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Grey Water Treatment Systems: A Review
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This review aims to discern a treatment for grey water by examin-
ing grey water characteristics, reuse standards, technology perfor-
mance and costs. The review reveals that the systems for treating
grey water, whatever its quality, should consist of processes that are
able to trap pollutants with a small particle size and convert organic
maltter to mineralized compounds. For efficient, simple and afford-
able treatment of grey water with safe effluent reuse, a combined
anaerobic-aerobic process is recommended, with disinfection being
an optional step. The removal and subsequent conversion of sus-
pended and colloidal particles in the anaerobic process need further
improvement. Furthermore, the reuse standards should be revised
and classified considering the reuse options and requirements.

KEY WORDS: biological, chemical, grey water, physical, reuse,
standards, treatment technologies

1 INTRODUCTION

Water shortage and water pollution have become global issues; related is-
sues are scarcity of water resources, mismanagement, population growth,
and climate change (Arnell, 1999; Bouwer, 2000; Falkenmark, 1990). Indus-
trial and domestic wastewaters’ constituents contribute to water resource and
soil pollution (Metcalf and Eddy, 2003). Wastewater treatment and recycling
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of useful products (i.e., water, nutrients, and organic matter) mitigates wa-
ter shortages and environmental pollution. To maximize the possibility of
recycling and minimize the energy required for treatment, industrial and do-
mestic wastewaters have been separately treated (Metcalf and Eddy, 2003),
and source separation of domestic wastewaters into grey and black waters
has been promoted (Otterpohl et al., 1999; Otterpohl et al., 2003; Zeeman
and Lettinga, 1999). Excluding toilet (black water) and sometimes kitchen
streams, grey water combines one or more of less polluted domestic wastew-
ater streams (Christova-Boal et al., 1995; Eriksson et al., 2002; Jefferson et al.,
1999; Otterpohl et al., 1999).

Grey water contribution to domestic wastewater is 60—75% of the wa-
ter volume (Gulyas and Raj Gajurel, 2004), and includes 9-14%, 20-32%,
18-22%, and 29-62% of N, P, K, and organic matter, respectively (Kujawa-
Roeleveld and Zeeman, 2000). Several issues emerge with grey water. First
is reuse with or without simple treatment (Al-Jayyousi, 2002; Christova-Boal
et al., 1995). Second is recycling for indoor use, such as flushing toilets,
washing clothes, and bathing (e.g., Bingley, 1996; Christova-Boal et al., 1995;
Cui and Ren, 2005; Jefferson et al., 1999, 2001; Li et al., 2003; Nolde, 1999;
Shrestha et al., 2001a, 2001b), and for outdoor use, such as irrigating do-
mestic gardens, lawns on college campuses, athletic fields, cemeteries, parks
and golf courses; washing vehicles and windows; extinguishing fires; feed-
ing boilers; developing and preserving wetlands; and recharging ground-
water (e.g., Al-Jayyousi, 2002, 2003; Bingley, 1996; Christova-Boal et al.,
1995; Eriksson et al., 2002; Fittschen and Niemczynowicz, 1997; Jefferson
et al., 2001; Nolde, 1999; Okun, 2000; Otterpohl, 1999; Shrestha et al., 2001a,
2001b). Third, standards are mainly related to health and social aspects in or-
der to improve the control of the recycling process (e.g., Cui and Ren, 2005;
Jefferson et al., 1999, 2000, 2001; Li et al., 2003; Nolde, 1999). Fourth is the
obtaining of affordable treatment technologies to cope with the quantity and
quality variation of grey water sources (Eriksson et al., 2002; Imura et al.,
1995), and the recycling requirements (e.g., Cui and Ren, 2005; Jefferson
et al., 1999, 2000, 2001; Li et al., 2003; Nolde, 1999). A wide range of treat-
ment technologies have been applied and examined for grey water and
considering one or more of the grey water issues, producing effluents with
different qualities. In this review, therefore, we examine various grey water
treatment technologies with the aim of coming up with an efficient, sim-
ple, and affordable treatment system with safe effluent for use. A treatment
system is considered efficient if it produces the required effluent quality,
simple in operation with a minimum maintenance, and affordable due to its
low energy consumption and low operational and maintenance costs. Safe
effluent refers to a situation where the possibility of pathogens regrowth is
minimal. The issues considered in the selection of grey water treatment sys-
tems are grey water characteristics, used standards, technology performance,
and costs.
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2 GREY WATER CHARACTERISTICS AND USE STANDARDS

Raw grey water treatment is a prerequisite for storage and use. The aim of
treatment is to overcome esthetic, health and technical problems, which are
caused by organic matter, pathogens and solids, and to meet reuse stan-
dards. Raw grey water pollutants, measured as COD, have an anaerobic and
aerobic biodegradability of respectively 72-74% (Elmitwalli and Otterpohl,
2007; Zeeman et al., 2008) and 84 £ 5% (Zeeman et al., 2008). Furthermore,
27-54% is dissolved, 16-23% colloidal, and 28-50% suspended (Elmitwalli
and Otterpohl, 2007; Zeeman et al., 2008). Grey water can contain recalcitrant
organic matter (Friedler et al., 2006; Hernandez et al., 2007). For example,
anionic and cationic surfactants are slow or nonbiodegradable under anaer-
obic conditions (Garcia et al., 1999; Matthew and Malcolm, 2000). Storing
grey water for 48 hr at 19-26°C deteriorates its quality (Dixon et al., 1999),
and biological degradation produces malodorous compounds, causing an
aesthetic problem (Christova-Boal et al., 1995; Dixon et al., 1999), pathogens
breeding (Christova-Boal et al., 1995; Dixon et al., 1999; Rose et al., 1991) and
mosquito breeding (Christova-Boal et al., 1995), which are a health threat.
Use of raw grey water clogs the recycling system due to buildup of sus-
pended material and/or the biological growth in the systems (Christova-Boal
et al., 1995). Raw grey water quality characteristics do not comply with the
standards (Table 1). Treatment is therefore required (Eriksson et al., 2002)
and the treatment level depends on the reuse options (Pidou et al., 2007). A
biological treatment system is appropriate for stabilizing the organic matter
(Jefferson et al., 1999, 2004; Nolde, 1999).

Grey water treatment does not aim at providing water of drinking wa-
ter quality but at water for toilet flushing, laundry, lawn irrigation, windows
and car washing, groundwater discharge, or fire extinguishing (e.g., Eriksson
et al., 2002; Jefferson et al., 1999). The adopted standards (Table 1) for use of
grey water are originally for reclaimed domestic (grey + black) wastewater.
The adopted standards almost resemble drinking water quality and do not
consider significant variation in the qualities required for different use op-
tions. The standards also ignore the presence of resources such as nutrients.
For instance, the standards for turbidity and nitrogen content of respectively
<2 NTU and 30 mg N L™! are lower than the World Health Organization
(WHO) guidelines for drinking water quality; nondetectable Fecal Coliform
(FC) and Total Coliform (TC) are lower than bathing water standards in
the United Kingdom. Furthermore, China created differentiated standards
(e.g., for toilet flushing, car cleaning, lawn irrigation), but the variation of
standards for the different uses is only minor. Moreover, the standards for
domestic water recycling prevailing in various countries (Table 1) are neither
uniform nor globally standardized. Development of multicategory standards
is required for an optimal use of grey water. The standards should include
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different aspects such as health, aesthetic, and environment. For instance, the
WHO (2006) guidelines for use of grey water have two categories, restricted
and unrestricted irrigation. Furthermore, it is recommended to combine grey
water use standards with guidelines for safe practice (e.g., the maximum
retention time in the toilet cistern). The WHO (2006) guidelines for reuse of
grey water for irrigation are combined with guidelines for safe practice (e.g.,
applying drip irrigation techniques, covering the soil with mulch, avoiding
contact with wet soiD).

3 GREY WATER TREATMENT SYSTEMS

A grey water treatment system consists of different treatment steps that may
be considered, depending on the required quality of the effluent (Figure 1).
Several treatment technologies can be used in each step. Technologies exam-
ined for treating grey water are classified based on the treatment principle:
physical, biological, chemical, or a combination of these. Furthermore, the
technologies are reviewed in terms of performance, operation, and the en-
countered problems.

3.1 Filtration and Physiochemical Processes

Several types of macro- and membrane-filtration units for grey water treat-
ment have been tested. The tested macrofiltration units include a strainer
series with pore size >0.17 mm, nylon sock-type filters, geotextile (filter
sock) filters, fibrous (cloth) filters, coarse filters (CF), and sand filters (SF;
Al-Jayyousi, 2003; Christova-Boal et al., 1995; Friedler et al., 20006; Jefferson
et al., 1999). The tested membrane-filtration units, sheet or tubular, were
(a) microfilter 0.1 um Membrane Fibrous Filters (M[F]F; Ahn et al., 1998) and
< 0.2 um M(F)F (Shin et al., 1998); (b) 300 kDa Ultra Fibrous Filter (U[F]F;
Ahn et al., 1998), 4, 6, and 200 kDa MWCO U(F)F (Hills et al., 2001), and
30, 200, and 400 kDa MWCO UF (Ramon et al., 2004). The pore size of
the UF of Cui and Ren (2005) was not reported, and Nghiem et al. (2006)
tested 0.045 um submerged U(F)F. Last, 75, 80, and 90% CacCl, rejection

A 4

Main-
- Reuse
Raw. grey water Pre-treatment > treatment > Post-treatment A 4 y T >
;T

Y Y

FIGURE 1. Gray water recycling and treatment possible steps and tracks.
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Nano Fibrous filter (N(F)F) (Hills et al., 2001) and 200 Da MWCO =75%
CacCl; rejection (Ramon et al., 2004).

The efficiency of the filtration techniques depends on the particle size
distribution of grey water pollutants and the filters’ porosity; in general the
smaller the filters’ porosity the better the effluent quality (Table 2). Ahn et al.
(1998) reported that the pore size of the tested membrane filters has marginal
effect on the treatment efficiency of grey water; the reason being that the
average particle size of tested grey water was 2.18 um, while membranes
with a pore size of 0.1 um, 300 and 15 kDa were tested. In contrast, Ramon
et al. (2004) reported better effluent qualities produced by N(F)F as compared
with UF; the underlying reason is the presence of organic matter with low
molecular weight in grey water that cannot be rejected by UF. Table 2
also shows that the U(F)F effluent quality (BOD) reported by Hills et al.
(2001) is better than the quality of the MF effluent as reported by Jefferson
et al. (1999). This is also in agreement with Nolde (1999), who reported
replacing ultrafiltration and reverse osmosis by 0.2 um membrane eliminates
the microorganism but hardly reduces the BOD. None of the examined filters,
presented in Table 2, have been tested for nutrients removal of nitrogen (N)
and phosphorous (P).

Filtering raw grey water, whatever its quality, through macrofilters re-
duces blockages in the recycling system (Christova-Boal et al., 1995; Jeffer-
son et al., 1999). However, macrofiltration units, except sand filters, show
no absolute barrier for the suspended pollutants, and the chemical nature of
grey water in terms of organic load and turbidity remains almost unaltered,
thereby promoting biological growth (Christova-Boal et al., 1995; Jefferson
et al., 1999). In addition to the filter effluent quality problems, filters pro-
duce unstable primary sludge that needs further treatment. Also, the primary
sludge residence time in the filter affects the filter effluent qualities. Thus, the
smaller the pore size and the shorter the primary sludge residence time, the
better and the more stable the effluent quality. Meanwhile, the previously
mentioned small pore size and shorter sludge residence time increase fouling
and operational costs and cleaning frequency. Treating grey water’'s BOD,
COD, and pathogens by filters as main treatment units is not recommended.

Filters face a number of operational problems, such as the cleaning
frequency of macrofiltration units, which may vary from once after each use
to once per week (Christova-Boal et al., 1995; Friedler et al., 2000; Jefferson
et al., 1999). Effluent qualities in terms of organic content and turbidity cause
periodical failures of disinfection by halogen compounds (Jefferson et al.,
1999), which have the affinity to react with the organic matter. Operation
over extended time periods (no time value given) of membrane filters in
microfiltration units can result in anaerobic conditions of the grey water
(Jefferson et al., 1999) and generate organic components that are less readily
rejected by the membrane (Holden and Ward, 1999). Nghiem et al. (2000),
using a “<0.04 um” U(F)F membrane unit, reported an increased thickness
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of the cake layer at increased particulate organic matter concentrations. The
hydraulic resistance and fouling was worsened by the humic acids content,
and the presence of calcium may even increase that effect (Nghiem et al.,
20006). Increased hydraulic resistance leads to more energy consumption
for the membrane permeation (Jefferson et al., 1999). A general aspect of
ultrafiltration is a very high energy demand (Nolde, 1999), and MWCO needs
optimization for economics and permeate quality (Ramon et al., 2004).

The pretreatment of raw grey water in storage and settling tanks miti-
gates partially the clogging problems of sand filters and could replace the
coarse filter. However, the same amount of unstable primary sludge is still
produced in addition to the increase in the total volume of the treatment
system. Moreover, the hydraulic and sludge residence time of the pretreat-
ment tank should be optimized to prevent deterioration of its effluent quality
(Imura et al., 1995; Shrestha et al., 2001a, 2001b). Adding coagulants such as
AL, (SO4)3, FeCls, polyaluminium chloride, and PFS in combination with mix-
ing enhances the performance of the pretreatment tank (Cui and Ren, 2005).
Application of physicochemical processes, as shown by Pidou et al. (2007),
is promising for grey water treatment, certainly when considering the short
hydraulic retention time (HRT; <1 hr) that can be applied. However, more
primary sludge is produced, resulting in an increase in operational costs.
Different types of posttreatment units have been used to enhance the filters’
effluent turbidity, suspended solids, organic matter, or pathogens qualities.
The tested units (Table 2) are Ultra Membrane Filtration (Cui and Ren, 2005;
Hills et al., 2001), Activated Carbon Absorber and Ultraviolet radiation (Cui
and Ren, 2005), and disinfection by halogens (Al-Jayyousi, 2002; Christova-
Boal et al., 1995). From the latter unit the effluent quality was not reported,
while the rest produced effluents that complied with the most conservative
turbidity, SS, and pathogens standards (Table 1). Therefore, membrane filtra-
tion (i.e., micro-, ultra-, and nanofilters) could be an option for posttreating
grey water to achieve the most conservative standards.

3.2 Modified Filters

Filters’ performances have been improved by modifying the operational con-
ditions, such as flow direction, HRT, and planting the filter media (i.e., con-
structed wetlands). Also, filters are developed that combine two types of
treatment in the same unit, namely, biofilters combining physical and biolog-
ical processes, and chemfilters combining physical and chemical processes.
3.2.1 SoiL FILTERS AND CONSTRUCTED WETLANDS (CW)

The tested filters can be classified into two categories: unplanted and planted
filters. Each category is subclassified according to the tested flow directions.

Unplanted filters are Intermittent Vertical-Flow Soil Filter (IVSF; Nolde and
Dott, 1992), Subsurface Flow Filters (SStF; Dallas et al., 2005), Slanted Soil
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system (SSo; Itayama et al., 2000); and Recycled Vertical Flow Bioreactor
(RVFB; Gross et al., 2007a). Planted filters are Intermittent Vertical-Flow
Planted Soil Filter AVPSF), Horizontal-Flow Planted Soil Filter (HPSF; Hege-
mann, 1993), and planted Subsurface Filter (SStF; Dallas et al., 2005), Recy-
cled Vertical Flow Constructed Wetlands (RVFCW; Gross et al., 2007b), and
Green Roof Water Recycling System (GRWRS; Winward et al., 2008). The first
four planted filters are also called root-zone facilities, or Vertical, Horizontal,
and Subsurface Constructed Wetlands (V-CW, H-CW, SSr-CW; Fittschen and
Niemczynowicz, 1997; Li et al., 2003; Otterpohl et al., 1999) or (V-, H- and
SSr-) Reedbed (Dallas et al., 2005; Winward et al., 2008), respectively.

Performance tests (Table 3) for IVSF, SSrF, RVFB, H-CW, V-CW, SSrF-
CW, and GRWRS show that the tested units’ effluent qualities, BOD, COD,
SS turbidity, and pathogens are better than that of macrofilters (Table 2).
In addition, CWs and RVFCW show capacity in treating nitrogen and phos-
phorous. The overall treatment performance could be improved by applying
less porosity, longer HRT, and introducing plants or applying vertical flow
(Table 3). Moreover, as shown in Table 3, H-CW (Fittschen and Niemczynow-
icz, 1997), V-CWs (Shrestha et al., 2001a, 2001b; Winward et al., 2008), SSrF-
CW (Dallas et al., 2005), and GRWRS (Winward et al., 2008) produce effluent
qualities in terms of BOD that comply with all standards (Table 1). The main
feature of the well performing CW reported by of Fittschen and Niemczynow-
icz (1997) and Dallas et al. (2005) is the long HRT, 14, and 5.1-8.5 days,
respectively, compared with other tested systems (Tables 2, 4-7). The tested
systems (Table 3) show different capacities in treating pathogens accord-
ing to differences in their internal structure and the applied HRT. However,
none of the effluents comply with all standards with regard to pathogens
(Table D).

Constructed wetlands face a number of problems such as uneven distri-
bution of the wastewater over the bed surface, and inappropriate selection
of bed media grain size (Dallas et al., 2005; Shrestha et al., 2001a, 2001b).
Local conditions must be considered in the design, such as temperature,
rainfall, and wastewater composition (Dallas et al., 2005; Fittschen and Niem-
czynowicz, 1997; Shrestha et al., 2001a, 2001b). Consequently, Shrestha et al.
(2001a, 2001b) concluded that development of appropriate design guidelines
for constructed wetlands is imperative.

Pretreatment of grey water in settling tanks for constructed wetlands has
been tested (Fittschen and Niemczynowicz, 1997; Li et al., 2003; Shrestha
et al., 2001a, 2001b). Shrestha et al. (2001a, 2001b) noted that the irregu-
lar removal of sludge from the settling tank causes failure of constructed
wetland systems. However, Dallas et al. (2005) did not report this prob-
lem. Posttreating CW effluent in a sand filter enhances the quality (Table
3) in terms of N, P, and pathogens (Fittschen and Niemczynowicz, 1997).
CW effluent treated by photo-oxidation using TiO, and UV shows improved
quality in terms of TC and EC (Table 3) and complies easily with European
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bathing water standards (Table 1; Li et al., 2003). The effluent treated with
TiO; needs further treatment to remove the TiO,, which takes a relatively
long time to settle. Therefore, centrifugal separation may be needed, and
this makes the disinfection process expensive (Li et al., 2003). Applications
of photo-oxidation followed by separation of TiO, by MF are reported in the
Chemfilters section.

3.2.2 BIOFILTERS

The tested biofilters can be classified as macro- and membrane biofilters.
Macrobiofilters can be further classified into two subcategories: attached and
suspended. Membrane subcategories are submerged and side-stream. At-
tached macrobiofilters have been tested, namely Biological Aerated Filters
(BAF), which combine depth filtration through a porous media bed with a
fixed film biological reactor (Jefferson et al., 1999, 2000, 2001). Anaerobic
Biofilters (AnBF) and Bed-Submerged Biofilters (BSB) combine macrofiltra-
tion with an activated sludge system (Imura et al., 1995). Submerged or
side-stream Membrane Biological Reactors (MBR) combine membrane fil-
tration with an activated sludge system. Jefferson et al. (1999, 2000, 2001)
and Winward et al. (2008) tested a submerged MBR. A submerged Fibrous
M(F)BR was tested by Jefferson et al. (2000) and Merz et al. (2007). A side-
stream tubular U(T)BR was tested by Andersen et al. (2002) and an M(T)BR
was tested by Friedler et al. (2006). All filters, except the anaerobic filter, are
supplied with an external oxygen source.

The performance differences of micro- and macromembrane biofilters
are presented in Table 4. The microsystems produce better effluent qualities
than a macro biofilter with an internal media structure of 2.36-4.75 mm
and a 50% voidage (Jefferson et al., 2000, 2001). The performance tests of
the biological filters show that the effluent qualities of biological filters are
dependent on the porosity of the filtration media and the HRT (Table 4),
which is similar to the conclusion for the physical filters and CW. Biofilters’
nitrogen and phosphorous removal performance were not tested, except
by Merz et al. (2007), who reported 63% and 19% removal, respectively
(Table 4). Jefferson et al. (1999, 2000) proved that the removal performance
of MBR, M(F)BR, and BAF are dependent on the internal system structure and
not on the organic load. The MBR performance is not affected significantly
by increasing the temperature and biomass concentration (i.e., 11°C and
0.4 g VSS L™! compared with 20°C and 1.4 g-VSS L™!; Merz et al., 2007).
Furthermore, the performance is not affected by the sludge age in the range
of 4-20 days (Lesjean and Gnirss, 2000). Imura et al. (1995) changed the
volumes of the AnBF and BSB and other units in the system, consequently
changing the HRT, which improved the performance of the total system.
A disinfection stage is inevitable for BAF and MBR to guarantee risk free
effluents (Friedler et al., 20006; Jefferson et al., 1999; 2000; Merz et al., 2007).
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Biofilters show problems with cleaning, membrane fouling, and opera-
tional cost. Table 4 shows the operational conditions of a BAF operated by
Jefferson et al. (2000), who reported that back washing to eliminate contam-
ination accounted for over 20% of the total flow. This persistent contamina-
tion results from surface binding by macrosolids such as hair and precipi-
tated soaps. Jefferson et al. (2000, 2001) showed that submerged MBR pilot
plants treating artificial, low suspended solids and grey water suffer from
fouling and need frequent cleaning. In contrast, the side-stream MBR pilot
plants tested by Andersen et al. (2002) for treatment of laundry wastewater
had limited fouling problems. Furthermore, Melin et al. (2006) reported for
submerged MBRs, treating municipal wastewater at full scale, little fouling
problems compared with a pilot plant. Applying subcritical flux conditions
allows a stable flux that reduces the typical operational and maintenance
cost (Jefferson et al., 2000). Merz et al. (2007) reported that the MBR invest-
ment and operational costs are high and thus less affordable for developing
countries. Fletcher and Judd (2007) compared the costs of MBRs with SAF,
RBCs, SBR, TF, and BAF systems. The capital costs, as well as the desludging
and maintenance costs, are considered similar for the different systems. But
the MBRs require 4 times the energy of the conventional systems. Fletcher
and Judd (2007) justified their conclusions on a study of prefabricated units
installed on site, treating medium-strength municipal wastewaters of 6-20
persons.

Pretreatment of biofilter’s influent is advisable for MBR (Melin et al.,
2006) and optional for other filters. Influent pretreatment reduces blockage,
fouling problems, and cleaning frequency. It also produces better effluent
qualities in some cases (i.e., BAF). Applied pretreatment techniques are a
primary settling tank prior to biofilter (Imura et al., 1995), and screens (1 x 1
cm followed by 1 x 1 mm) prior to an MBR (Merz et al., 2007). Posttreatment
of anaerobic filter effluent improves its qualities (Table 4), in terms of BOD,
TN, TP, SS and pathogens (Imura et al., 1995).

3.2.3 CHEMFILTERS

A Membrane Tubular Chemical Reactor (M[TICR) combines a Photocatalytic
Oxidation Reactor (PCOR) and a side-stream Membrane Tubular Filtration
(MI[T]F) unit. The PCOR oxidizes organic matter by means of TiO; in the
presence of ultraviolet light and oxygen (Rivero et al., 2006; Winward et al.,
2008); the TiO; is separated from the liquid phase in the subsequent M(T)F
unit. The M(T)CR’s performance depends on the membrane pore size, in
addition to permeate flux, TiO, dose and mixing (Rivero et al., 2006). With
proper optimization of the latter factors, an M(T)CR produces stable sludge
and a stable effluent quality in terms of turbidity, BOD, and TC, which can
comply with the most conservative standards (Table 5). However, Winward
et al. (2008) reported a high fluctuation of effluents’ COD. Rivero et al.
(20006) stated that a full recovery of the TiO, could be achieved and the
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process could run continuously. However, they noted that further studies
are required to determine the efficiency under critical flux conditions.

Although an MCR overcomes the MF primary sludge production, the
issues of concerns are high operational cost, membrane fouling, recovery of
TiO, (Li et al., 2003), and high effluents’ COD fluctuation (Winward et al.,
2008). Pretreatment of grey water with high SS is required before feeding the
MCR. Influent pretreatment reduces the blockage, the fouling problems, and
the cleaning frequency. Posttreatment of M(T)CR’s effluent (i.e., recovery of
the catalysts and reduction of the turbidity) is optional and depends on the
PCOR treatment efficiency and the M(T)F porosity.

3.3 Biological Treatment

Biological treatment of grey water followed by disinfection to guarantee risk-
free effluent is recommended (Nolde, 1999). Such a system can be optimized
for a minimal energy and maintenance (Nolde, 1999). Otterpohl et al. (1999)
recommended application of attached biomass and avoiding activated sludge
systems. Both systems have been examined: Nolde (1999) and Friedler et al.
(2006) examined attached systems, and Shin et al. (1998), Hills et al. (2001),
and Hernandez et al. (2007) tested activated sludge systems. Elmitwalli and
Otterpohl (2007) and Hernandez et al. (2007, 2008) showed the potential of
UASB-systems for anaerobic pretreatment of grey waters.

3.3.1 AEROBIC ATTACHED-GROWTH PROCESSES

Aerobic attached-growth processes such as the Fluidized Bed Reactor (FBR)
was examined by Nolde (1999) and the Rotating Biological Contactors (RBCs)
were examined by Nolde (1999) and Friedler (Friedler et al., 2005; Friedler
et al., 2000). Table 6 shows a two-stage aerobic FBR and multistage RBCs
produce effluent qualities in terms of BOD similar to the MBR effluent quality.
An RBC energy consumption and maintenance costs are less than that of an
MBR (Friedler and Hadari, 2006). However, both an FBR and an RBC are not
successful in pathogen removal. Friedler (Friedler et al., 2005; Friedler et al.,
2006) reported that an RBC removes BOD more efficiently than COD, which
is attributed to the presence of nonbiodegradable or slowly biodegradable
organic matter in the grey water.

Nolde (1999) and Friedler (Friedler et al., 2005; Friedler et al., 2006) did
not encounter any problems while treating grey water in an FBR and an RBC,
except for the low removal of COD reported by Friedler (Friedler et al., 2005;
Friedler et al., 2006). However, it can be expected that if a clarifying tank is
not used, the SS in the RBC effluent may cause a failure in the disinfection
process. Combining an RBC with primary and secondary sedimentation tanks
(Table 6) leads to a reduction in the weekly maintenance time to 0.2 hr and
an energy requirement for treatment, disinfection, and service water of less
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than 1.5 KWh m— (Nolde, 1999). Costs for the treatment of produced primary
sludge are, however, not taken into consideration.

3.3.2 AEROBIC SUSPENDED-GROWTH PROCESSES

A Sequencing Batch Reactor (SBR) operated by Shine et al. (1998) produced
an unstable effluent quality in terms of SS, but was stable regarding BOD.
The BOD values were close to the effluent BOD of FBR, RBCs, and MBR
(Table 6). In agreement Akunna and Shepherd (2001) reported RBCs and
SBR treating small communities domestic wastewater, produced almost the
same effluent quality in terms of BOD (i.e., 1-15 and 2-22 mg L™!, respec-
tively). Furthermore, RBCs and SBR have the same capital and running cost
in terms of energy consumption. Shin et al. (1998) optimized SBR operational
modes to achieve the highest nitrogen removal through testing step-feeding,
cyclic aeration, and conventional modes. The results (Table 6) illustrate that
an SBR operated at an HRT of 12 hr produces an effluent in terms of nitro-
gen comparable to that of CW operated at an HRT of 14 days (Table 3). An
SBR treating a mixture of black and grey water reduces the nitrogen content
from 20-59 mg NH3-N L™! to 5-25 mg NH3-N L' (Akunna and Shepherd,
2001). However, an RBC produces a better effluent quality, 0-5 mg NH;-N
L~! (Akunna and Shepherd, 2001). Hernandez et al. (2007, 2008) reported
production of a low amount of sludge with good sedimentation character-
istics when operating an SBR for the treatment of grey water at an HRT of
12 hr and 1 day. This contradicts Otterpohl et al. (1999), who recommended
that an activated sludge process should be avoided when treating grey wa-
ter, due to risks posed by lack of nutrients. Akunna and Shepherd (2001)
applied both an SBR and an RBC preceded by a one and two primary set-
tlers, respectively. An SBR, in comparison with an RBC, is more resistant to
variation in the inflow quality and quantity (Akunna and Shepherd, 2001),
which is an important characteristic of grey water (Abu Ghunmi et al., 2008;
Butler et al., 1995). Shine et al. (1998) stressed that the stable performance of
the SBR, except for the SS, could not have been achieved without using an
equalization basin. This was contradicted by Hernandez et al. (2007, 2008),
who did not apply an equalization basin and still reported a stable perfor-
mance of grey water treatment in an SBR. For posttreatment, an MF coped
with the variation in the an SBR effluent and produced a stable effluent in
terms of SS (Shin et al., 1998) (Tables 2 and 6).

3.3.3 ANAEROBIC BIOLOGICAL PROCESSES

A UASB treating grey water produced a stable effluent quality and sludge
(Table 7) compared with a primary settling tank (Table 4; Elmitwalli and
Otterpohl, 2007). However, Hernandez et al. (2008) reported that a UASB
and SBR, when operated under the same conditions, produced the same
amount of sludge. Apparently in their research the UASB excess sludge was
not well stabilized. Table 7 reveals that the UASB capacity in the treatment
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of grey water is limited, even with increase of the temperature and HRT. Fur-
thermore, according to the variation in grey water temperature (Abu-Ghunmi
et al., 2008; Eriksson et al., 2002), operating the UASB at 30°C as recom-
mended by Elmitwalli and Otterpohl (2007) cannot be achieved throughout
the whole operation period even with a proper insulation of UASB and con-
nection pipes and installing it in the building cellar. Nevertheless, anaerobic
pretreatment of grey water is recommended, particularly when grey water
concentrations are high. The reasons are (a) that 74% of grey water pollutants
are anaerobically biodegradable (Elmitwalli and Otterpohl, 2007; Zeeman et
al., 2008); (b) the probable deficiency in the macronutrients, nitrogen, and
phosphorus, to sustain microorganism’s growth in aerobic treatment (Abu
Ghunmi et al., 2008); (¢) that anaerobic treatment could produce less and
stable sludge that is easily dewatered; (d) that no energy is required for aer-
ation; and (e) that methane is produced that can be used as energy source
(Lettinga et al., 1980). Thus, pretreating grey water in an anaerobic unit re-
duces maintenance and operation cost of the overall treatment system. For
example, Tandukar et al. (2007) reported pre- and posttreatment of domestic
wastewater in a UASB and aerobic down-flow Hanging Sponge (DHS). The
tested system was as efficient as an activated sludge system, more efficient
in pathogen removal, produced 15 times less sludge, and was cost-effective.
On the other hand, the removal efficiency of the anaerobic processes could
be improved by incorporating filtration (e.g., AnB; Imura et al., 1995) or
physicochemical processes (e.g., activated carbon; Cui and Ren, 2005).

3.4 Toward Optimal Treatment Systems for Grey Water
3.4.1 SELECTION FACTORS

Grey water treatment selection factors are the characteristics, the reuse re-
quirements, the technology performance, energy demand and costs, and the
geographical location. These factors are inherently interrelated and influence
each other.

3.4.1.1 Characteristics and reuse requirements. Tables 2—7 show that
the best achievable effluent quality is <10 £ 5 mg BOD L7! <30 £ 10
mg COD L7} <15 £ 5 mg SS L', turbidity < 2 NTU, TC <1000 CFU/100
mL, or FC or EC < 200 CFU/100 mL. This quality complies with the most
conservative standards except for the pathogens, and is achieved by three
types of processes. The first process is biological treatment that applies a long
HRT and therefore a long SRT (e.g., CW with a 5-14 days HRT). The second
process is the microfiltration or biofiltration with a relatively short HRT of 9.7
hr. The third process is physicochemical treatment, such as oxidation and
coagulation. Grey water characteristics, COD fractions, biodegradability, and
biodegradation rate under aerobic and anaerobic conditions are key factors
in selection, design and operation of treatment systems. These factors need
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detailed investigation. Tables 2—7 show N and P are not monitored in most of
the studies but should be considered in the treatment and in the standards.
The concentration of nitrogen in raw grey waters, except for that reported
by Hernandez et al. (2008), is lower than the N standards for irrigation water
in Jordan. The CW, operated at an HRT of 14 days (Table 3) and an SBR
(Table 6) can reduce the N or the P to less than 1 mg L™!, which is far below
the irrigation standards in Jordan.

3.4.1.2 The Technology Performance. Tables 2—7 show that the de-
tailed design criteria and the operational conditions of most of the tested
systems are not reported. The performance of the technologies is not exam-
ined for seasonal variation nor under natural conditions such as the daily
quality and quantity inflow variation. Furthermore, synthetic grey water and
high process temperatures (e.g., 30°C) are used in some of the studies. It is
concluded that the internal structure and the operational conditions, namely
HRT and SRT, determine the performance of the physical and biological
system.

Coarse sand and membrane filters have limited capacity in treating grey
water (Pidou et al., 2007). Furthermore, Pidou et al. (2007) reported biologi-
cal and extensive treatment technologies (CW) are effective in organic matter
removal. Table 8 presents grey water treatment units and processes, the pos-
sibility of improving their performances considering grey water characteris-
tics, and proposes HRT and SRT that can result in good effluent quality. Table
8 shows that the performance of different presented technologies, except for
the coarse filter, can be improved in terms of COD, BOD, SS, and pathogens.
All units and processes, except the UASB, primary settlers, and anaerobic
biofilter, could be optimized to produce effluents with a COD, BOD, and SS
content, complying with the most conservative standards. It must be noted
that only membrane, ultra-, chem.-, and biofiltration units produce effluents
that meet the highest achievable quality concerning pathogens. Tables 2—7
give no information about sludge. Table 8 gives estimates of sludge type and
handling, based on the applied technology, physical, chemical or biological.
Primary sludge production is higher than secondary sludge production, and
anaerobic sludge production is considered to be lower than aerobic sludge
production.

3.4.1.3 Energy demand, chemicals, and costs. Reported data for en-
ergy demand, chemical requirements, and costs are in general qualitative
(Tables 2—7). Based on basic requirements to operate and maintain systems
and on reported data, estimations of technology demand and costs are made
(Table 8). In general the tested technologies demand energy for aeration
and mixing. Flux permeation in MBR systems has the highest energy de-
mand. Therefore, the energy demand list is topped by micro-, nano-, and
ultramembrane filtration and biofiltration processes, followed by aerobic and
physicochemical processes, and then coarse and sand filter, CW, and anaer-
obic processes. The chemicals are required as part of some treatments, such
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as M(F)CR, adsorption, coagulation, oxidation, and disinfection, or for main-
tenance such as cleaning the membranes of MF and MBR. The operational
and maintenance costs in Table 8 are evaluated based on energy demand,
chemical requirements, and sludge type and handling. The MCR and MBR
are the most costly, followed by aerobic units and last are the CWs, the
filters, and the anaerobic units. All the units have a small footprint, except
planted or not planted biological sand filters, which need, in comparison,
more land, which might increase its capital costs.

3.4.2 OPTIMIZING THE TREATMENT SYSTEMS FOR GREY WATER

Table 8 shows that for a minimum or zero primary sludge production, bi-
ological treatment is the best option. For minimum energy consumption,
an anaerobic step followed by an aerobic step is recommended. Accord-
ingly, filters, physicochemical and chemfilter units should be avoided as
main units for treating grey water. To minimize energy consumption and
operation and maintenance costs, the use of membrane biofilters is highly
questionable in the biological process options. Table 8 shows the anaerobic
options are anaerobic filter and UASB. The aerobic options are RBC, SBR,
FB, or CW. The shorter HRT and the smaller footprint of the biological pro-
cesses such as RBC, SBR, and FB have an advantage compared with CW
(Pidou et al., 2007). However, to choose between the suggested options,
the system performance under variable inflow and temperature conditions
should be investigated. Furthermore, the available space and detailed costs
information is required and for the CW option, it is necessary to consider
the geographical location and climatic conditions as well. Table 8 shows
that the selected processes treat COD, BOD, and SS to the permissible
standards. Thus the anaerobic—aerobic system is efficient, simple, and afford-
able. Furthermore, to assure safe effluent, minimize possibility of pathogen
regrowth in the treated effluent, a disinfection step is recommended. The dis-
infection techniques, according to the conducted studies, are <0.2 um MF,
ultrafilters, UV + TiO,, or chlorine/bromine disinfection. Nevertheless, grey
water standards should be revised in order to have multicategory standards
for the different use options.

4 CONCLUSION

The tested grey water treatment processes are not optimized. Some of the
effluents do not comply with all reuse standards. Reuse standards should be
critically evaluated and likely revised and classified according to the different
use options and requirements. Considering sludge production, systems based
only on physical removal should be avoided, as they produce masses of non-
stabilized sludge. To save on energy requirements, an anaerobic—aerobic
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process is recommended. For pathogen removal, a disinfection unit is re-
quired. Therefore, for efficient, simple, affordable treatment of grey water
with safe effluent, a three-step system, consisting of anaerobic, aerobic, and
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disinfection units is recommended.
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