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Green wall system coupled with slow sand filtration for
efficient greywater management at households

Ravi K. Yadav', Siddhant Sahoo', Asheesh K. Yadav? and Sunil A. Patil @'*

Green walls are gaining attention for greywater management in the imminent terrestrial space and land constraint scenario. They
have been tested primarily with greywater from a single source such as showers, hand or wash basins, laundry, and kitchen or a mix
of a couple of these sources but barely with mixed greywater from all these household activities. Here, a green wall system coupled
with a slow sand filter (SSF) was tested for managing household greywater. It consisted of a set of five serial hydraulic flow-

connected reactors and an SSF unit. Each reactor housed an Epipremnum aureum sapling embedded in the support bed matrix,
consisting of cocopeat and granular activated charcoal. The system operated at 150 cm d~' hydraulic loading rate (HLR) achieved
90 £ 0.7%, 85 + 4.5%, 72.9 + 4.4%, and 60.6 = 5.1% removal efficiencies for turbidity, chemical oxygen demand (COD), total nitrogen
(TN), and total phosphorous (TP), respectively. The system maintained similar treatment performance with varying greywater

strength when COD and TN were below ~400 and ~15mg L~", respectively. The polished effluent produced by SSF operated at
187 cm d~" HLR, with characteristics <5 mgL~" COD, <2 NTU turbidity, <1 mgL~" TN, ~0.5mgL~" TP, ~7.8 pH, and <100 MPN per
100 ml fecal coliforms, qualifies the standards for non-potable reuse applications. Along with reclaimed water reuse, green walls
provide environmental benefits by fixing CO, in plant biomass. Overall, the low-cost system offers efficient greywater management

in an eco-friendly way with minimized resource consumption and areal footprint.
npj Clean Water (2023)6:73; https://doi.org/10.1038/s41545-023-00285-3

INTRODUCTION

The overexploitation of freshwater reservoirs to cater to the
demands of expanding agricultural and industrial activities for
sustaining the booming human population has created freshwater
scarcity in most countries. According to the UN-Water 2021 report,
around 2.3 billion people live in water-stressed nations, of which
733 million live in high and critically water-stressed regions. The
pollution of surface water bodies by mixing untreated or partially
treated wastewater due to the inadequacy of treatment infra-
structure in most developing countries has further intensified the
water crisis. These scenarios demand urgent measures to manage
water and wastewater resources sustainably. UN-World Water
Development Report (2017) highlighted that safely managed
wastewater is a sustainable source of water, energy, and nutrients.
Decentralized wastewater management approaches that offer
water reuse options are considered a promising way forward
across the globe to managing crucial water resources, as
confirmed by life cycle assessment analyses'. Separating and
managing different types of wastewater at the source is
acknowledged as a sustainable approach to addressing waste-
water management-related challenges?3. To this end, greywater
(GW) recycling has gained attention in the past decade. GW can
be easily treated since it generally contains a lower load of
contaminants like organics, nutrients, and pathogens than toilet
mix wastewater or blackwater*°. Managing source-separated GW
lowers the burden on centralized treatment facilities by reducing
the wastewater volume and thus minimizing the energy require-
ment. GW recycling at source for non-potable reuses like toilet
washing and landscape gardening, which would otherwise require
freshwater, is a plausible strategy to mitigate the water scarcity
issue. Reducing dependency on freshwater usage in this way
could contribute to achieving water sustainability and resiliency”.

Different treatment approaches involving technological solu-
tions based on physical, chemical, and biological processes and
their combinations have been tested for GW treatment®~'3. Lately,
research on ecological principles or nature-based solutions (NBS)
for wastewater management is at the forefront due to associated
sustainability, esthetics, and microclimate benefits. Nature-based
technological solutions work based on the natural cleansing
actions of diverse microbes and plants along with the physico-
chemical processes that occur in the support bed matrix'*. An
extensive review by Boano et al. (2020) provides deep insights into
the viability of different NBS like constructed wetlands, green
roofs, and green/living walls for GW management by covering key
aspects such as treatment performance, hydraulic designs, and life
cycle assessment and environmental benefits'®. Integrating NBS
with other emerging sustainable technologies like hydroponics
and microbial fuel cells is also considered for wastewater
management and energy or food recovery'>~'°. Among various
nature-based technological solutions, green or living walls and
roofs are getting attention since these do not have a land
footprint?®2! as opposed to the well-researched traditional
constructed wetlands technology, which has a high land
footprint'*2?2, The land is an essential asset of our life support
system and the economy. By 2050, the world’s population is
expected to be between 8.5 and 9.9 billion, with 55-78% of the
population residing in urban areas?>2%. The terrestrial space
accessibility and availability without affecting natural biodiversity
habitats is anticipated to become a matter of concern to meet the
needs of the booming population in the upcoming decades.
Hence, a holistic approach involving sustainable resource manage-
ment practices is imperative in all sectors, including wastewater
management. Extensive research efforts are thus put into making
NBS more sustainable in terms of minimized resource

"Department of Earth and Environmental Sciences, Indian Institute of Science Education and Research Mohali (IISER Mohali), Knowledge City, Sector 81, SAS Nagar 140306
Punjab, India. 2CSIR-Institute of Minerals and Materials Technology, Bhubaneswar 751013, India. *email: sunil@iisermohali.ac.in

Published in partnership with King Fahd University of Petroleum & Minerals

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41545-023-00285-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41545-023-00285-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41545-023-00285-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41545-023-00285-3&domain=pdf
http://orcid.org/0000-0002-9053-0173
http://orcid.org/0000-0002-9053-0173
http://orcid.org/0000-0002-9053-0173
http://orcid.org/0000-0002-9053-0173
http://orcid.org/0000-0002-9053-0173
https://doi.org/10.1038/s41545-023-00285-3
mailto:sunil@iisermohali.ac.in
www.nature.com/npjcleanwater

RK. Yadav et al.

Clarified
Greywater]

|———> Reservoir

Flow

Greywater

Cocopeat

(16.cm).

Granular
activated
charcoal

Green wall system -

(4 cm)

Slow sand filter «——i7

<
Reusable
quality water

Fig. 1 Schematic of the green wall—slow sand filter system,
single reactor unit, and associated components. The greywater
flow is shown in red-colored arrows.

consumption but increased resource recovery, thereby making
them economically feasible.

Research on green walls and green roofs has been conducted
with GW either from a single source such as showers, hand basins,
laundry, and kitchen or a mix of a couple of these sources'*2%21,
Different GW sources that have been reported in green walls and
green roofs include, for instance, wastewater from hand basins?’,
shower + lavatory?®, bath showers +wash basins 4+ washing
machine?’, laundry?®, bath showers 4 bathroom?°, dormitory°,
kitchen3'!, and bathroom + kitchen2. The performance of green
walls with a household GW, i.e., wastewater from all the household
GW sources, namely bathroom, hand basins, laundry, and kitchen
sink, remains barely studied. The approach of managing house-
hold GW seems more plausible in terms of economics and
implementation, considering the current infrastructure of domes-
tic dwellings as compared to targeting the individual GW source.
To this end, the present study aimed to evaluate the green wall
system coupled with a slow sand filter (SSF) (Fig. 1) for household
GW (Table 1) treatment. The cost-effective SSF unit treatment was
investigated to remove the microbial load and further polishing
the effluent. In addition, the effect of varying hydraulic loading
rates and GW strength, which are generally observed in real-world
scenarios, on the treatment performance of the system was
investigated. In order to check the feasibility of its implementation
in households and its influence on the surroundings, a preliminary
cost analysis and sustainability assessment of the tested GW
recycling system was conducted.

RESULTS AND DISCUSSION

The GW treatment performance of the green wall——SSF system
was investigated systematically in three phases, each with specific
objectives and experimental conditions (Table 2).

Phase I: Optimization of hydraulic loading rate to the green
wall system

Hydraulic loading rate (HLR), or correlated hydraulic retention time
(HRT), is one of the crucial factors affecting a system’s treatment
performance. Figure 2 shows the GW treatment performance in terms
of conventional pollutants removal achieved by the green wall system
at different HLRs. With the increase in HLRs (from 75 to 300cmd ™), a
slight decrement in chemical oxygen demand (COD) removal
efficiencies was observed. This observation is consistent with the
findings in other studies®***. Low HLRs prolong the contact time for
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Table 1. Physicochemical characterization of the clarified household
greywater used in this study.
Sl. no. Parameter Value/concentration®
1 pH 7.6+0.2
2 Dissolved Oxygen (at 20°C), mg L™’ 24+0.5
3 Alkalinity, mg CaCos L' 148 +23
4 Sodium dodecyl sulfate, mgL™" 17.8+43
5 Ammonium-N, mg L™ 0.67+1.3
6 Nitrates-N, mg L™’ 0.52+1.0
7 Nitrites-N, mg L' 0.58+ 1.1
8 Organic-N, mg L™ 64+24
9 Total nitrogen, mg L™’ 8.1+25
1 Total phosphorous, mg L™’ 1.13£0.7
12 Chemical oxygen demand (COD), 256.5+18
mglL™’
13 Biological oxygen demand (BOD), 140+ 12
mglL™’
14 Fecal coliforms, # per 100 ml (3.5+2)x 10*
?Data are presented as mean values + standard deviations (n =5).

microbes to degrade organics. The key processes contributing to COD
removal include microbial aerobic degradation in the upper zone and
anaerobic degradation in the bottom anoxic zone. The bed matrix
acts as a suitable substratum for microbes and facilitates the microbial
degradation of organics in the reactor units. In addition, the organic
matter of the GW used in this study had good biodegradability with a
BODS5:COD ratio of ~0.55, most likely due to the mixing of kitchen
wastewater (Table 1). Turbidity removal was mostly in the similar
range (86-93%) at different tested HLRs, as the physical filtration by
the bed matrix is the key contributing process to it. Total
phosphorous (TP) removal efficiency varied between 55 to 60 %,
irrespective of tested HLRs. The major process contributing to
phosphorus removal is physicochemical adsorption onto the bed
matrix along with plant uptake. Total nitrogen (TN) removal did not
show a clear trend with the change in HRLs. TN removal efficiency
first increased from 75 to 150 cm d~" HLRs, then decreased at further
high HLRs (Fig. 2). TN removal, if the N contamination is in the form of
ammonium ions, requires nitrification and denitrification processes to
happen. However, the influent GW used in this study had organic-N
(~80% of TN) as a major fraction of N contamination (Table 1). Hence,
its removal requires an additional microbial ammonification process,
i.e, conversion of organic-N to inorganic-N such as NH4*. Though the
increase in HLR can facilitate the ammonification process by passively
aerating the upper zone due to the increased flow, it can hamper the
denitrification process by reducing residence time in anoxic
conditions. Hence, there should be a dynamic balance in operating
conditions for these microbial processes to achieve maximum N
removal®®. Along with microbial N removal, direct uptake of ionic N
forms by the plant is a key contributing process to nitrogen removal.

The removal of COD, turbidity, TN, and TP differed considerably
at different HLRs. The GW treatment performance at the
150 cm d~" HLR was either at par or higher than the other tested
HLRs, considering the different monitored parameters, and thus, it
was selected for the long-term system performance evaluation
experiment in phase Il. The removal efficiencies achieved by a set
of planted reactor units for COD, turbidity, TN, and TP at
150cmd™" HLR were 85%4.5%, 90+0.7%, 72.9+4.4%, and
60.6 + 5.1%, respectively. This treatment performance is compar-
able to or better than reported studies conducted with real
greywaters. For instance, Svete (2012) reported 34% and 77%
removal of TN and TP from the dormitory GW with lettuce and
marigold as plant components in green wall systems®°. In another

Published in partnership with King Fahd University of Petroleum & Minerals



g g
T
2 & g
S5¢° .. %)
==z O& =
—~F < S
-} =) a =
“ ¢ BES SET
o © 2z, $ 5=
€~ Sm~2 *—Ecn
O | YyMM o O =
2 ﬁﬁ'ELZ
~ o e}
H 2 ol © NS
o £ c"!oi"é‘_
O m S~ S+ H
M SN | ~ ©
N o o= 2N
w | B 20 W
S|o” £Zz g2F
LR A o+ 570-0
= 5T o C
| g: P2 £E5
|9} B ~ B.-® =
© < in . EF-
= E\D‘ ;\.— S -
£ EZ o0 E7 2
] szgmc’“__,m
] m_EmEE 6 o &
9| Tw= TRE cEN
Q| V- 0920 -5
e H U:v(\j o
2| Sot =47 S+ H
= | B B Fox
£ |Umwo UNnoc <o
wv
=
3 i
T« = T
c o [ =
T < ©
<V -
wn o
S8k § b
N T wn
~ ko] ~
[=) . <
R 2> 3 N
— =7 © [42]
.5 Y o .
- N
NoOohD T ]
Qa9 g -
gag § ]
) [T ] ]
c|25%¢% g
S st & 2
= g < Re]
el oSN T [
cC | ¥P=m o k7
ol &= 4]
O T E£ e
o w0 | %UC v |
£|1509°%9 2y 57T
S| TEY —© IE
= - VN C = Y
gl 39ag x58e S o
00 Y dw o<
O|Lm— IO N
el
o g 2
9] 23
£ Ew
“ o 0%
S o =
o Y T
= © =
5 = ST
c %) Q ;3 =
ocle |2 = c
) ) < E% =1
C > =}
Blole S%s g
S| 2|, Qoc =
) 1 v € .3«
14} ='c ]
5|1 8|¢5 225 2
= 2. o=
s|§|s8 25 2
ol 5|80 glo 2
ol A58 S4g 8
v 0n O = Uahanw n
k=
2 " g 8
L b —
& c s xg c®
= 2 o U wn 2 v
o [SIN) 0 ®© o<
< E S < b=
- 0)8 Vs &v_g‘
< v € a2 9]
= > © (1.)5 >8
2 v £ c ® v ¢
2 £ S5 2
o 60 wn wn {:)ru
= S~ 359 ®E
O [0} i—‘.: S
2 o8 Ok ® 00 s
(o] +— L;C H"‘a_: B
n = [TE] 5 'C
b ¥t Sy Fa .25
w [ c Vv T U3
© IE < o n >
< “— S EU‘Eu_c m.gE-‘:
o8 6% EoF 6cx=2|E"83
- c @ SES cv g = c903
g " 0“2"52" 52| 22554y
=] = o B f =
| ¢ |8 T a®g 523|552y 0
> N = 2 >Y Ne=2|TBo>2s5
E|l s | B cEo- BEE| S5 X568 ¢
| 9| E2c §2¢ Eo o¥ogcuo
[ QIS0 &£ 55T UU—EQ.D‘»
g2l o|adg 25% ags|==8c8¢2
|0 |Coo "t E OCR|3ZIERELE
[ £ o c
_ 55 3o —
—_ = = S>XL VUwm ©
~N wv ccvcehR
1] [J] Q [} o9
K] 0 @ ® ) = Q>+ ¥
= © © © [0 _—xOkaz=
< < | £ < < T TV~
- o o o o — N m & 1n ©

Published in partnership with King Fahd University of Petroleum & Minerals

RK. Yadav et al. npj

100 - = TP —@— COD = TN == Turbidity

80

60

40

20+

Removal efficiency (%)

0 ‘ ‘ ‘ ‘
75 150 225 300

HLR to green wall system (cm d™)

Fig.2 Greywater treatment performance of the green wall system
at different hydraulic loading rates (HLRs). Pollutant removal
efficiencies are presented as mean values + standard deviations of
multiple data points (at least four from each system) from two
similar performing systems. COD chemical oxygen demand, TP total
phosphorous, TN total nitrogen.

study, a constructed wetland-based integrated on-site treatment
system achieved 70% removal efficiencies for COD and Total
Kjeldhal Nitrogen (TKN) from GW sourced from a hostel®s,
Moreover, the wall cascade constructed wetland system achieved
86% and 57% for COD and TKN removal efficiencies from kitchen
wastewater®'. In a separate study, the green wall system referred
to as Total Value Wall showed removal efficiencies of 90% and
82% for TSS and COD, respectively, from the GW mix of bathroom
and kitchen2,

The contribution of each reactor component, i.e., support bed
matrix and plants, in the pollutants removal or treatment process
was also evaluated. The control condition, i.e., only bed matrix
containing reactor units achieved similar removal efficiencies for
COD (79.4 £ 3.5%) and turbidity (88.4 +1.4%) while considerably
lower for TN (51.7 +£3.9%) and TP (52.6 = 3%) compared to the
planted reactor set at the same HLR of 150 cm d~' (Fig. 3). From
these results, it is clear that the bed matrix primarily comprised of
cocopeat and associated microbes is the sole contributor to
organics and turbidity removal while a major contributor along
with plants in nutrients removal. Cocopeat has been reported to
outperform different tested materials such as perlite, Leca balls,
sand, date seeds, and spent coffee grounds for organic
removal®*3. It traps complex organic matter and facilitates
organic degradation and mineralization of complex nutrients by
diverse microbial processes in different microenvironments of the
reactor unit. The high ion exchange capacity of the cocopeat bed
matrix also favors plant nutrient uptake by increasing the
retention time of ions®’. In this study, Epipremnum aureum
contributed around 20% to N removal and 10% to P removal at
a much lesser retention time of 1.6h. Wolcott et al. (2016)
reported similar TN (25%) and TP (15%) removal efficiencies within
24 h from brewery wastewater having similar average influent TN
(78-66mgL™") and TP (3-46mgL~") concentrations using E.
aureum planted green wall system3®. Plant nutrient uptake is a
dynamic process and depends on several factors such as
concentration of nutrients, availability of the readily utilizable
forms of nutrients, physiochemical characteristics of nutrient
solution, and environmental conditions>°.

Phase II: Evaluation of long-term performance robustness of
the green wall system to the varying greywater strength

The performance robustness to the varying GW strength, a
scenario generally seen in the real world, is a crucial aspect to
determine the practical applicability of the system. Figure 4 shows
the GW treatment performance of the green wall system coupled
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Fig. 3 Comparison of greywater treatment performance in
control (non-planted reactors set) and the green wall (planted
reactors set) systems. Pollutant removal efficiencies are presented
as mean values + standard deviations of multiple data points (at
least four from each system) from two similar performing systems.
COD chemical oxygen demand, TN total nitrogen, TP total
phosphorous.

with SSF operated for 15 weeks at 150cm d~' HLR but with
varying GW strength. The COD removal efficiency of the green
wall system fluctuated around 81.3 + 5.8% (except on the 3rd and
10th week) when the COD was below 400 mg L~". A sharp decline
(up to 61%) was observed when the COD of GW was more than
400 mg L' during the 3rd and 10th weeks, as shown in Fig. 4a.
The TN removal showed a similar trend to COD removal. The TN
removal efficiency fluctuated around 53.5 + 6.4% when the inlet
TN concentration was below 14 mg L™, while a sharp decline (up
to 40%) was recorded when the inlet TN concentration was
>14mgL~" on the 3rd, 10th, and 12th weeks (Fig. 4b). The
pollutant treatment via biological or microbial processes is
dependent majorly on the retention time. The retention time of
~1.6 h, with 150 cm d~" HLR, might not be sufficient to achieve
efficient degradation of pollutants at the high loading on some
days (i.e., 3rd, 10th, and 12th weeks when inlet GW had more than
400mgL~" COD and 15mgL~" TN) resulting in decreased COD,
TN, and TP removal performance of the green wall system (Fig. 4).
The varying GW strength had no considerable effect on turbidity
removal efficiency as it remained around 90.2 + 2.1% (Fig. 4c¢). It is
because turbidity removal involves a physical filtration mechanism
subjected to the porosity of the bed matrix. Furthermore, no clear
trend was observed between the TP removal and the varying GW
strengths (Fig. 4d), as TP removal efficiencies varied between 29%
and 58%, irrespective of the GW strength. It might be due to the
dynamic adsorption and desorption behavior of the ionic
phosphates, resulting from the mineralization of organic phos-
phorous, onto the bed matrix during continuous feeding mode.
In addition to the treatment achieved by the green wall system,
the SSF unit contributed to further effluent polishing. In the
effluent of SSF, the removal efficiencies for COD, turbidity, TN, and
TP reached 89.4 £4.2%, 94 +1.5%, 61.5+7.3%, and 50.1 £+ 7.6%,
on all but the high pollutant load days (i.e., 3rd, 10th, and 12th
weeks). In a sand filter, straining and sedimentation within the
filter media are predominant processes involved in removing fine
particle contaminants, thus contributing to further turbidity
removal. The removal of dissolved organics can be attributed to
adsorption and microbial degradation processes. Some of the
remaining nitrates and/or nitrites (5.1-6.4mgL~") in the effluent
of reactor units might have been removed through the
denitrification process in the anaerobic environment of the SSF
and thus accounted for TN removal*. lonic phosphate removal in
SSF can be attributed to precipitation or adsorption onto the iron
and aluminum oxides that are generally present in the sand*'.
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Starting with filtration, the combination of physicochemical and
diverse microbial processes on the upper surface of sand are the
key mechanisms responsible for the removal of contaminants in
the SSF*2. Overall, the green walls system coupled with SSF could
sustain a higher load but up to a limit, i.e., inlet with <400 mg L™’
of COD and 15 mg L™ of TN. Moreover, it showed good resilience
in treatment performance even at a high pollutant load, signifying
its robustness to the varying GW strength.

Phase llI: Effluent polishing performance of SSF unit at
different hydraulic loading rates

The treatment performance of the SSF unit, aimed at the final
polishing of the effluent, is the crucial step in deciding the quality
of the final effluent based on which the reuse of reclaimed water
can be assigned. The treatment performance of a physical filter
generally depends on HLR. In this study, the removal of
conventional pollutants by SSF unit was highest at 187 cm d~'
HLR, followed by 374, 562, and 749 cmd~' (Fig. 5). At 187cmd ™!
HLR, the COD, turbidity, TN, and TP removal efficiencies were
95.1 £5.7%, 65.1+3.3%, 71 +6.6% and 30.3 + 5.8%, respectively.
Under this condition, the concentrations of COD, turbidity, TN, and
TP in the final effluent were <5mglL~', 1.9+04 NTU,
08+02mgL™", and 0.65+02mgL~", respectively. With the
increase in the HLR, the treatment performance of the SSF
decreased. For instance, at 749cmd~' HLR, the removal
efficiencies and effluent concentration of COD, turbidity, TN, and
TP were 53 +6.4%, 38.7 +4.5%, 40.6 +7.5%, and 15+5.2% and
19.7+45mgL™", 34+x08 NTU, 17%04mglL™', and
0.8+0.2mgL~", respectively. On a similar ground, the removal
of COD, turbidity, TN, and TP by SSF showed an inverse relation
with HLR (Fig. 5). With the increase in HLRs and correspondingly
less retention time, substantial decrement in removal efficiencies
of COD, TN, and TP was recorded, which is in agreement with the
findings of other studies>*4344,

Notably, no considerable difference was recorded in the DO, pH,
and fecal coliforms profiles, which varied in the range 6.5-
69mgL~", 7.7-7.9, and 0.8-4.6x 10> MPN per 100 ml, respec-
tively, in the final effluent produced by SSF at different tested
HLRs (Supplementary Table 1). The improved DO in the effluent
compared to the influent can be justified by the passive aeration
during water percolation through the green wall and SSF units.
Approximately 2-log fold removal of coliforms compared to the
influent was achieved. SSF is a cost-effective means of removing
microbiological contaminants from water. The Schmutzdecke
layer, which generally contains predatory bacteria, formed at the
top layer of sand has been reported to contribute to removing
microbes®. Its formation was also observed as the top layer in the
SSF unit in this study (Supplementary Fig. 1).

Resources consumption and preliminary cost estimation of
the complete greywater management system

All the materials used in fabricating the complete system
comprising green walls and SSF units tested in this study are
mentioned in Supplementary Table 2. Most of the infrastructure
was made of lightweight but durable and recyclable materials, i.e.,
cPVC and PVC. Moreover, the green wall system comprised cost-
effective and eco-friendly bed matrix materials like cocopeat and
granular activated charcoal. The cost incurred to fabricate the
duplicate systems (58Ld~' treatment capacity) tested in this
study was reasonable, i.e, 3550 INR or 44 USD (Supplementary
Table 2). Using lightweight cocopeat media aided in their reduced
structural support requirements and cost. The electricity con-
sumption was also negligible (~0.003 kWh daily), only needed for
a few minutes (~5 min) daily to pump 57.6 L of clarified GW to the
reservoir. The estimated capital and recurring cost (yearly) of the
400Ld~" treatment capacity system totals around 13,600 INR (or
167 USD) and 1000 INR (or 12.3 USD), respectively (Supplementary
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Fig. 5 Effluent polishing performance of the slow sand filter unit
at different hydraulic loading rates (HLRs). Pollutant removal
efficiencies are presented as mean values + standard deviations of
multiple data points (at least four from each system) from two
similar performing systems. COD chemical oxygen demand, TP total
phosphorous, TN total nitrogen.

Table 1). Although comparative economic assessment is not
straightforward due to associated uncertainties like varying costs
of the same material or resource in different countries or
continents, some inferences about the cost-effectiveness of the
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here-demonstrated system can be made if done on the same
ground. For instance, the Hydraloop GW recycling unit costs 4000
USD for a family (Hydraloop, The Netherlands). In the Indian
context, the estimated cost for constructing a 1 kLD decentralized
wastewater treatment system (without disinfection), based on the
aerobic or anaerobic process, is within the range of 340-400 USD,
as per the report of the Centre of Science and Excellence, India
(www.cseindia.org). The estimated capital cost of the tested
system is at par if compared at the same ground, with minimal
(~0.080 kWh to pump 400 L GW; Supplementary Note 1) opera-
tional costs, which is generally not the case for other conventional
technological solutions.

In addition to reduced electricity consumption, the system had
no land footprint; however, it requires space on the wall for
mounting. The projected wall surface area of a tested GW
recycling system (ca. 28.8Ld~" capacity) was also minimal, i.e.,
~0.16 m? due to compact design (Supplementary Fig. 2). The
estimated wall surface area for the 400Ld ™" treatment capacity
system is around 2.2 m? with dimensions of 2.1 mx 1.1 m. This
areal footprint is either at par or lower than reported green wall
systems for household GW treatment?®2%-3° This design uses
minimal space on bare walls or backyards, allowing easy
implementation even in the space-constraint scenarios of both
rural and urban settings. HRT directly influences reactor size or
material consumption, hence the system cost. The faster rate of
treatment, i.e,, within less than 2 h, provides the tested system
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with an additional economic advantage. Overall, the demon-

strated system in the present study is cost-effective as its
fabrication and operation incur minimal and low-cost resources.

Recovery of reusable quality reclaimed water

With minimized resource consumption, the complete green walls-
SSF system treats GW and recovers a crucial water resource. It
produces reclaimed water of reusable quality. The characteristics
of effluent produced by the SSF unit at the lower (187 cmd~") and
higher (749 cm d™ ") tested HLRs were: <5 and 20mg L~' COD, <2
NTU and 3.5 NTU turbidity, <1 and 2mgL™" TN, ~0.5 and
08mgL~"TP, ~7.8 and 7.8 pH, ~6.6 and 6.9 mg L' DO, and <100
and 500 MPN per 100 ml fecal coliforms, respectively. There are no
clear international and national (except very few like Jordan)
guidelines for GW reuse; however, most countries follow the
wastewater reuse guidelines. The reclaimed water quality was
compared with the average reuse standards mentioned in the
study by Reynaert et al. (2020)"" (Supplementary Table 3). The
effluent quality produced at higher HLR was found to be in
agreement with the criteria or standards set for landscape
gardening, while the effluent of lower HLR qualifies for even
more stringent reuse standards (except for TP) of toilet flushing,
car washing, and floor washing. In addition, the effluent quality
meets the updated set of proposed guidelines, formulated by
considering the already existing guidelines of WHO, US EPA, and
many countries for non-potable reuse of GW for several restricted
and unrestricted reuse applications*®. Reusing reclaimed water in
the afore-mentioned applications can reduce freshwater con-
sumption by up to 50% in a household, thus saving on the water
bill and lessening the over-exploitation of freshwater reservoirs.
The remaining treated water can be used for groundwater or
surface water recharging. This approach of circular water use cycle
at the point source reduces the burden on freshwater usage and
promotes sustainability practices in water resource utilization.

Ecological and climatic impact of the Green Wall system

Besides GW recycling, the green walls-SSF system offers ecological
and environmental benefits. Due to the robust nature of E.
aureum, it showed substantial growth even in low nutrients-
containing GW in the system (Fig. 6). Moreover, the creeper nature
of E. aureum allowed the creation of green walls, providing
positive effects on the well-being of people and also the cooling
effect on the environment. It also produces oxygen at night, unlike
other plants that release CO, during nighttime. Apart from its high
esthetic value, it contributes positively to mitigating the effect of
greenhouse gas CO,, resulting from organic degradation, by fixing

Transplanted salins -

Saplings after 2 months

it into green plant biomass. In this study, the calculated reduction
in the release of CO, in the environment was around 6%
(Supplementary Note 2). Though the value is low, it will be an
impactful intervention if such eco-friendly approaches are
implemented widely for GW management.

Management of exhausted bed matrix

Though cocopeat is an organic material, its degradation is slow
(i.e, in years). The worn-out or shabby cocopeat with trapped
nutrients can be used as a soil amendment, a well-reported
application, for plant growth. On the other side, the saturated
granular activated charcoal can be regenerated at houses via a
mix of thermal and mechanical processes (i.e., by shaking media in
hot freshwater), which can result in the desorbing of some ions.
However, the regeneration rate is slow, which makes it an
inefficient process. The other approaches, such as chemical and
electrochemical, are fast and efficient but are chemical or cost-
intensive and challenging to implement in households*’. Hence,
one can also opt for using saturated nutrient-rich granular
activated charcoal as a soil amendment. Overall, the practice of
using exhausted organic bed materials for gardening purposes
could be an efficient and ecofriendly way to manage the wastes
generated by the system.

Scalable design features of the green wall system

This study successfully demonstrated the green wall system
design with multiple modular reactor units for GW management
of households. Mounting small and lightweight reactor units
against the wall is reasonably practical since it will disperse the
inclining pressure over the wall in contrast to a high pinpoint
inclining pressure exerted when one big reactor unit is mounted.
Its modular design allows increasing the number or set of reactor
units according to the GW quantity that needs to be treated.
Furthermore, it offers adjustability to the space availability and
easy troubleshooting and maintenance without compromising the
treatment process. Hence, it can be easily scaled and implemen-
ted as per the end user’s requirement.

In summary, the nature-based green wall——SSF system
demonstrated in the present study is efficient for household GW
management in an eco-friendly and sustainable way. The HLR is
crucial in determining the treatment performance of the system,
i.e., for both the main reactor and SSF units. The system achieved
higher pollutant removal efficiencies for conventional water
quality parameters at a lower hydraulic loading rate, signifying
the role of retention time in the treatment process. Clogging was
not noticed in the reactor units during the long-term study of over

bt

Saplings after 8 months

Fig. 6 Growth of E. aureum saplings in the green wall system reactors during the study period. The monitoring was started after the

saplings were transplanted in the green wall reactors.
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eight months. It indicates that diverse microbial and plant nutrient
uptake processes play an important role in treating pollutants. The
modular design can allow easy replacement of the first reactor
unit, which is prone to clogging in the long run. The resiliency and
performance robustness to the varying GW strength shown by the
system suggests its practical applicability. The treated effluent
meets stringent worldwide reuse standards for several non-
potable applications. E. aureum showed substantial growth even
in low nutrient-containing GW, which validates its robust nature.
Moreover, its creeper growth feature adds ecological and
environmental benefits to the system. Overall, based on successful
demonstration and estimated propositions, it can be inferred that
the green walls——SSF system could be an economically feasible
and easy-to-implement sustainable technological solution for
household GW management, even in the imminent terrestrial
space or land constraint scenario.

METHODS
Greywater preparation and characteristics

The raw GW was collected daily from individual sources, namely
the bathroom, washing machine or laundry, kitchen sink, and
hand basin of a house due to the lack of a volunteer test house
with a separate GW collection system in our vicinity or nearby
region. Though the GW composition depends on lifestyle and
water abundance, the collected wastewater was mixed in specific
proportions (i.e., laundry 26-27%, bathroom 47-49%, and kitchen
with hand basin 24-37%) that different household activities
contribute to the total greywater as reported in literature*®*°, It
was freshly prepared daily and fed to the systems. Before loading
to the reservoir, it was passed through a primary treatment
procedure consisting of 6 h sedimentation followed by oily scum
removal from the top. The physicochemical characterization of the
clarified GW used in this study is presented in Table 1 and is as per
the reported range in different studies®'%4,

Green walls-SSF system configuration

Two identical green walls coupled with SSF systems were
fabricated on plywood and mounted on the wall through
wiring/drilling. The individual system had three main components:
a reservoir (45 L capacity), green walls consisting of a set of five
reactor units, and an SSF unit (Fig. 1). A submersible water pump
(40 W) was used to pump the clarified GW to the reservoir, and
after that GW flowed to the reactor units by gravity. The set of five
reactor units constituted the main pollutant treatment site. Each
reactor unit was made of cylindrical PVC pipe with an inner
diameter of 7cm and a length of 20 cm. These dimensions of
reactor units were selected based on our prior understanding of
size sufficiency for accommodating plant root growth of around
one year while managing low nutrient GW from previous
studies®®*". The reactor units were connected in a serial hydraulic
flow mode, and the water saturation zone was maintained in each
reactor. Briefly, the entering GW first percolated through the
support bed, then rose along a tube till the water level, and finally
drained to the lower unit, and so on, as shown in the schematic
(Fig. 1). Water level in the reactor unit was maintained up to 18 cm
or just below the bed matrix surface. The main treatment unit of a
system constituted around 2 L of total working volume, with each
reactor unit having ~0.4 L void or working volume that resulted
after filling of bed matrix and plant sapling. For setting up the SSF
unit, locally available sand was sieved for two different fractions:
fine sand (0.15-0.2 mm size) and coarse sand (1-1.5 mm size). The
cylindrical PVC pipe (@ 7 cm) was filled, from top to bottom, with
fine sand for 17 cm height, followed by coarse sand for 3cm
height. The coarse sand was used to restrict the leaching of fine
sand from the bottom water drain holes of the SSF unit.
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Green wall reactor unit components

Each reactor unit (except the first one, which was operated as a
primary clarifier in non-planted condition) consisted of two major
components: support bed matrix and plant sapling. E. aureum (aka
Money plant, Golden Pothos, or Devil's Ivy) was used as a plant
component due to its several favoring characteristics. These include
adaptability to varying nutrient and light conditions, sufficient
perennial growth, creeper growth style, fibrous root structure, and
easy propagation®?. Apart from its esthetic values, it has been
reported to detoxify different contaminated environmental media,
ie, air, soil, and water, through diverse phytoremediation pro-
cesses®. The previous research also suggested it as a promising plant
candidate for various nature-based wastewater treatment technolo-
gies as it can grow even in low nutrient conditions like GW>3, For the
main experiments, similar-sized young rooted saplings with a wet
weight of 6.9 + 1.3 g were transplanted in the reactor units.

For the support bed matrix, tap water washed and dried
cocopeat (Source: TrustBasket, India; 2-4 mm particle size; porosity:
~0.47) and granular activated charcoal (Source: Andel Marketing &
Services, India; 3-4 mm particle size; porosity: ~0.61) were used.
The reactor units were filled with granular activated charcoal and
cocopeat in 20:80 proportions (by the length of the reactor unit)
from bottom to top. This combination was selected since it
outperformed other tested combination proportions of granular
activated charcoal, quartz/silica sand, and cocopeat in removing
conventional pollutants from domestic wastewater>°. Cocopeat is
an eco-friendly and cost-effective light-weighted support media
with several other characteristics, such as porous nature favoring
rhizospheric microbes growth besides high water holding and
cation exchange capacity, which aids in pollutant removal**. A
small amount (~120g per reactor unit) of granular activated
charcoal, reported to be a promising adsorbent with a high
surface area, was used at the bottom of the reactor unit to remove
the dissolved conventional and emerging contaminants®>.

Green wall-SSF system operation

The experimental period of the whole study is presented in three
phases (Table 2). In phase |, the aim was to optimize the HLR to
the green walls; hence, the clarified GW characteristics were
limited to minimum variation to nullify the influence of GW
strength. The phase Il experiments were conducted for 15 weeks
with varying concentrations of conventional pollutants in clarified
GW to check the performance robustness of the system during
varying GW strength, which is generally seen in real-world
scenarios. In phase lll, the effect of HLRs on the effluent polishing
performance of SSF was evaluated using the effluent of the green
walls as an inlet to SSF. The SSF unit was operated in a water-
unsaturated condition. The system was mounted on the wall, and
all the experiments were conducted outdoors at the IISER Mohali
campus (India) to mimic real-world household settings. In each
tested HLR condition in the green walls or SSF unit, one-week
acclimation was ensured for physiological adaptions of biota, i.e.,
diverse microbes and plant sapling, to varying conditions before
sampling and analysis work. No specialized microbial inoculum
was externally added to the reactor units. The inherent microbes
of GW flourished in different microenvironments of the bed
matrix. The GW treatment performance in each experimental
condition was assessed by monitoring the conventional para-
meters, viz.,, COD, TN, and TP, and turbidity on multiple days.

Analysis and calculations

The influent and effluent samples of different tested experimental
conditions were analyzed within 12 h of their collection. TN and TP
concentrations were estimated by the alkaline persulfate digestion
method, followed by absorbance reading using a UV-Vis spectro-
photometer (WTW Photolab 7600 UV-Vis, Xylem). Turbidity, pH,
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and dissolved oxygen (DO) were measured using a digital
multiparameter meter (Model: HI9829, Hanna Instruments). COD
was analyzed by the closed reflux method. Fecal coliform count
was estimated by performing an MPN test adapted from
“Standard Methods for the Examination of Water and
Wastewater.”

The GW treatment performance is presented as removal
efficiencies (R%), calculated according to Eq. (1).
R% — ﬂ x

Co

where C, represents the initial concentration of the specific
constituent in the influent (mgL~"), and C, denotes the
concentration of the same constituent (mgL~") in the effluent.

The systems performed at a similar level; thus, the data are
presented as the mean of two replicate systems along with
standard deviations.

100 M

Preliminary cost analysis and sustainability assessment

A basic cost and sustainability analysis was done for the complete
system considering different aspects, namely system fabrication
cost, electricity consumption, and footprint of different resources
such as water, land, and carbon, which are relevant to assessing
the system’s sustainability. Based on the findings and under-
standing developed from the demonstrated system, the estima-
tions on the parameters mentioned above for 400Ld™" (average
amount of GW produced by a family of 4-5 members daily)
treatment capacity system were done to assess its sustainability
and feasibility for field-scale implementation. For the cost
estimation, the current market cost of different resources used
in the fabrication of the system was considered (Supplementary
Table 2). For estimating electricity consumption, the time required
to pump the clarified GW to the reservoir placed at a height (2 m)
was considered (Supplementary Note 1). It should be noted that
the fabrication cost and electricity consumption of the demon-
strated system mentioned in this study was a combined
estimation of duplicate tested systems since one reservoir was
used in the study. For the carbon or CO, footprint estimation, the
decreased CO, amount released in the environment due to
fixation in plant biomass during the study period was considered
(Supplementary Note 2). The total CO, produced from the organic
matter degradation was considered in these calculations.
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