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Abstract Storage of greywater is controversial for envi-
ronmental and health reasons. Artificial greywater was
assessed after 2 and 7 days of storage time. Two different
greywater pollutant strengths were statistically compared
at each storage time. A negative significant (p <0.05)
correlation was evident with increasing storage time for
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the 5-day biochemical oxygen demand for more than
2 days. However, the concentrations of 5-day biochemical
oxygen and chemical oxygen demands reduced signifi-
cantly at 2 days of storage when compared with freshly
prepared greywater. Biodegradability (5-day biochemical
oxygen demand/chemical oxygen demand ratio) decreased
significantly after storage to between 0.14 and 0.39. The
nitrification process was improved significantly with in-
creasing storage time concerning low strength greywater
with a significant increase in the removal of ammonia-
nitrogen and a non-significant decrease in the removal of
nitrate-nitrogen. The correlation was significantly positive
between ammonia-nitrogen and 5-day biochemical oxy-
gen demand for stored greywater, while it was significantly
negative between total suspended solids and both 5-day
biochemical oxygen demand and dissolved oxygen. Sig-
nificant reductions in colour, total suspended solids and
turbidity were correlated positively with storage time. Pre-
cipitation of dissolved metals was suspected to occur in
storing greywater by binding the inorganic components
with the sediment and collide surfaces through adsorption,
allowing a significant drop in concentrations of dissolved
and undissolved metals with increasing storage time
through sedimentation. Synthetic greywater of low mineral
pollution had significantly higher removals for almost all
concentrations compared with those for high concentra-
tions. More advanced technologies for high trace element
removal are required.

Keywords Biodegradability - Contamination load -
Heavy metals - Hydraulic retention time - Sustainability -
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1 Introduction

Decentralised wastewater treatment systems are com-
monly applied in suburban areas, where locals recycle
their effluents for non-drinking end uses such as garden
watering (Musazura et al. 2018). Meanwhile, the gener-
ated fresh wastewater may be collected and stored in situ
before treatment (Liu et al. 2010). Domestic wastewater
has been widely treated on-site within small
neighbourhoods using constructed wetlands, especially
greywater originating from household washing activi-
ties (Paulo et al. 2013; Barzegar et al. 2019). Construct-
ed wetlands are a nature-based treatment technology,
which is low in investment, operation and maintenance
costs as well as high in ecosystem services (Scholz and
Lee 2005). All types of engineered treatment wetlands
have a specifically designed treatment capacity and each
treatment cycle requires a time period to store and
possibly treat wastewater, known as the hydraulic reten-
tion time (Vymazal 2010). Implementations of con-
structed wetlands for greywater treatment have been
reported in many countries such as in the UK (Frazer-
Williams et al. 2008), Germany (Nolde 2005), Israel
(Gross et al. 2007) and Costa Rica (Dallas et al. 2004),
achieving high average removal rates of pollutants with
moderate hydraulic retention times.

Greywater is commonly reused for irrigation in agri-
culture and the flushing of toilets (Jefferson et al. 2004).
The crucial requirement for recycling of greywater is to
ensure that both the treatment approach and storage time
lead to good water quality fulfilling the relevant stan-
dards linked health concerns (WHO 2006).

Characteristics of greywater significantly vary de-
pending on many factors such as point of generation,
community demographics, human habits, level of occu-
pation, culture and geographical zone (Eriksson et al.
2002; Hasani et al. 2019). Moreover, detergents, cos-
metics and other chemical products could also contribute
to the variation of the quality of greywater and its pollut-
ant content (Eriksson et al. 2003; Barzegar et al. 2019).
Kitchen effluents also affect the organic load, nutrients,
pathogens and other pollutants within greywater (Al-
Jayyousi 2003). Another reason for fluctuations within
greywater quality is the concentration of metals and other
elements that mainly relate to household chemicals and
the status of supplied water from the pumping station to
the consumer throughout the storage tanks and water
network (Nolde 2005). Eriksson et al. (2002) have indi-
cated notably high levels of zinc in greywater. Heavy
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metals are mainly associated with beautifying creams,
body care lotion and other cosmetic industry products
(Bocca et al. 2014). Varying concentrations of metals
were recorded in discharges of baths, showers and
hand-wash basins. Fluctuations in trace elements are
common in natural waste products such as human hair
(Chojnacka et al. 2012). Although researchers have ex-
cluded some wastewater resources from greywater,
metals have been found to some extend in kitchen and
dishwasher effluents (Kariuki et al. 2012). Elevated sodi-
um levels have been discovered in laundry wastewater
compared with greywater from other sources. Sodium in
greywater is often linked to several anionic surfactants
contained within cleaning products, for example, sodium
chloride as ion-exchanger (Jefferson et al. 2004). Conse-
quently, the properties of greywater treated in any system
vary due to both the background and time of production
as well as changes of characteristics during retention time.
It has been reported that storage of greywater over a 4-h
period leads to a reduction of the BOD5 by half. Howev-
er, greywater quality can be degraded due to the growth
of microorganism at long residence times (Jefferson et al.
2004). Dissolved oxygen can be consumed by rapidly
developing bacterial populations within greywater after
about 48 h of storage time (Dixon et al. 2000).

Storing and reusing of greywater are linked to a risk
of spreading diseases due to the possibility of pathogen
presence. Nevertheless, this risk is significantly less than
for black water comprising predominantly domestic
wastewater (Eriksson et al. 2002; Abed et al. 2019). It
has been indicated that a significant number of bacteria
have grown when greywater was stored for 72 h (March
and Gual 2009; Abdel-Shafy et al. 2019).

Using raw greywater for watering of plants presents a
probable hazard to watercourses, due containing of bac-
teria and viruses, raw greywater could be a source of
spreading diseases (WHO 2006). Greywater may im-
pact on both filter media and soil characteristics by
breakdown of the corresponding structure and clogging.
Studies analysing the content of greywater during stor-
age and just before reuse are rare. However, it is known
that chemical products in real greywater have varying
decomposition rates during storage due to several bio-
chemical activities (Li et al. 2009; Liu et al. 2010).
Furthermore, some of the engineering treatment tech-
niques fail to achieve greywater treatment targets, since
they have been designed for fresh wastewater without
considering the degradation in water quality during the
storage stage (Winward et al. 2008). In contrast,
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improvement in the removal of contaminated substances
from greywater such as undissolved matter has not been
investigated (Liu et al. 2010; Paulo et al. 2013).
Greywater could be stored for subsequent recycling
(e.g. irrigation) or be treated by in situ blue-green solu-
tions such as wetland systems, which, however, require
a relatively long hydraulic retention time for treatment.
International thresholds for safe reuse of wastewater and
greywater, which have been published by FAO (2003)
and WHO (2006), could be considered as criteria for
greywater either to be reused for irrigation or to be
treated and then discharged to water bodies. Therefore,
in order to fill this knowledge gap, the objectives of this
article are to (a) understand the behaviour and stability
of key greywater components at different hydraulic
retention times before treatment; (b) assess the water
quality of different synthetic greywaters after storing it
for 2 and 7 days under outdoor conditions; and (c)
compare measurements linked to objective (b) with
properties of corresponding fresh artificial greywater.

2 Materials and Methods
2.1 Synthetic Greywater

Two chemical formulae have been adopted to produce
greywater artificially (Abed and Scholz 2016) by
selecting technical-grade chemicals supplied by Fisher
Scientific Co. Ltd. (Bishop Meadow Road, Loughbor-
ough, UK). Under non-sterilised laboratory ambient
conditions, synthetic greywater was prepared according
to two chemical recipes as stock solutions based on tap
water (Online Resource 1). The calcium and magnesium
hardness of the tap water was only about 0.01% of the
quantity of calcium, which was added as part of the
artificial greywater. The resulting quality of the
greywater resembled the water quality characteristics
of real greywater at low (LC) and high (HC) contami-
nation strengths. However, biological contamination in-
cluding pathogens was not included in the design com-
position of synthetic greywater. Biomass degradation
would consume oxygen and make the stock solution
instable, and therefore unsuitable for benchmarking pur-
poses. The stock solutions were stored for the next day
at 4 °C. Before use, they were agitated for half an hour,
and tap water was added at the desired dilution ratios
(Abed and Scholz 2016; Nghiem et al. 2006).

2.2 Experimental Set-up

The experiment was located on the roof of the Newton
Building (53° 29’ 09.3” N and 2° 16’ 24.8" W), the
University of Salford, Greater Manchester, UK. The
research work commenced in September 2014 and fin-
ished in January 2016. The analysis of water quality
(section 2.3) was performed in November 2014; after
60 days allowing for biofilm development; then the
water tests were performed in batches every 2 and 7 days
of the storage time for each test group (Fig. 1). Plastic
buckets of 14 1 were filled with 10 1 of fresh greywater
for both LC and HC pollutant concentration experi-
ments. The operational system comprised two groups;
the first one was designed to store HC—greywater for 2
and 7 days (each set had four replicates), and the second
group stored LC—greywater for the same storage time
with four replicates for each set as shown in Fig. 1. The
data were compared individually for fresh LC—
greywater with their results after 2- and 7-day storage
time, and the same scenario was repeated for HC—
greywater as described in section 2.4.

2.3 Greywater Quality Measurements

The artificial greywater quality was examined following
APHA (2005) unless mentioned else. After storage, 1 1
of greywater was taken from each group of the system in
triplicates. The standardised water analysis included
colour, total suspended solids (TSS), ortho-phosphate-
phosphorus (PO4—P), nitrate-nitrogen (NO3—N),
ammonia-nitrogen (NH4—N) and the chemical oxygen
demand (COD). The spectrophotometer DR 2800 Hach
Lange (www.hach.com) was used for these variables. A
mono-metric measurement device (OxiTop IS 12-6 sys-
tem produced by the Wissenschaftlich-Technische
Werkstéitten (WTW), Weilheim, Germany) was pur-
chased to evaluate the 5-day biochemical oxygen de-
mand (BOD:s) for all samples. A METTLER TOLEDO
FIVE GOTM conductivity meter (Keison Products,
Chelmsford, Essex, England, UK) for electric conduc-
tivity (EC) and a Turbicheck Turbidity Meter (Lovibond
Water Testing, Tintometer Group) for turbidity measure-
ments were also utilised. The hydrogen ion (pH) and
redox potential (Eh) were evaluated by a sensION+
benchtop multi-parameter meter (Hach Lange,
Diisseldorf, Germany). A HQ30d Flexi Meter (Hach
Lange, Diisseldorf, Germany) was applied to determine
dissolved oxygen (DO).
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Fig. 1 Schematic of the detailed experimental set-up

The minerals and trace element content of fresh and
stored greywater were analysed according to “SW-846:
Test Method 6010D” (USEPA 2014) for elemental anal-
ysis of waters and wastes using an Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES) by
Varian 720—-ES (Agilent Technologies UK Ltd.,
Wharfedale Road, Wokingham, Berkshire, UK). Tripli-
cate samples of 10 ml greywater were filtered using a
cellulose paper filter of 0.45-pum pore diameter and then
acidified before analyses (USEPA 1994).

For calibration purposes, identical reagents and mag-
nitudes as those used in preparing water samples were
facilitated as blank samples, which were occasionally
tested to verify the detection limit with the theoretical
concentration values. Avoidance of instrumental drifts
was ensured by operating three solutions of standard
calibration intermediately between the samples in the
detection process of various metal concentrations.

2.4 Statistical Examination

The routine data calculations were undertaken within
Microsoft Excel using the functional options such as mini-
mum, maximum, arithmetical mean and standard deviation.
The Statistical Package for the Social Sciences IBM—SPSS)
Statistics Version 23 analysed all datasets at 95% confidence
level. Variables of interval-scale with approximate normal
distributions were compared by the independent ¢ test of the
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Trace element
1- Aluminium (Al) 8. Potassium (K)

2- Boron (B) 9- Magnesium (Mg)

3- Calcium (Ca)  10- Manganese (Mn) S;v . 3’;;{“;:‘;;‘”. load GW.

4- Cadmium (Cd) 11 Sodium (Na) Lc : Low pollutant load GW.

5- Chromium (Cr)  12- Nickel (Ni) 2-d : 2-day slorage time.

6- Copper (Cu) 13- Zinc (Zn) 7-d : 7-day storage time

7- Iron (Fe) a, b, c and d : Replicate identffication lable

two independent samples. The data distribution was exam-
ined by the Kolmogorov—Smirmov and Shapiro—Wilks tests
for normality (Collis and Hussey 2013). If the hypothesis of
normality is rejected, then the analysis must be operated by
non-parametric techniques using the Mann—Whitney test.
The Spearman’s test was applied to assess the correlations
among variables.

3 Results and Discussion
3.1 Physiochemical Characteristics

Properties of fresh greywater including physiochemical
characteristics and trace element concentrations for LC
and HC are shown in Online Resource 2. The pH value
of LC—greywater ranged between 5.3 and 7.9, which
complied with those reported values originating from
discharge with separated sources such as bathroom
(Samayamanthula et al. 2019) and mixed sources of
greywater (Li et al. 2009). The pH values of HC—
greywater (5.4-11.5) were comparable with real eftlu-
ents, which are usually produced from laundries
(Eriksson et al. 2002; Li et al. 2009) and compat-
ible with the other published findings of artificially
prepared greywater (Nghiem et al. 2006). Almost
all studies lacked redox potential (Eh) data linked
to real greywaters.
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The EC values are elevated in real greywaters, par-
ticularly for laundries and mixed sources
(Samayamanthula et al. 2019). They match the higher
limits of EC measured for HC—greywater (612—
1677 uS/cm). In contrast, the low values of EC in LC—
greywater (99-452 uS/cm) agreed with those values of
real greywater obtained from bathrooms and hand-wash
basins (Al-Hamaiedeh and Bino 2010; Leal et al. 2012).

Fresh greywater showed a wide range in measure-
ments of colour for LC—greywater (26340 Pa/Co) and
HC—greywater (787-2499 Pa/Co), which is not uncom-
mon for real greywater as well. Regarding temperature,
both types of greywater were also similar to real
greywater (Eriksson et al. 2002). Turbidity and TSS
values of fresh LC—greywater (mean, 22.9; range, 9.8—
41.6 and mean, 39.9 mg/l; range, 10.0-87.0 mg/l, re-
spectively) agreed with reported values (Al-Jayyousi
2003; Eriksson et al. 2010; March et al. 2004; Pidou
et al. 2008; Ramona et al. 2004). Turbidity (mean, 189;
range, 18-308) and TSS (mean, 317 mg/l; range,
173-473 mg/l) HC—greywater values were similar
to greywater discharge from kitchens, laundries
and mixed sources (Al-Hamaiedeh and Bino
2010; Samayamanthula et al. 2019).

The water quality of both greywater types after stor-
age is shown in Table 1. The statistical analysis of TSS,
turbidity and colour has shown significant reductions
(p <0.05) in LC—greywater at both storage times com-
pared with the corresponding values of fresh LC—
greywater (Table 2). For HC—greywater, the statistical
evaluation indicated non-significant increases (p > 0.05)
in values of turbidity and TSS and a non-significant
decrease in colour after 2 days of storage. However,
the drops in values of turbidity and TSS were not
significant (p > 0.05) after 7 days of storage. An insig-
nificant elevation (p >0.05) in colour value compared
with fresh HC—greywater was also noted.

Reductions in the number of undissolved particles
and colloids were not significant (p >0.05) in stored
HC-greywater, because no coagulation and flocculation
process were performed in this experiment. The latter
physical and chemical processes would have led to a
decrease in TSS and turbidity (Nolde 2005; Abdel-
Shafy et al. 2019). In contrast, biodegradation can lead
to a rise in turbidity (Giinther 2000), colour and fine
particles due to the development microorganisms and
degradation products as biochemical processes occur
when storing greywater (Eriksson et al. 2002). Floccu-
lation processes occur when the negative charges of

colloidal particles neutralise in the presence of iron
and aluminium hydrous oxides, which have positive
electrical charges. This leads to aggregation and subse-
quently sedimentation (Barzegar et al. 2019). The colour
of water is also impacted on by colloidal and non-
colloidal suspended organics in combination with earth
minerals (Gross et al. 2006, 2007; Li et al. 2009).

The increase in storage time led to a significant drop
(p <0.05) in TSS concentrations for HC—greywater after
7 days of storage compared with the value after 2 days
of storage time. No significant changes in colour and
turbidity were noted (Table 3). Regarding storage of
LC—greywater, the means of TSS and turbidity reduced
significantly (p < 0.05) within stored vessels after 7 days
in comparison with those values after 2 days of storage.
No significant effect on colour was noted. Storing LC—
greywater has significantly affected (p < 0.05) drops in
values of colour, turbidity and TSS compared with HC—
greywater at both storage times (Table 3). The reduction
in TSS could be explained by the physical process of
sedimentation. Particles that are heavier than water will
settle due to gravitational forces (Eriksson et al. 2002;
Samayamanthula et al. 2019). Settling of particles is
promoted after floc formation (Barakat 2011). On the
contrary, microorganisms may increase the measured
TSS after more than 48 h (Al-Jayyousi 2003).

3.2 Oxygen Demand

Parameters indicating oxygen demand and organic
strength of fresh greywater were statistically evaluated
and compared with corresponding values after storage
for 2 and 7 days. Table 2 indicates that the (5 days)
BODs concentrations of stored greywater are signifi-
cantly lower than those values for both HC—greywater
and LC—greywater in this experiment (Fig. 2a).

The BODs concentrations of LC—greywater de-
creased significant (p <0.05) after 2 and 7 days of
storage: from 17.6 to 5.6 mg/l and from 17.6 to
6.7 mg/l, respectively (Fig. 2a). In comparison, the
BODjs concentration for HC—greywater significantly re-
duced (p <0.05) from 34.7 to 14.7 mg/I after 2 days of
retention time resulting in 58% reduction. Furthermore,
it reduced to 16.6 mg/1 after 7 days, which equates to a
reduction rate of 52% (Fig. 2b). Microbial degradation
processes are the principle reason for the consumption
of organic matter, which leads to higher respiration and
therefore to an increase in BOD5 (Friedler et al. 2006;
Maiga et al. 2014). It is possible that the drops in BOD5
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were also caused by sedimentation, since, BODjs statis-
tically correlated with TSS (Abed et al. 2019).

The statistical evaluation in Table 3 shows that there
was no significant effect (p > 0.05) when extending the
storage time by more than 2 days on the BODs values.
This is in contrast with Nolde (2005) who observed that
the BODs concentration increased when increasing the
storage time. Low levels of organic matter in greywater
and insufficient numbers of microorganisms could lead
to low BODs values (Eriksson et al. 2002; Leal et al.
2012).

The BODs concentrations for LC—greywater (mean
of 17.6 mg/l) were less than the stated ones for many
real greywater samples. However, they matched those
showed by Eriksson et al. (2010) and Winward et al.
(2008). Furthermore, the investigation indicated that the
BODs decreased significantly in systems storing LC—
greywater (storage of 2 and 7 days) compared with the
corresponding values of systems for HC—greywater
(both storage time also) as shown in Table 3.

An appraisal of the COD values for fresh HC—
greywater compared with stored ones indicated signifi-
cant declines (p <0.05) for both retention times. The
COD reduced from 129.2 to 106.6 mg/l (reduction of
17.5%) and from 129.2 to 100.8 mg/l (reduction of
22.0%) at 2 and 7 days of storage, respectively. The
variation in COD concentrations of both greywater
types can be explained by the great variety of the chem-
ical compositions, which are used in the artificial
greywater to mimic the ingredients of domestic products
and detergents, which is responsible for the fluctuation
in greywater test results (Al-Jayyousi 2003; Eriksson
et al. 2010; Drennan et al. 2019). This variation in
COD values might be influenced by its corresponding
biodegradable fractions (Essington 2004; Friedler et al.
2005). Concentrations of COD of the sored LC—
greywater decreased non-significantly (p >0.05) after
2 days of storage, while they dropped significantly to
17.2 mg/l after 7 days of storage (Fig. 2b).

An increase of storage time effected significantly the
reduction in COD concentrations for LC—greywater,
while no significant change was indicated when storing
HC-greywater at increasing storage times (Fig. 2 ¢ and
d). For all retention systems, the COD removals from
LC—greywater were significantly low (p <0.05) com-
pared with the eliminations of COD in HC—greywater
and at both storage times (Table 3).

Significantly negative correlations (p <0.01) were
calculated between BODs and COD, while the

@ Springer

correlations became significantly positive after 7 days
of storage. The correlation examination of systems stor-
ing LC—greywater showed that BODs and COD were
not correlated at both storage times. In aquatic ecosys-
tems, reductions in BODs and COD contents were
related to the consumption of oxygen due to oxidation
and decomposition processes (Vymazal 2010).

The biodegradation of fresh LC—greywater and HC—
greywater was also evaluated based on the ratio of
BODs to COD, which were 0.61 and 0.27 for the former
and the later in this order. Similar low ratios have been
stated for greywater by Jefferson et al. (2001). Research
on treating greywater by biological techniques indicated
that biodegradability could be limited at low organic
loads (Abdel-Shafy et al. 2019). The stimulation of
biological processes has been encouraged by adding
macronutrients and trace nutrients to greywater to en-
hance treatment (Jefferson et al. 2001). The wastewater
could possibly be treated biologically when the BODs to
COD ratio is between 0.4 and 0.8 as suggested for
municipal wastewater (Abdel-Shafy et al. 2019). The
BODs to COD ratio for HC—greywater decreased,
reaching 0.14 at 2 days and 0.16 at 7 days of storage.
Greywater of low strength, which commonly originates
from hand-washing basins and showers, has shown low
concentrations of BODs and COD (Avery et al. 2007;
Jefferson et al. 2004; Abed et al. 2019).

3.3 Nutrients

Fresh synthetic greywater (both formulae) resembled
real greywater well. However, Table 1 shows deficien-
cies in nutrient balance and organic load due to the
exclusion of toilet discharge (Abed and Scholz 2016).
A correct nutrient balance for the biological degradation
of wastewater is important. Ratios for COD:N:P of
100:20:1 or 100:5:1 are commonly proposed and
discussed by Hamza et al. (2019). Nutrient deficiency
has been revealed in greywater and their impact on
limiting the biological processes in greywater treatment
was examined by Jefferson et al. (2001, 2004). There-
fore, adjusting the proportion of nitrogen to phosphorus
by adding sufficient organic substances may lead to the
improvement of oxygen demand removals (Al-Jayyousi
2003).

A statistical comparison of results for fresh and
stored greywater is shown in Table 2. For HC-
greywater, the NH,—N concentrations were relatively
stable at 0.4 mg/l with no significant (p >0.05)
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alterations at both storage times, compared with fresh
HC—greywater. In contrast, a significant difference
(p <0.05) in concentrations of NH4—N in systems stor-
ing LC—greywater for 2 and 7 days (Fig. 2e) was noted
compared with fresh LC—greywater. An increase of
storage time had no significantly (p > 0.05) impact on
concentrations of NH4—N in the retention systems stor-
ing LC—greywater. In system comprising HC—
greywater, a significant (p < 0.05) drop in concentration
of NH,—N with an increase of storage time from 2 to
7 days was observed (Fig. 2f). The removal of NH,—N
in LC—greywater was significantly (p <0.05) higher
than in HC—greywater at both storage times.

A significant positive correlation (p <0.01) was not-
ed between the concentrations of NH,—~N and COD for
fresh greywater regrading both formulas. For systems
storing LC—greywater, the NH,—N concentration corre-
lated significantly negative (p <0.01) with COD at
2 days of storage and significantly positive (p <0.01)
with BODs at 7 days of storage. For NH;,—N, the mea-
sured values were close to the detection limit. Therefore,
it is a challenge to observe nitrification and denitrifica-
tion processes in the data (Essington 2004).

No significant alterations (p > 0.05) were noted when
comparing the NO3;—N values of both types of fresh
greywater with the corresponding values for stored
greywater (Table 2). The fluctuations in trend were
carefully monitored for NO;—N concentrations at both
times of storage for HC—greywater. The concentrations
increased slightly from 8.9 to 9.4 mg/l at 2 days of
storage and subsequently decreased to reach 8.5 mg/l
after 7 days of storage time. The NO;—N concentration
of LC—greywater reduced slightly from 1.3 to 1.2 mg/l
and to 1.0 mg/l after storage of 2 and 7 days, respec-
tively (Fig. 2g). An increase of the storage time had a
significant effect (p <0.05) on decreasing the NO;—N
values for both types of greywater (Figs. 2g and 1h).

The removal rate of NO3;—N at both storage times was
statistically insignificant (p >0.05) (Table 3). The in-
crease of NO3;—N can be explained by the nitrification
process taking place (Essington 2004). An inefficient
removal of nitrogenous compounds was either due to
insufficient organic content and/or a lack in number of
surviving denitrifying bacteria, which are both associat-
ed with greywater (Li et al. 2009).

In comparison, for fresh and stored greywater in terms
of ortho-phosphate-phosphorus (PO4—P), significant
(p <0.05) decreases were observed in all storage systems
except for systems retaining LC—greywater for 7 days

(Fig. 21 and Table 2). Decreases from 59.1 mg/1 for fresh
HC—greywater to 46.2 mg/l (lowering by 21.8%) for
2 days of storage and from 46.2 to 43.0 mg/! (reduction
0f27.2%) for 7 days of storage were calculated. For fresh
LC—greywater, decreases from 8.4 to 7.0 mg/1 for a 2-day
storage time were noted. Furthermore, concerning 7-day
storage of LC—greywater, concentrations remained virtu-
ally unchanged (Fig. 2j).

An increase in storage time affected significantly
(» <0.05) the decline of PO4—P for both types of
greywater of low and high pollutant strengths
(Table 3). The removal of PO4~P in systems storing
LC—greywater was higher than for HC—greywater
(Figs. 2i and 1j). This is due to the fact that storage time
allows particles to settle. Therefore, a significant
(p<0.01) positive correlation was detected between
TSS and PO4—P for all systems. The dominant mecha-
nism of PO,~P removal in such systems is sedimenta-
tion of heavy particles, while fine materials can settle
after flocculation (Jefferson et al. 2001). In wetlands, the
phosphorus fraction, which is absorbed by plants, is
significantly lower than nitrogen (Avery et al. 2007).
Furthermore, the open environment is likely to be an-
other cause for the development of microbes within the
storage systems consuming phosphorus (Friedler et al.
2006; Paulo et al. 2013). Since microorganisms were not
deliberately introduced to the artificial greywater, mi-
crobial biomass developed rather slowly. Therefore,
microbial activities accounted for only a small propor-
tion of phosphorus removal (Abdel-Shafy et al. 2019).

3.4 Minerals and Trace Elements

Fresh and stored greywater samples were analysed to
identify trace metal concentrations (Online Resource 2
and Table 4). The statistical comparisons of metal con-
centrations between the fresh and the stored greywater
showed that Fe, Mg and Na concentrations were stable
around their mean values for all storage systems
(Table 5). A study initiated for comparison purposes
revealed that B, Cd, Cu and Zn concentrations did not
alter significantly (p>0.05) for systems storing HC—
greywater. For both systems storing HC—greywater
and LC—greywater, concentrations of Al and Cr at 2 days
of storage time and Ca, Cd and Zn at 7 days of retention
did not significantly (p >0.05) change compared with
their values for fresh greywater (Fig. 3). It has been
reported that the existence of metal oxy-hydroxides of
Mg, Fe and Al as well as ground minerals in wastewater
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Table 4 Chemical analysis of trace element concentrations (mg/l) of low (LC) and high (HC) concentration strengths of synthetic

greywaters (SGW) stored for 2 and 7 days

Element 2-day storage (HC) 2-day storage (LC)

n Mean SD Min Max Rem (%) n Mean SD Min Max Rem (%)
Aluminium 39 241 1.016 0.74 425 —13.15 39 034 0.180  0.11 0.72 34.62
Boron 35 054 0.060 0.42 0.66 5.26 35 0.1 0.009  0.08 0.13 21.43
Calcium 37 43.02 2411 3594 4628 —19.24 46 11.25 0.773 9.86 1270  —6.74
Cadmium 42 7.69 1.064 4.95 8.98 —4.48 42 0.05 0.031 0.00 0.11 44.44
Chromium 58  3.76 1.203 1.34 4.98 -17.5 58  0.04 0.049  0.00 0.12 0.00
Copper 63 1.45 0.113 1.28 1.70 -0.69 63 0.06 0.049  0.02 0.15 62.50
Iron 51 6.35 2423 1.56 9.29 0.94 51 0.21 0.157  0.09 0.45 0.00
Potassium 14 5568 4486 4948  60.69 745 14 387 0364 335 4.50 421
Magnesium 48 17.76 1.392 13.92 19.55 —-0.20 48 1.35 0.133 0.99 1.58 6.90
Manganese 63 1.19 0.063 1.06 1.29 -214 63  0.08 0.056  0.00 0.18 52.94
Sodium 14 5819 10.620  42.35 6822 7.16 14 13.82 1.175 12.14 1557 349
Nickel 53 0.03 0.018 0.00 0.06 40.00 53 0.01 0.007  0.00 0.04 75.00
Zinc 44 430 0.524 3.12 5.25 -1.42 42 0.09 0.083 0.00 0.23 57.14

7-day storage (HC) 7-day storage (LC)
Aluminium 54 298 1.218 1.61 6.14 -39.91 44 036 0.189  0.09 0.75 30.77
Boron 26 054 0.160 0.34 0.77 5.26 24 0.12 0.064  0.08 0.26 14.29
Calcium 52 3739 4.030 30.58  45.66  —3.63 52 10.74  0.739 944 1212 —1.90
Cadmium 36 6.40 1.984 3.86 9.72 13.59 32 0.09 0.083 0.00 0.21 0.00
Chromium 46 476 1.215 2.83 6.68 —48.75 42 0.07 0.074  0.00 0.21 —75.00
Copper 54 1.30 0.301 0.80 1.76 9.72 48  0.10 0.091 0.00 0.26 37.50
Iron 42 7.02 1.801 3.58 9.36 -9.52 38 0.20 0.100  0.07 0.30 4.76
Potassium 8 45.77 5.160 39.87  51.00 2392 8 3.62 0438  3.07 422 10.40
Magnesium 54 16.24 1.971 11.76 18.35 5.36 46 1.38 0.161 1.03 1.64 483
Manganese 54 1.01 0.223 0.75 1.38 -3.06 48  0.06 0.074  0.00 0.21 64.71
Sodium 8 55.22 11.852  41.86  67.68 11.90 8 13.15 1.199 11.83 1436  8.17
Nickel 50  0.09 0.081 0.00 0.20 —80.00 44 0.05 0.080  0.00 0.18 —25.00
Zinc 32 390 0.972 1.90 5.10 8.02 28  0.13 0.068  0.01 0.25 38.10

n number of tested samples, SD standard deviation, Min minimum value, Max maximum value, Rem removal

could demobilise or decompound metals via various pro-
cesses (Fu and Wang 2011; Hua et al. 2012). The pH
value and redox potential impact on the cation and anion
exchanges have major roles in terms of biological avail-
ability of dissolved metals. However, chemical reactions
between numerous products in wastewater could lead to
unpredictable results (Barakat 2011; Fu and Wang 2011).
Sedimentation might not be a straight-forward physical
process concerning trace element removal, except if they
are part of large suspended particles. Other processes like
complexation, precipitation and co-precipitation might
have to happen first (Abed et al. 2019).

@ Springer

Regardless of storage time, significant reductions
(p<0.05) in B and Cu concentrations were detected in
systems comprising LC—greywater. The same was the
case for K concentrations in systems of HC—greywater
for both times of storage. At 2 days of storage times for
LC—greywater, Cd, Cr, Ni and Zn values were signifi-
cantly (p <0.05) removed, and Ca and Fe concentra-
tions were significantly elevated compared with those
concentrations of fresh LC—greywater (Table 5). In ad-
dition, only a significant increase in Ni content was
noted after storing LC—greywater for 7 days compared
with fresh LC—greywater. For HC—greywater,
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significant increases were noted for concentrations of Ca
after storage for 2 days. Furthermore, significant in-
creases were recorded for Al and Ni after 7 days as well
as for Cr and Mn but for both times compared with those
concentrations in the fresh HC—greywater (Table 5).

The main mechanism of calcium reaction in water is
erosion under normal conditions (Essington 2004). Dur-
ing the 2 days of storage, it could be the dissolved
calcium hydroxide was created in the presence of the
calcium components in water, then hydrogen gas could
highly possible to be produced (Hua et al. 2012). The
solubility of calcium carbonate increased five times in
the presence of carbon dioxide due to the formulation of
carbonic acid resulting in calcium hydrogen carbonate
(Wan et al. 2018). The stability of calcium ion exchange
was observed after 2 days of storage time.

Organic constituents of high molecular weight can be
stimulated to precipitate at the presence of hydrous

@ Springer

oxides of metals such as Al, Fe and Mg. The elemental
contamination in water is generally either dissolved or
forms part of particles. Dissolved metal precipitation
could occur when binding inorganic contaminants in
various chemical reactions to the sediment and colloid
surfaces through adsorption processes (Hua et al. 2012).
The process of sedimentation becomes possible only
after floc formation (Abed et al. 2017, 2019). With the
development of a blanket of flocs, which have surface
electronic charges, sedimentation of fine pollutant par-
ticles becomes likely (Hua et al. 2012).

Regarding the effect of increasing storage time on the
trace element concentrations (Table 6), greywater sam-
ples from storage systems with 7 days were statistically
compared with values of greywater after 2 days of
storage time. Al, B, Cd, Cr, Cu, Fe, K, Mg, Na, Ni and
Zn concentrations did not change significantly
(p>0.05) in stored LC—greywater. Increasing



Page 15 of 18 211

Water Air Soil Pollut (2020) 231: 211

1591

1 Aowryp\—uueA Suisn G0 > d J1 Bjep panqLysIp A[[eULIOU-Uou pue s} 7 Suisn GO°() < d J1 ejep poInqLusIp AJ[eULIOu (AzypuLiou 10/ y22y2) yjim—o1dnys ‘G0 < d J1 JudIQIp Apueoryrugis
jou pue G0'0>d J1 JUAIYIP Apuedyrudis angpa d )3} ) AAWIYAM—UURIN M—A T91BMAIS ONOYIUAS UOEIUIIUOD MO] MOS-DT I10IBMARIS ONRYIUAS UONENUIOU0D YIIY MOS-DH

QOURIJIP JUBIYIUTIS

86¢°0 M-IN 100°0> %100°0> M-IN 100°0> LS00 M-IN 100°0> 0c1'o M-IN 100°0> dulz
%100°0 > M-IN 100°0> %100°0> M-IN 100°0> L8TO M 100°0> x100°0 M 100°0> [9¥OIN
#600°0 MIN 600°0 8810 M- 9200 I¥¥°0 M- ¥¥0°0 L9T0 M- 6000 wmipog
10070 > M-\ 100°0> %100°0> M-IN 100°0> x¥20°0 M-\ 100°0> %100°0 M-IN 100°0> osoueSuely
998°0 18917 IL1°0 %500°0 M-IN 9100 10 M-IN 100°0> x100°0> M 100°0> wnisousey
%100°0 189} 7 €01°0 6CL°0 MIN 2000 191°0 15917 168°0 %100°0> M-IN 9100 wnisseloq
%£00°0 M-IN 100°0> 1cC0 M-IN 100°0> ¢80 M-IN 100°0> 680°0 MIN 100°0> uolIy
%100°0> M-IN 100°0> %100°0> M-IN 100°0> 0€9°0 M-IN 100°0> 10070 > M-IN 100°0> Taddop
YLTO M-IN 100°0> %6€0°0 M-IN ¥00°0 LSS0 M-IN 100°0 > x100°0 > M-IN 000 WInIoLy?y
10C°0 MIN 100°0> %100°0> M-IN €000 £veo MIN 100°0> %900°0 M-IN 00°0 wniwpe?)
§9T0 M-IN 100°0> 10070 > M-IN 100°0> %000 M 100°0 x100°0> M 100°0> wmnidres)
#8€0°0 MIN 100°0 > %S€0°0 MIN 100°0 > 10070 MIN 100°0 > S18°0 MIN £00°0 uolog
¥90°0 M-N 100°0> €10 M-IN 100°0> 906°0 M-\ 100°0> %0200 18917 6C¢’0  wniununpy
(onfea (onfea (ongea

(onyea d) 159} d) Jipm (onyea d) 150} d) 3 (onyea d) 159} d) 3m (onyea d) 159} (onyea d)

ooueoyIuSIS  [eOnsHEIS —ondeyg  ooueoymuSIg  [eOUSHEIS —ondeyg  ooueoyuSIg  [eOUSHEIS —ondeyg  ooueogmuSig [eousnels  p—ondeys

MOS-DT pue MDS-DH MOS-DT Pue MDS-DH sAep L pue skep ¢ skep [ pue skep ¢

owm oFe10)s Aep-/, owm oFe10)s Aep-g MDS—O1 MDS-OH
peoy jueinjod jo 100549 oy a5eI10)S PASLAIdUI JO 1A JUoWIA[

(1/3ur) SUOLENUSIUOD JUSWII[D
ook 9y} 0} Saueyd uo speoj jueinjjod pue dw 9FeI0)S PISEIIOUIT JO JOLJO A} 9LTNSIAUI 0) SN} 93BI0IS JO SABP / pue 7 IJoye (M DS) 101emAI3 o1OY)uAs 10J SISAJeUR [eonsnelS 9 d[qe],

pringer

A's



211 Page 16 of 18

Water Air Soil Pollut (2020) 231: 211

concentrations of B, Fe, Na and Zn for systems storing
HC—greywater were noted. Significant (p < 0.05) reduc-
tions of Ca and Mn in stored LC—greywater and also
significant decreases in Ca, Cd, Cu, K, Mg and Mn for
stored HC—greywater were recorded. When storing
HC—greywater for 7 days, an increase in storage time
led to significant (p <0.05) rises of Al, Cr and Ni
concentrations as shown in Table 6 and Fig. 3.

An increase in storage time allows for biological
degradation of organic matter, which consumes dis-
solved oxygen and changes the redox and pH condi-
tions. Degradation of organic substances is possibly
aerobically and anaerobically for those accumulated into
the sediment layer, which is responsible to adsorb heavy
metals and other elements from wastewater (Barakat
2011).

Significant changes (p < 0.05) for most trace element
concentrations were higher in systems storing LC—
greywater compared with those for HC—greywater
(Table 6). This is due to factors such as the high solid
content and elevated pH, which are associated with HC—
greywater, and the corresponding environmental bound-
ary conditions (Abed et al. 2017).

Findings indicate that more advanced technologies for
trace element removal are required. Possible processes of
pollutant removal in such systems may combine biodeg-
radation and sedimentation. Flocculation, complexation,
precipitation, absorption, cation and anion exchange,
oxidation/reduction and microbiological activity could be
possible mechanisms for removal of heavy metals
(Barakat 2011). However, in the current study, the
greywater was stirred before sampling to mimic the sus-
pension of solids, resuspension of solids and sloughing-off
of biofilms from the storage vessel walls.

4 Conclusions and Recommendations

The retention of greywater for prolonged periods of time
without active treatment processes being employed
leads to passive self-purification due to extended stor-
age. Significant reductions in colour, TSS and turbidity
have been achieved when greywater was stored for
7 days. Both sedimentation and biological degradation
were the predominated mechanisms in removal of
suspended solids due to microorganism development
during storage. For long storage time periods, biodegra-
dation can lead to a rise in turbidity, colour and fine
particles due to the growth of microorganisms and the
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generation of degradation products during biochemical
processes. Aggregation and subsequently sedimentation
can be observed when flocculation processes occur due
to the negatively charged colloidal particles that are
neutralised in the presence of iron and aluminium hy-
drous oxides, which have positive electrical charges.
Furthermore, it was observed that COD correlated sig-
nificantly negatively with BODs at 2 days of storage
time and significantly positively at 7 days. A significant
positive correlation in removal of COD (concentrations
between 60 and 220 mg/l) was observed with storage
time. Greywater biodegradability expressed by the ratio
of BODs to COD decreased significantly after storage
time to be within the range of about 0.14 and 0.39.
Extended storage supports biological treatment of
greywater particularly in wetland systems.

Due to lack organic substances in greywater, ni-
trogen compounds had low concentrations. Signifi-
cant removal of NH,—N after retention was noted for
LC greywater. However, no significant changes of
NOs—N were recorded. A significant positive corre-
lation was computed between NH4—N and BODs
after storing greywater.

Storage of greywater contributed significantly to
the removal of PO4—P due to processes such as sed-
imentation for undissolved particles, precipitation,
co-precipitation of dissolved solids and microbial
activities. A significant positive correlation between
concentrations of TSS and PO4—P, particularly with
increasing storage time, was noted. In reality,
greywater has much less solids than black (waste)
water coming from, for example, toilets. So, a high
need for frequent sediment removal is not likely.
However, a good practice engineering solution to
manage sedimentation when storing greywater could
be the division of the storage unit into two parts: one
for sedimentation and the second for the overflow
greywater to be stored, recycled or discharged. In situ
constructed wetlands are highly recommended to
treat greywater before recycling. The most beneficial
method of recycling of nutrients within greywater is
its reuse for irrigation purposes.
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