarily dictated by distinct
physio-chemical properties to cover a wide range of chemicals, their
presence was confirmed at multiple greywater sampling sites (Table S1).
Caffeine (CAF), commonly found in coffee grinds, caffeinated beverages,
and food products, was consistently detected across various sites
(Craddock et al., 2020; Delhiraja and Philip, 2020; Eriksson et al., 2003;
Lalley et al., 2023; Turner et al., 2019; Zraunig et al., 2019). Among
pharmaceuticals, acetaminophen (ACT) and ibuprofen (IBF), known for
their analgesic and anti-inflammatory properties, were found at multiple
sites, indicating their extensive use (Delhiraja and Philip, 2020; Eriks-
son et al., 2003; Turner et al., 2019; Zraunig et al., 2019). Atenolol
(ATN), a beta blocker, along with antibiotics like sulfamethoxazole
(SMX) and trimethoprim (TRM), were also identified in real greywater
samples (Craddock et al., 2020; Zraunig et al., 2019). The insect repel-
lent N, N diethyl-meta-toluamide (DEET) was confirmed at multiple
locations due to its application on the skin and clothing (Lalley et al.,
2023; Turner et al., 2019). However, traces of herbicides such as atra-
zine and diuron were also observed, despite not being commonly used in
households (Craddock et al., 2020; Turner et al., 2019). The detection of
Triclocarban (TRC) in greywater can be attributed to its widespread use
in household and personal care items (Craddock et al., 2020). Addi-
tionally, the recurring presence of bisphenol-A, a banned plasticizer, and
tri(2-chloroethyl) phosphate, a restricted flame retardant, suggests their
persistent usage in consumer products (Delhiraja and Philip, 2020;
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Eriksson et al., 2003; Hernandez-Leal et al., 2011; Zraunig et al., 2019).

2.2. Column study

2.2.1. Media characteristics

Following the recommendations from previous green wall media
studies (Abd-ur-Rehman et al., 2022; Prodanovic et al., 2018), three
lightweight green wall media types, coco coir, zeolite, and perlite, as
well as three different combinations of their mixes were tested in this
study (Table 2). Coco coir (i.e., fine media) was mixed with zeolite
and/or perlite (i.e., coarse media) in volumetric ratio of 2:1 as this ratio
showed a good balance between hydraulic performance and nutrient
removal in green wall system (Prodanovic et al., 2019, 2018). The
selected media types have low bulk density (0.09-0.63 g/cm®), which is
preferred for minimizing the green wall system’s weight. Other physical
parameters (i.e., surface area and hydraulic conductivity), influencing
flow dynamics and pollutant removal, are presented in Table 2.

2.2.2. Experimental column design

The columns were constructed using 32 mm diameter PVC pipe with
350 mm total height, containing 300 mm media and 50 mm free gap for
water detention (Fig. 1 (a)). The media depth was selected based on
green wall height recommendation (300-450 mm) for effective nutri-
ents removal (Costamagna et al., 2022; Prodanovic et al., 2020). Col-
umns were constructed using homogenized media mix, which was added
in stages (~50 mm). After each stage, columns were gently shaken and
tapped to achieve even distribution of media. All columns were fitted
with stainless-steel mesh (150 um) at the bottom to avoid media
leaching. A layer of washed gravel (~10 mm) was introduced at the top
to avoid media floating and surface indentation due to inflow water. The
single media columns (designs 1-3, Table 2) were operated in duplicate,
in line with prior studies on micro pollutant removal in column exper-
iments (Bertelkamp et al., 2015, 2014). Given their uniform composition
and reduced potential for variability, two replicates were deemed suf-
ficient for the single media columns. However, to address the inherent
variability arising from the complex interactions between different
media types, all media mix columns (designs 4-6, Table 2) were oper-
ated with three replicates. The utilization of higher replicates in the
media mix columns was particularly important as these columns
represent potentially optimal treatment designs, contrasting with the
single media columns that primarily aimed to explore the interactions
and contributions of different media in the mixed configuration. The
columns were placed in glasshouse with natural sunlight and no rainfall.

Table 2
Physical characteristics of selected media types and their mixtures.
Column Media Volumetric !Average “BET “Hydraulic
designs ratio bulk surface conductivity
density area (cm/h)
(g/em®) (m*/g)
1 Coco - 0.10%,0.27° 1.39 262 (41)
coir
(cO
2 Zeolite - 0.63* 125 1520 (253)
@)
3 Perlite - 0.09* 1.51 3250 (790)
) .
4 CC:P 2:1 0.24 - 444 (109)
5 cC:z 2:1 0.41 - 332 (59)
6 CC:P: 2:0.5:0.5 0.33 - 482 (141)
Z

! Bulk density calculated using mass to volume ratio of *dry media and ‘wet
media.

2 Calculated using Brunauer, Emmett and Teller (BET) surface area analyser.

3 Calculated after packing the media into columns using constant head
method. The values in brackets indicate the standard deviation among
replicates.
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(a) Column design
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(b) Experimental Setup

\ Peristaltic pump

| |

Fig. 1. (a) Column design and (b) Experimental setup.

The experiments were conducted during summer in Australia (Dec-Feb)
when temperature ranged between 20-30 °C.

2.2.3. Greywater characteristics

All experiments were performed using synthetic light greywater
(LGW) that mimics the household generated wastewater from showers
and basins. The LGW was prepared by following the recipe (Table S2)
used in previous greywater treatment studies (Abd-ur-Rehman et al.,
2022; Bakheet et al., 2020; Prodanovic et al., 2017). A concentrated
stock of all XOCs mix (1 g/1 in methanol) was prepared with analytical
grade chemicals and spiked in LGW to achieve the desired concentration
of XOCs. Fresh batch of LGW was prepared every second day and quality
parameters were maintained close to targeted concentrations (Table S3).

2.2.4. Operational design

All media packed columns underwent an initial one-week flush using
tap water in pulses (~2 pore volume (PV), twice a day) to simulate
media compaction under hydraulic loading and ensured the removal of
any residual fines. Subsequently, a 10-week experimental phase was
initiated, simulating various operational conditions (Table 3).

All columns were irrigated with ~2 PV of LGW daily, five days a
week (resting them during the weekend) for 6 weeks. During weeks 1-5,
the infiltration rate was adjusted to ~170 mm/h (standard condition)

Table 3
Timeline and operational parameters during different sampling events.

Week LGW Infiltration Sampling events  Event purpose
volume rate
1 ~2 PV/day ~170 mm/h S1 Removal
performance of
fresh media.
2-5 ~2 PV/day ~170 mm/h S2 at Week 3, Removal
S3 at Week 5 performance of
media over time
6 ~2 PV/day ~42.5 mm/h S4 Effect of

infiltration rate on
XOCs removal
7-8 Drying - - _

Period
9 ~2 PV/day ~170 mm/h S5 Effect of
prolonged drying
on XOCs removal
10 Continuous ~170 mm/h 0.5,1,1.5,2,4,6,  Effect of
dosing 8,10, 12, 15, 25, continuous dosing

50, and 100 PV

on XOCs removal

using peristaltic pump and three sampling events (S1-S3) were per-
formed to understand the media removal performance over time. Fourth
sampling event (S-4) was conducted in week 6 during which the infil-
tration rate was reduced to ~42.5 mm/h (4 times lower than standard),
while dosing volume was kept the same (~2 PV) to understand the effect
of infiltration rate on XOCs removal. Fifth sampling event (S-5) was
performed right after 2-weeks of drying period using standard condi-
tions (i.e., ~2 PV of greywater dosing, ~170 mm/h infiltration rate) to
understand the effect of prolonged drying on XOCs removal. This was
followed by breakthrough curve analysis under continuous greywater
dosing, for which samples were collected after 0.5, 1, 1.5, 2, 4, 6, 8, 10,
12, 15, 25, 50, and 100 PV.

All samples were collected in amber glass bottles (500 ml) to avoid
photodegradation. Within 3 h of sample collection, 100 ml volume for
each sample was transferred to glass bottle and spiked with isotope
labelled internal standards (50 pl of 1 mg/1 stock) of targeted XOCs to
compensate any changes that may occur during sample preparation and
storage. The samples preparation involved solid phase extraction (SPE)
using OASIS 500 mg hydrophilic/lipophilic balance cartridges (Waters,
Millford, USA) at a rate of less than 10 ml/min. After extraction, car-
tridges were rinsed with 5 ml of water, eluted using methanol (3 x 2.5
ml), and evaporated under nitrogen stream to achieve clean concen-
trated samples. The samples were transferred to amber vials and stored
at 4 °C. The XOCs concentration in samples was analysed within a week
following the SPE process.

2.3. Batch study

At the completion of column experiments, each column was emptied
in a large container and media was gently homogenized. One half of the
homogenized media was autoclaved (121°C for 30 min) to deactivate
biological activities, while another half was kept in a glasshouse under
same experimental environment to maintain biological activity (Piai
et al., 2020). During autoclaving, a chemical indicator strip (3M™
Comply™ ISO 11,140-1:2005) was placed in media to determine if
steam had completely penetrated to achieve sterilization. Moreover,
autoclaving was performed for 2 consecutive days to inactivate any
robust bacterial strain that may have survived during a single auto-
claving cycle (Yuan et al., 2022).

The batch experiments were undertaken with two groups of aged
materials: (1) biologically active media to represent combined effect of
adsorption and biodegradation on the removal of XOCs; and (2) auto-
claved media to represent adsorption as a sole contributor in removing
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XOCs. The difference in the removal of XOCs between the two groups
was used to distinguish between the removal processes of adsorption
and biodegradation. For each group, batch experiments were performed
using 50 ml centrifuge tubes in which media (5 ml) and LGW (20 ml)
spiked with XOCs (500 ug/1 in methanol) were added to attain solute to
solvent volumetric ratio of 1:4 (Test No. 106: Adsorption — Desorption
Using a Batch Equilibrium Method, 2000). The tubes were covered using
aluminum foil to avoid photodegradation and rotated at fixed speed of
30 rpm using rotary wheel to avoid settling down of media. Based on
adsorption kinetics of media to reach the equilibrium concentrations,
samples were collected at 30 min and 24 h time intervals (Abd-ur--
Rehman et al., 2022); whereas longer time interval (5 days) was used to
differentiate between adsorption and biodegradation. For each collec-
tion, 950 ul was extracted from every tube and combined with 50 pl of
isotope-labelled internal standard. The sample was centrifuged for 10
min at 4000 rpm to settle any residual particles and an aliquot (~0.5 ml)
from each tube was passed through 0.22 um polyvinylidene difluoride
(PVDF) membrane filter. The filtered samples were kept at 4 °C until
analyzed.

Batch experiments were run in triplicate and two types of controls, i.
e., (i) autoclaved and non-autoclaved fresh media, tested in LGW spiked
with XOCs to analyze the impact of autoclaving on the removal of XOCs,
and (ii) LGW spiked with XOCs without media to analyze the change in
XOCs concentration over time.

2.4. Quantification of XOCs concentration

The concentration of XOCs in all samples was quantified using 1200
series Agilent HPLC coupled with mass spectrometer (Sciex API 4000
triple-quadrupole). The detailed method is provided by Vanderford and
Snyder (2006). Briefly, XOCs were chromatographically separated using
C18 reverse phase column (5 pm particle size) in HPLC and quantified
using electrospray ionization (positive and negative mode) in mass
spectrometer (MS). Ammonium acetate in DI water (5 mM) and HPLC
grade methanol were used as mobile phase with a flow rate of 800
ul/min. At least 5-point calibration curve was created between 0.1-500
ug/!1 of XOCs concentration. The linearity coefficient for all calibration
curves was >0.99, indicating consistent and accurate detection of XOCs
concentration. The limit of detection (LOD) and limit of quantitation
(LOQ) were established by identifying the concentration of a target
analyte that yielded a signal-to-noise ratio greater than 3 and 10,
respectively. The established reporting limit for all targeted XOCs was 5
ng/L, except for BPA, for which it was 20 ng/L. For quality assurance,
multiple blank samples (DI water) and known concentration samples
were run during every batch of sample analysis. There was no detection
of target analytes exceeding the LODs in blanks, and extracted analyte
recoveries were within 20% of expected values, with less than 10%
variation in relative standard deviations. The quantification details are
provided in Table S4.

2.5. Data analysis

Data is presented as percentage removal of XOCs that was calculated
as difference between inflow concentration and residual concentration
in outflow, divided by inflow concentration. One of the tested XOCs (i.e.,
CAF) showed unexpected high concentration in both inflow and outflow
samples at 54 PV due to contamination issue in analytical equipment,
therefore excluded from the analysis.

The removal of each XOC by two different media types was statisti-
cally compared using simple t-test, whereas XOCs removal performance
under two independent variables, i.e., pore volume (PV) of greywater
loading and concentration of XOCs, was analyzed using 2-way ANOVA.
The significance of data was analyzed at p value of 0.05.
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3. Results and discussion
3.1. Media changes during experiments

The surface morphology of unused coco coir showed irregular porous
structure with rough interstices (Fig. 2(a)), depicting higher availability
of active sites for pollutant attachment. The fibrous structure with high
porosity impeded the movement of water through coco coir, resulting in
lower hydraulic conductivity (Table 2). SEM image of unused zeolite
exhibits rough surface with large number of micropores (Fig. 2(b)),
providing high surface area for potential adsorption of pollutants. The
surface of unused perlite showed smooth glassy morphology with large
pores (Fig. 2(c)), resulting in high hydraulic conductivity (Table 2) and
limited opportunities to adsorb pollutants. The surface morphology of
used media experienced discernible changes (Fig. 2(d-f)) with overall
smoother surface as compared to unused media (Fig. 2(a—c)), indicating
reduction in adsorption sites following greywater dosing. However, used
coco coir (Fig. 2(d)) exhibited minimum changes in surface morphology
and depicted folded structure with irregular gaps, indicating potential
sites for pollutant attachment and long-term stability under greywater
dosing.

3.2. Overadll removal of XOCs using different media types

All XOCs, except TCEP and DEET, showed good removal (>80%) in
pure coco coir column (Fig. 3), possibly due to its porous and rough
surface morphology (Fig. 2(a)), offering large number of adsorptions
sites (Abd-ur-Rehman et al., 2022). Moreover, the longer contact time
for XOCs in coco coir column due to its lower hydraulic conductivity
(Table 2) resulted in higher opportunities to attach to an active
adsorption site. The low removal of TCEP (<50%) and DEET (<25%)
can be attributed to lesser number of hydrogen bond donor/acceptor
sites in their structure among studied XOCs (Table 1), constraining their
hydrogen bonding potential with available functional groups of media
(i.e., carboxyl and hydroxyl groups) (Droepenu et al., 2021; Mitra et al.,
2021).

The removal of most XOCs was significantly lower in single media
zeolite and perlite columns in comparison to coco coir column (p<0.05)
(Fig. 3), probably due to unfavorable surface morphology with small size
pores on zeolite (Fig. 2(b)) that may hinder intraparticle diffusion of
XOCs; and larger pores on perlite with comparatively smooth surface
(Fig. 2(c)) that may offer limited active sites for XOCs attachment. Few
exceptions include good removal (>75%) of CAF, TRC, ATN, and TRP in
zeolite column that can be explained based on XOCs physicochemical
properties and their interaction with media. CAF, ATN, and TRP were
positively charged at experimental pH, resulting in strong electrostatic
attraction towards negatively charged zeolite (Bachmann et al., 2021;
Martinez-Hernandez et al., 2014). However, TRC remained neutral at
experimental pH but experienced strong adsorption affinity for media
due to its highest hydrophobicity among all studied XOCs (Table 1),
resulting in lower resistance while moving from water matrix (i.e., LGW)
to media surface (Jiang et al., 2020).

The overall removal of XOCs was higher in coco coir and zeolite mix
column, followed by statistically similar removal by three media mix
column (coco coir, perlite, and zeolite) (p>0.05) (Fig. 4). Most of the
hydrophobic (i.e., DEET, BPA, and TRC) and positively charged (i.e.,
ATN and TRP) XOCs showed similar removal in all media mix columns
(p>0.05); however, the removal for most of the hydrophilic (i.e., CAF,
ACT, and ATZ) and negatively charged (i.e., SMX and IBF) XOCs was
significantly higher in coco coir and zeolite mix column in comparison to
coco coir and perlite mix column (p<0.05). This can be attributed to
lower hydraulic conductivity of coco coir and zeolite mix column in
comparison to other media mix columns (Table 2), providing longer
contact time for XOCs to adhere to available adsorption sites. Moreover,
higher surface area of zeolite in comparison to perlite (Table 2) may
have offered increased opportunities for XOCs attachment. However, the
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Fig. 2. SEM images of unused media (a) coco coir, (b) zeolite, (c) perlite and used media (d) coco coir, (e) zeolite, (f) perlite. The images were taken at resolution of

1000x and voltage of 15 kV.
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Fig. 3. Removal of XOCs using single media columns. The percentage removal is the average value of 3 sampling events under standard conditions (i.e., ~2 PV of
greywater dosing and ~170 mm/h infiltration rate). The inflow concentration of each XOCs was ~10 pg/1. Coco coir showed significantly higher removal than perlite
for all pollutants, whereas the statistical significance between coco coir and zeolite performance is shown with star (*), where * correspond to p<0.05, ** correspond

to p<0.01, and *** correspond to p<0.001.

major contribution in removing XOCs was offered by coco coir as its
removal performance for most of the XOCs was similar to coco coir and
perlite mix column (p>0.05) (Fig. S1).

3.3. Effect of operational conditions and system design on XOCs removal

All XOCs showed excellent removal (>90%) at the start of the
experiment (i.e., fresh media and initial 2 PV) in pure coco coir (Fig. 5
(a)) and all media mix columns (Fig. 5(b)), indicating extensive avail-
ability of active adsorption sites on fresh media surface. The removal of
highly hydrophobic (TRC) and positively charged XOCs (i.e., ATN and
TRP) remained highest (>90%) under all operational conditions and 54
PV loading. However, other XOCs experienced decline in removal with
increasing PV (i.e., 25 and 50 PV), possibly due to the presence of

background contaminants in greywater (i.e., organic matter, inorganic
matter, nutrients, and suspended particles) that could compete for the
adsorption sites. Similar was seen in a previous study with these light-
weight media types (Abd-ur-Rehman et al., 2022). The decline in XOCs
removal was lowest in coco coir column (<25%), suggesting ample
availability of adsorption sites to accommodate XOCs in the presence of
background contaminants (Fig. 2(d)). Few exceptions were significantly
low removal of TCEP and DEET (p>0.05) at 25 PV that can be attributed
to their limited H-bonding ability with available functional groups of
media as discussed earlier (i.e., Section 3.1). Most XOCs showed a steep
decline in performance (>50%) under 25 or 50 PV loading in zeolite,
perlite (Fig. 5(a)), and their mix columns (Fig. 5(b)), indicating higher
resistance offered by background pollutants, possibly by competing for
pore diffusion or reducing the adsorption sites by covering media
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Fig. 4. Removal of XOCs using media mix columns. The percentage removal is the average value of 3 sampling events under standard conditions (i.e., 2 PV of
greywater dosing and 170 mm/h infiltration rate). The inflow concentration of each XOCs was ~10 ug/1. The statistically significant groups were shown with star (*),
where * correspond to p<0.05, ** correspond to p<0.01, and *** correspond to p<0.001.

surface (Quesada et al., 2019). The XOCs removal decline in zeolite
(Fig. 5(a)) and its mix columns (i.e., CC+Z and CC+P+7) (Fig. 5(b)) was
possibly due to pore blocking (i.e., surface hinderance) on zeolite sur-
face as major fraction of background contaminants cannot enter through
small openings (Fig. 2(b)). The pore blocking was also evident on used
zeolite surface morphology (Fig. 2(e)), resulting in reduced active sites
for XOCs attachment. The low removal of XOCs (<50%) in perlite col-
umn (Fig. 5(a)) at the start of experiments (i.e., fresh media and initial 2
PV) can be attributed to its high hydraulic conductivity (Table 2),
resulting in limited contact time for XOCs attachment. The steep decline
in XOCs removal in perlite (Fig. 5(a)) and its mix columns (i.e., CC+P
and CC+P+Z) (Fig. 5(b)) with increasing PV (i.e., 25) was possibly due
to noticeable increase in surface smoothness of perlite with the appli-
cation of greywater (Fig. 2(f)), resulting in limited availability of
adsorption sites for XOCs attachment.

The effect of lower infiltration rate (i.e., 52 PV) on the removal of
most XOCs was not significant (p>0.05) (Fig. 5). The plausible reason
could be similar residence time experienced by XOCs while passing
through column, resulting in an equal opportunity to grab an adsorption
site irrespective of the infiltration rate. The removal of XOCs was
significantly increased after 2-weeks of drying (i.e., 54 PV) (p>0.05) in
coco coir (Fig. 5(a)) and media mix columns (Fig. 5(b)). This indicates
that coco coir may have sufficient adsorption sites even after 50 PV,
however, daily greywater dosing may have created a resistive water
layer around media surface, limiting the access to active adsorption
sites. These adsorption sites became available after drying, resulting in
significantly higher removal (>50%) of XOCs. Another possibility could
be the change in moisture content of media during dry period that may
have resulted in favourable environment for microbial degradation of
XOCs. Moreover, the dry period may have forced the heterotrophic
microbes to consume XOCs as source of energy in the absence of grey-
water dosing that otherwise provide a primary source of organic carbon
for microbial growth (Wang et al., 2022). The removal of XOCs in single
media zeolite and perlite column (Fig. 5(a)) exhibited no significant
change after 2-weeks of drying (i.e., 54 PV) and remained low (<50%),
suggesting saturation of adsorption sites. This also implies that the sig-
nificant improvement in XOCs removal after 2-weeks of drying in media
mix columns (Fig. 5(b)) was offered by coco coir.

The effect of continuous greywater dosing on the removal of XOCs
(Fig. 6) correlate well with pollutants hydrophobicity and charge. Hy-
drophilic XOCs experienced lower adsorption affinity for media and
approached their inflow concentration (>80% breakthrough) during
short duration of continuous greywater loading (~12 PV). The only

exception was CAF, reaching ~80% breakthrough after long duration of
continuous dosing (>50PV). This is because of cationic ionization of
CAF, resulting in electrostatic interactions with negatively charged
media. However, few studies related H-bonding and strong affinity be-
tween heterocyclic-N group on CAF and carboxyl groups on media as a
dominant mechanism of adsorption rather than electrostatic in-
teractions (Nam et al., 2014; Sotelo et al., 2012).

The high adsorption affinity for hydrophobic XOCs (i.e., DUR, BPA,
TRC) and electrostatic attraction for positively charged XOCs (i.e., ATN
and TRP) resulted in their slower breakthrough (>80% breakthrough
after 25 PV). No breakthrough was reached for TRC (i.e., highly hy-
drophobic) and TRP (positively charged) during 100 PV dosing. How-
ever, DEET experienced quick breakthrough (~10 PV) and started
leaching the accumulated DEET afterwards (i.e., Cy/Co>1). Similar
trends in XOCs removal were experienced for different media types
under continuous greywater dosing (Fig. S2 (a-c)). However, most XOCs
experienced quick breakthrough (~80% around 6 PV) in zeolite column
(Fig. S2(b)), while no significant removal was achieved in perlite column
(i.e., Cy/Co~1) (Fig. S2(c)).

3.4. Contribution of adsorption and biodegradation in XOCs removal

The removal of XOCs using fresh media (control) was similar with
and without autoclaving (Fig. S3) (p>0.05), indicating limited influence
of autoclaving on the adsorption of XOCs on studied media types.
Moreover, the concentration of most XOCs in LGW without media
(control) was not significantly changed over time (i.e., 30 min, 24 h, and
5 days) (p>0.05) (Fig. S4), confirming minimum contribution of pho-
todegradation or retention by background contaminants (i.e., organic
matter, inorganic matter, nutrients, and suspended particles) present in
LGW. The only exception was significantly higher decline in concen-
tration of TRC (p<0.05), possibly due to its highly hydrophobic nature,
resulting in potential retention by background contaminants or vial
surface.

All XOCs showed similar removal performance using autoclaved
media and biologically active media for 24 h (p>0.05) (Fig. 7), indi-
cating adsorption as a dominant removal mechanism. However, hy-
drophilic XOCs, ACT and ATZ, showed significantly higher removal after
longer contact time (i.e., 5 days) using biologically active media in
comparison to autoclaved media (p<0.05), suggesting the contribution
of both adsorption and biodegradation. The higher removal of ACT using
biologically active media is in agreement with several studies (Lin et al.,
2010; Saez-Martinez et al., 2016), indicating its high biodegradation
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Fig. 5. Removal of XOCs under different operational conditions in (a) single media columns and (b) media mix columns. The inflow concentration of each XOCs was
~10 ug/1. The operation conditions at 2, 52, and 54 pore volume represent fresh media performance, media performance at low flowrate, and media performance
after drying, respectively. The removal of CAF at 54 pore volume was excluded due to unexpected high inflow and outflow concentrations during HPLC analysis.

potential. However, ATZ showed contrasting results in biologically
active media with recalcitrant behavior in riverbank filtration (Bertel-
kamp et al., 2016) and sand columns (Zearley and Summers, 2012);
while good biodegradation in agriculture soil (Barrios et al., 2019) and
bioprocessed waste (Kadian et al., 2008), possibly due to higher organic
content of media with rich availability of nutrient (James et al., 2021).
This indicates that bio-stimulation of organic media (i.e., coco coir)
using enriched source of nutrients (i.e., greywater) in this study may
have offered a favourable environment for ATZ biodegrading microor-
ganisms (e.g., Pseudomonas, Arthrobacter, Sinorhizobium, etc.) (Barrios
etal., 2019; Singh and Singh, 2016), however, the microbial community
was not analyzed in this study.

Hydrophobic (i.e., DUR, BPA, and TRC) and positively charged (i.e.,
ATN and TRP) XOCs exhibited no biodegradation, possibly due to higher
adsorption affinity for media, resulting in reduced mobility (and
bioavailability) of XOCs (Bertelkamp et al., 2014). Negatively charged
XOCs (i.e., SMX and IBF) also showed resistance to biodegradation that
may be linked to their functional groups (i.e., aromatic ring structure,
sulfur, and amines) that showed recalcitrant behavior towards biode-
gradability (Bertelkamp et al., 2016).

3.5. Practical recommendations

Coco coir was identified as best performing media for removing most
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Fig. 7. Removal of XOCs using autoclaved media and biologically active media. C, is the inflow concentration of XOCs (~500 ug/1) while C, represents the con-
centration of XOCs at different time intervals. XOCs with (Ad) represent the removal of pollutants through adsorption in autoclaved media, while XOCs with

(Ad+Bio) represent the removal of pollutants through the combined contribution of adsorption and biodegradation in biologically active media.

of the targeted XOCs. However, it is prone to clogging due to very fine
particles, compromising the green wall potential to treat higher volume
of greywater (Prodanovic et al., 2017). Hence, it is suggested to mix coco
coir with zeolite and/or perlite. Among media mix designs, coco coir and
zeolite mixture (2:1) showed better removal than coco coir and perlite
mixture (2:1). However, zeolite is much heavier (~6 times) than perlite
(Table 2), resulting in higher overall weight of green wall system and
additional stress on its support structure. Moreover, there is a possibility
that zeolite may settle at the bottom of the media due to its heavier
weight, leading to potential clogging or compromising the uniform
aeration in the system. Therefore, mixing coco coir with both zeolite and
perlite (2:0.5:0.5) is recommended as it showed similar removal of XOCs
as experienced using coco coir and zeolite mixture (2:1) with an added
value of lower weight and uniform aeration in green wall system.

The operational conditions in green wall system (i.e., greywater
volume, dosing rate, and time between dosing) should be selected based
on the targeted XOCs as removal of hydrophilic and negatively charged
pollutants declined quickly under continuous greywater dosing. There-
fore, it is recommended to have drying period between greywater dosing
events to achieve higher removal performance. However, further
research needs to be done on finding an optimum length of drying period
between dosing events.

The limited biodegradation of most XOCs suggests that the removal
performance of media could decline over time due to saturation of
adsorption sites. However, low contribution of biodegradation could be
attributed to limited microbial community developed over a short
period of time (~10 weeks) under stressed conditions (i.e., ~10x higher
greywater dosing). During long-term field application of green wall
system, the presence of rhizosphere and enriched source of nutrients (i.
e., greywater) is expected to foster a robust microbial community, aiding
XOCs’ biodegradation. While the synergetic impact of plant uptake and
microbial degradation can extend the media’s lifespan, its replacement
and disposal remain inevitable. Composting the exhausted media into
nutrient-rich soil offers a sustainable solution for managing the media
lifecycle in green wall systems. However, further research, building
upon studies like the green roof disposal work of Peri et al. (2022), is
required to develop a standardized, widely accepted protocol for
determining the most appropriate treatments, recovery processes, or
disposal methods for exhausted media in green wall systems.

4. Conclusions

This study explored the performance of three lightweight green wall
media (coco coir, zeolite, and perlite) and their mixtures in three
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different combinations for removing twelve XOCs, covering both neutral
(hydrophilic to hydrophobic) and charged (positive and negative) pol-
lutants in greywater. Results showed excellent removal (>90%) of
highly hydrophobic and positively charged XOCs in pure coco coir col-
umn and media mix columns under all operational conditions, indi-
cating hydrophobic and electrostatic interactions as a dominant
mechanism of their removal. The removal of hydrophilic and negatively
charged XOCs was significantly reduced (p<0.05) with increasing pore
volume (i.e., 25 PV and 50 PV) of greywater dosing, possibly due the
background contaminants in greywater that may compete for the
adsorption sites on media surface. The effect of lower infiltration rate on
the removal of most XOCs was not significant (p>0.05), however, the
removal was increased significantly after 2-weeks of drying (p<0.05).
The continuous greywater dosing (~10 pore volume) showed insignif-
icant (<10%) and moderate (<40%) decline in the removal of positively
charged and hydrophobic XOCs, respectively. However, similar dosing
showed steep decline (>80%) in the removal of hydrophilic and nega-
tively charged XOCs. Most XOCs experienced similar removal using
autoclaved and biologically active media, indicating adsorption as a
dominant mechanism of removal. However, other removal mechanisms
such as biodegradation and phytoremediation may also play a vital role
in removing XOCs in real green wall system. Therefore, future work
should explore long-term performance of vegetated green wall system
for XOCs removal from greywater.
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